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ABSTRACT
Over the past few decades, soil densification has been widely employed to reduce the liquefaction hazard or consequences
on structures. The decision to mitigate and the design of densification specifications are typically based on procedures that
assume free-field conditions or experience. As a result, the influence of ground densification on the performance of
structures and the key mechanisms of soil-structure interaction remains poorly understood. This paper presents results of
four centrifuge tests to evaluate the performance of 3- and 9-story, potentially-inelastic structures on liquefiable ground
with and without densification. Densification was shown to generally reduce the net excess pore pressures and foundation
permanent settlements (although not necessarily to acceptable levels), while amplifying the accelerations on the
foundation. The influence of these demands on the performance of the foundation and superstructure depended on the
structure’s strength and dynamic properties, as well as ground motion characteristics. In addition, densification tended to
amplify the moment demand at the beam and column connections, which increased permanent flexural deformations and
P-Δ effects (particularly on the heavier and weaker structure) that could have an adverse effect on foundation rotation. The
experimental results presented aim to provide insight into the potential tradeoffs of ground densification, which may
reduce foundation permanent settlement, but amplify shaking intensity that can result in larger foundation rotation,
flexural drifts, and damage to the superstructure. These considerations are important for developing performance-based
strategies to design mitigation techniques that improve performance of the soil-foundation-structure system in a holistic
manner.
KEY WORDS: centrifuge modeling; ground densification; soil-structure-interaction; inelastic building performance;
liquefaction; mitigation.

INTRODUCTION
Several techniques have been developed to either prevent liquefaction from occurring, or reduce its consequences on
structures (primarily, excessive settlement and tilt). Among these techniques, soil improvement through
densification is most common for shallow-founded low to midrise structures [1]. Yet, significant uncertainty
remains in how ground densification should be designed [2-4] (e.g., density and extent of densification) to achieve a
given level of performance (e.g., settlement, tilt, drift demands on superstructure, etc.). The existing mitigation
design techniques typically tend to ignore the presence, dynamic properties, and performance objectives of the
structure, and their influence on the performance of the foundation. For example, even though ground densification
reduces the liquefaction potential and extent of softening in soil, it is not clear whether it can reduce foundation
settlement and tilt to acceptable levels, and how the properties and performance of the superstructure interact with
those of the foundation. These interactions and interdependencies among the mitigation strategy, soil, foundation,
and superstructure are not well understood. In this paper, we evaluate experimentally the influence of ground
densification on site response, soil-structure interaction (SSI), and performance of soil-foundation-structures systems
on liquefiable soils, considering potentially inelastic superstructures.
A series of centrifuge experiments were conducted at the University of Colorado Boulder, first capturing
site response in the far-field with and without ground densification. The primary goal of this test was to establish
soil-mitigation interaction in terms of accelerations, pore pressures, and settlements with no structure present.
Subsequently, the influence of densification was explored on the response of multi-degree-of-freedom (MDOF),
potentially inelastic, 3- and 9-story, moment-resisting frame structures founded on a layered liquefiable soil deposit.
The 3-story structure was placed on a 1m-thick mat foundation, while the 9-story had a 1-story (3m in height)
basement. These tests investigated the potential tradeoffs of ground densification and the influence of soilmitigation-foundation-structure interaction on performance measures of interest to both geotechnical and structural
engineers (e.g., foundation settlement, tilt, interstory drifts in structure, and moment-rotation of fuses). The findings
from this experimental study point to the importance of considering the complexities of structural properties and
interactions with soil in the development of performance-based mitigation design strategies in the future.
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BACKGROUND
Previous earthquakes have repeatedly shown the damaging effects of soil liquefaction on building performance in
terms of excessive settlement, tilt, and lateral displacement (e.g., the 1999 Kocaeli earthquake in Turkey; the 20102011 sequence of earthquakes in Christchurch, New Zealand; and the 2016 Muisne earthquake in Ecuador, among
others). However, documented case histories of the effects of ground densification on building response are limited.
During the Tokachi-oki earthquake in 1968, structures founded on loose and saturated sand deposits (e.g., office
buildings and warehouses) suffered extensive damage due to liquefaction. Yet, no damage was reported on
structures founded on soils compacted by vibroflotation [5]. The reported cases were primarily important structures,
such as power plants and hospitals, which are often designed for greater seismic demands. The 1999 Chi-Chi
(Taiwan) earthquake also illuminated differences in performance of areas with and without ground improvement.
Ground settlements measured in the far-field in areas treated with dynamic compaction were about 3 cm, compared
to 33-45 cm in untreated areas [6].
Due to the uncertainties involved in interpreting case histories and lack of adequate instrumentation and
recordings at important locations, physical modeling under controlled conditions is a powerful tool to study the
influence of different variables systematically. Hausler [7] and Shahir et al. [8] respectively, evaluated the effects of
depth and lateral extent of densification on building settlement experimentally and numerically. Rigid blocks were
used to model a shallow foundation. The experimental study [7] pointed to the importance of improving the ground
to the full depth of the liquefiable deposit, in order to curb building settlements. The numerical study [8] developed a
predictive model for foundation settlement on densified soils as a function of the total soil thickness and the
maximum thickness of the liquefiable layer in the free field. However, as with most other previous studies involving
soil liquefaction, the structure was represented as a rigid block [9-12]. This implies that realistic dynamic properties
of the building were not captured, which are expected to influence inertial interaction and building’s settlement and
tilt tendencies. These studies were also not capable of evaluating the influence of densification on the seismic
demand transferred to the superstructure and the resulting deformations.
Dashti et al. [13,14] used single-degree-of-freedom (SDOF), linear-elastic structural models with realistic
contact pressures and fundamental frequencies (as opposed to rigid blocks), to identify the dominant mechanisms of
building settlement on layered, liquefiable soils. That study classified the primary settlement mechanisms as: (a)
volumetric types due to: partial drainage (εp-DR) controlled by 3D transient hydraulic gradients, sedimentation (εpSED) or solidification after liquefaction or soil structure break-down, and consolidation (ε p-CON) as excess pore
pressures dissipate; and (b) deviatoric types due to: partial bearing capacity failure (εq-BC) under the static load of
structures as the underlying soil loses its strength and stiffness, and soil-structure-interaction (SSI) induced building
ratcheting (εq-SSI) that occurs under the dynamic shear stresses imposed by the structure. The structure’s dynamic
properties (e.g., mass and stiffness) and geometry (e.g., height/width and foundation area) were shown to influence
its settlement and tilt, as well as the extent of pore pressure generation and accelerations [13,14]. Although this study
did not systematically investigate the influence of densification, the effect of soil relative density on the structure’s
settlement mechanisms was evaluated. Denser sands with greater stiffness and resistance to softening reduced
volumetric strains and increased the structure’s resistance to bearing capacity failure. However, the greater soil
stiffness amplified the seismic demand on the structure, which could adversely affect performance.
Mason [15] and Trombetta et al. [16] investigated nonlinear SSI effects near MDOF, potentially inelastic
model structures on dry sand in centrifuge. The response of the structure and its interaction with soil were shown to
be affected significantly by their nonlinear properties. However, these studies did not evaluate the response of
potentially nonlinear and inelastic structures on liquefiable ground nor the influence of mitigation.
This paper is an extension of a previous work by Olarte et al. [17], in which we experimentally evaluated
the influence of three different mitigation techniques on the performance of one MDOF, elastic structure on a
liquefiable soil profile. Densification was observed to reduce permanent foundation tilt and settlement as well as
excess pore pressures in the soil below, but slightly amplify the demanded transferred to the superstructure. The
prior study only employed one type of structure and foundation, which performed elastically. As a result, the
influence of the structure’s dynamic properties, force-deformation behavior, yield capacity, and foundation
embedment could not be assessed in evaluating the effectiveness of densification. This study builds on the existing
case history and experimental investigations to measure the influence of densification on settlement, tilt, and
accelerations transmitted to the superstructure for different structure and ground motion characteristics. This
understanding is critical for a reliable mitigation design that improves the performance of the soil-foundationstructure system holistically.

2

CENTRIFUGE EXPERIMENTAL SETUP
Overview
Four centrifuge tests were performed to evaluate the influence of ground densification on site response and behavior
of two potentially inelastic MDOF model structures on liquefiable soils. These tests are referred to as: FFDS, A-ADS,
B, and BDS (Table 1; Figure 1). Test FFDS permitted evaluation of site response in a layered liquefiable site (with no
structure present), with and without ground densification (DS). Tests A-ADS, B, and BDS simulated the response of
two structures on the same layered soil profile with and without densification. Structure A represented a 3-story
building (simplified with 3 DOFs) on a 1m-thick mat foundation. Structure B represented a 9-story building
(simplified with 2DOFs) on a 1-story basement. Both building models were constructed with fuses to localize
potentially inelastic behavior, facilitating measurement of nonlinear response. The model specimens were spun to a
centrifugal acceleration of 70g (i.e., N = 70).
Table 1. Centrifuge testing program at the University of Colorado Boulder.
Test ID
FFDS
A-ADS
B
BDS

Structure ID
No Structure
A
ADS
B
BDS

Structure
A
A
B
B

Densification
South

South
North

Far-Field
6.0

Ottawa Sand Dr=40%

10.0

Ottawa Sand Dr=90%

26.3
13.2
15.5

East

(a)

Structure A

North

West
67.8

17.1

Monterey Sand Dr=90%

2.0
18.0

Mitigation Technique
Ground densified
None
Ground densified
None
Ground densified

(b)

Structure ADS

Structure BDS

Structure B

33.6
17.1
South

12.5 Densification
Far-Field

Accelerometers
Strain Gauges

PPTs
LVDTs
(c)

17.1
North

17.1
South

17.5

Densification
Far-Field

17.1
North

Shaking
direction
(d)

Figure 1. Test FFDS (a) elevation view and (b) plan-view; (c) elevation view of Test A-ADS; and (d) elevation view
of Test B and Test BDS. All dimensions listed are in prototype scale m.
The model specimens were constructed in a flexible-shear-beam (FSB) container [18] made of aluminum
and rubber, which was designed to simulate the response of soil in its softened state and reduce boundary effects . In
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Test A-ADS, the two structures were side by side in the same container. In Tests B and BDS, another Structure B was
present on the other side of the container (in the same manner as Test A-ADS), with another form of mitigation,
which is not presented nor discussed here. The spacing between the model structures in these tests was greater than
3.5 times their foundation width, in an attempt to reduce the interactions between structures. Nevertheless, some
interaction was possible, as well as boundary effects due to proximity to the container edges, which are not expected
to notably influence the primary conclusions and trends presented in this study.

Soil and mitigation properties
As shown in Figure 1, a 10 m-thick (in prototype scale) dense layer of Ottawa sand F65 (Cu =1.56, emin =0.53, emax=
0.81, Gs = 2.65) was pluviated to attain a relative density (Dr) of approximately 90% at the bottom of the container.
Subsequently, 6 m of the same sand with Dr ≈ 40% was pluviated as the liquefiable material. This layer was
subsequently overlaid by a 2 m-thick layer of Monterrey sand 0/30 (emax= 0.84, emin = 0.54, Gs = 2.65) with Dr ≈
90%, to create a dense and course crust. The foundation of Structure A was embedded 1 m into Monterrey sand,
while Structure B’s 1-story basement was embedded to a depth of 3m. A hydroxypropyl methylcellullose solution
with a viscosity of 64 cSt (approximately 70 times water) was used as the pore fluid to satisfy the diffusion and
dynamic flow scaling laws [19]. Model saturation was performed under vacuum with an automated setup designed
following Stringer and Madabhushi [20]. The water level was kept slightly above the ground surface to ensure
complete saturation of the soil profile even after spinning up.
One mitigation technique, ground densification, is studied in this paper. In each test with densification,
dense Ottawa sand was dry pluviated around Structures ADS or BDS (Figure1 c and d). The lateral extent of
densification beyond the foundation footprint was selected as one-half of the improved depth, as proposed by the
Japanese Geotechnical Society [3]. The improvement depth covered the entire thickness of the looser layer of
Ottawa sand. In Test FFDS, the dense zone had a similar geometry and location as the tests with structures (Figure1
b). The pluviation method for the densified soil was similar to the lower dense layer of Ottawa sand (dry pluviation
with no vibration), in order to increase density without varying the soil fabric. Olarte et al. [17] discussed the
mitigation design and the model construction procedure in more detail.

Structural design
Design requirements
The design of both structures was governed by three considerations. First, the design aimed to reasonably represent
realistic structures in high seismic areas, in terms of modal periods, member sizes, and strength distribution over the
height of the building. Second, the design was strongly influenced by restrictions associated with container size and
constructability in model scale [17,21]. It was desired to include two model structures in each experiment, for testing
efficiency and ease of comparison, which limited the footprint of the structures. Other constraints, particularly the
need to place strain gauges on fuses at beams and column ends, impacted member size selection. In addition, the
total height of the model structure needed to be less than 25.0 cm in model scale [17.5 m prototype scale] to avoid
interference with the saturation cap and centrifuge pivot. Third, the designs aimed to amplify soil-structureinteraction as well as settlement and tilt tendencies of the two structures for an easier evaluation of the impact of
mitigation, while avoiding bearing capacity failure. For this reason, a height-to-width (H/B) ratio greater than
approximately 1.5 and a contact pressure greater than about 70 kPa was desired based on previous case history and
experimental observations [e.g., 13,14].

Design of target prototype structures
Based on the constraints and objectives noted above, the prototype structures were designed according to modern
U.S seismic design codes (i.e., following AISC 360-10 and ASCE 7-10), satisfying strength, ductility, and drift
requirements for high seismic locations in California with site classification D. First, a prototype 3-story steel
structure (Structure A) was designed to satisfy the strength and serviceability requirements of ASCE 7-10 for a site
with Ss = 2.40g and S1 = 0.84g, considering design and detailing rules for special moment frames in seismic design
category (SDC) [22]. A 9-story steel structure (Structure B) was subsequently designed to satisfy as many of the
requirements as possible with emphasis on capturing realistic bearing pressure, overstrength, and modal periods of
typical midrise special moment-resisting frames [23,24], while complying with ASCE/SEI 7-10. Structure B was
also designed for SDC D, but at a location with Ss = 1.25g and S1 = 0.40g, thereby producing a relatively weaker
structure.
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The structures were designed using the equivalent lateral force procedure. Beam and column section
properties were selected from wide flanges with steel Grade A992 (345 MPa nominal yield strength). These sections
satisfied strength and drift requirements, as well as other requirements for special frames (e.g., the strong columnweak beam provisions). The properties of the designed prototype structures are summarized in Table 2.

Design of simplified scaled structures
In order to convert the target prototype structures into scaled models for use in centrifuge, a number of
simplifications were necessary. The prototype 3-story structure was simplified and scaled (according to the
established centrifuge scaling laws) to develop a 3 DOF model. The 9-story prototype structure was simplified as a 2
DOF model to represent the two primary modes of vibration that tend to dominate inertial interaction, since
capturing all 9 was not practical. Both simplified scaled model structures were intended to represent the prototype
structures as closely as possible and: 1) satisfy the AISC [25] and ASCE [22] strength and drift requirements; 2)
produce a fundamental period of vibration near those recommended by ASCE 7 and that of the target prototype
structure; 3) achieve a realistic contact pressure for low to midrise structures; and 4) achieve a base shear strength
that was low enough to ensure strength and stiffness deterioration associated with nonlinear behavior under the
stronger motions in centrifuge. Figures 2a and b show photographs of the scaled structures. In addition, the
properties of the simplified centrifuge model structures are summarized in prototype scale in Table 2.

(a)
(b)
(c)
Figure 2. Simplified, scaled, moment frame structures used in centrifuge, showing (a) Structure A; and (b) Structure
B, and (c) replaceable fuses constructed at beam ends and column base. All dimensions listed are in model scale mm.
The simplified structures were limited to one bay, with two frame lines resisting seismic loads connected
through lumped masses at each floor. For simplified Structure A, the cross section of fuses was obtained by scaling
the moment of inertia of the prototype beams and columns. For Structure B, the mass distribution and section sizes
of the simplified model were determined by trial and error to match the first two modal periods and strength of the
target prototype structure, while not exceeding the height limitation in centrifuge. In both cases, fuses were
fabricated from Nickel 200/201 to achieve strength goals. The final fuse size (Figure 2c) was also influenced by the
available sections provided by the manufacturer and the necessary space needed to place strain gauges. In addition,
the fuse design ensured that flexural yield strength in beams would be reached before the columns, thereby
satisfying the strong-column-weak-beam criteria. Outside the fuses, larger steel beam and column sections were
employed to prevent inelastic behavior anywhere except the fuses.
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The mat foundation (for Structure A) and basement walls and base plate (for Structure B) of the scaled
structures were constructed with aluminum, because of its similarity with the unit weight of reinforced concrete as
well as its simplicity of fabrication in model scale. The contact pressures were designed as 76 kPa and 101 kPa for
Structures A and B, respectively, under 70g of centrifugal acceleration.
Table 2. Properties of Structures A and B, as designed and simplified for centrifuge testing. Dimensions are in
prototype scale.
Simplified Structure A
Simplified Structure B
Height above the ground (m)
12.5
17.5
Footprint dimensions (m)
7.1 x 7.1
7.1 x 7.1
Building weight (kN)
4319
13700
Fixed-base natural periods (s) (1)
0.54; 0.14; 0.06
3.0; 0.75
(2)
Base shear Strength/Weight
0.74
0.042
Foundation embedment (m)
1
3
Foundation contact pressure (kPa)
76
187 (3)
Note: (1) Measured from impact tests on fixed-base structures.
(2)
Ratio of yield base shear, estimated from nonlinear pushover analyses on the structures in OpenSees, to the
structural weight.
(3)
Includes the pressure from basement self-weight.

Experimental verification of structural properties
Tensile tests were first performed to obtain the yield strength and Young’s modulus of the nickel used for the fuses,
to compare with the manufacturer-reported values used in design of the simplified structures. Three “coupon”
specimens were tested using a universal testing machine. The yield strength of the material and the Young’s
modulus (slope of the linear region) were determined from stress strain curves shown in Figure 3a. The mean
measured yield strength of nickel was computed as 136 MPa, which was approximately 40% greater than the
nominal strength specified by the manufacturer. The Young’s modulus was measured as approximately 137,000
MPa.
Beam-column component tests were conducted on fuses under static monotonic and cyclic loading. The
setup designed for performing these tests was detailed by Olarte et al. [17]. Figures 3b and c show representative
results for the moment-rotation behavior of fuses of Structures A and B during selected monotonic and cyclic tests at
1g. The mean fuse yield moments were 4.0 Nm and 1.8 Nm for Structures A and B, respectively. Mean yield
rotations were measured as 0.014 and 0.013 radians.

(a)
(b)
(c)
Figure 3. (a) Stress strain curves of nickel tensile coupons; and moment-rotation relationship of beam-column
subassemblies containing fuses for Structures A and B under: (b) monotonic; and (c) cyclic loading.
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After model fabrication and assembly, hammer impact tests were performed to characterize the fixed-base
damping and natural frequencies of the structures [17], with the results provided in Figure 4a for both structures.
Damping ratios of approximately 0.8 and 1.0% were calculated for Structures A and B, respectively, using the
logarithmic decrement method from the impact test results [26].

Numerical evaluation of structural properties
Following the initial design and experimental verification of key properties, the structures were modeled in
prototype scale in 3D using OpenSees to evaluate their pushover response. Elastic beam-column elements were used
to model beams and columns of the simplified building, and fiber sections were used to model the fuses, using the
uniaxial Giuffre-Menegotto-Pinto steel material model in OpenSees [27], which combines linear kinematic and
isotropic hardening [28]. The properties assigned to the material model were obtained from tensile and beamcolumn component tests of the nickel fuses. The nonlinear pushover was carried out under permanent vertical loads
(gravity loads) and an inverted triangular distribution of lateral loads, with results presented in Figure 4b.

Structure A

(a)

Structure B

(b)

Figure 4. a) Fourier Amplitude Spectra (FAS) of the roof acceleration during the impact test for Structures A and B,
the peaks of which indicate modal periods; and b) Base shear versus roof displacement response for Structures A
and B obtained from pushover analyses in OpenSees.
From the pushover analyses, yielding was expected in Structure A at around 3200 kN, corresponding to a
ratio of base shear to structure weight (V/W) of 0.7. Structure B was weaker and expected to yield at 580 kN,
corresponding to V/W = 0.043. Structure A was stronger than anticipated due to constraints in fabricating this
structure for the centrifuge (see also discussion in [17] for a structure similar to A but with steel fuses). These plots
also show the smaller lateral stiffness and greater fundamental period of Structure B compared to A.

Ground motion selection
A series of earthquake motions was applied to base of the container in flight using the 1D servo-hydraulic shaking
table mounted on the centrifuge platform at the University of Colorado Boulder, as listed in Table 3. The selected
motions (same as those in Olarte et al. [17]) were scaled versions of the horizontal component of different
earthquake recordings with different properties, aiming to study a range of ground motions in terms of intensity,
frequency content, and duration. The acceleration and Arias intensity time histories as well as the 5%-damped
acceleration response spectra of the container base motions as recorded in centrifuge are shown in Figure 5.
Although 6 motions were run, results from three motions referred to as Kobe-L (L=Low amplitude), Joshua-H
(H=High), and Northridge are discussed. Due to extensive damage to structures in Test B, this experiment was
terminated prior to the Northridge motion. Figure 5 shows that the achieved motions were similar in the different
tests, allowing reliable comparison of the results between tests.
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Table 3. Ground motion properties as recorded at the base of the container in centrifuge (Test FFDS).
Ground
Motion
No.
1
2
3

Ground
Motion ID

Event

Station

Scaling
Factor

PGA
(g)

Kobe-L
Joshua-H
Northridge

1995 Kobe
1992 Landers
1994
Northridge

Takatori
Joshua Tree
NewhallWPC

0.36
1.13
1.24

0.33
0.45
0.51

Significant
Duration,
D5-95 (s)
14
27
16

Mean
Period,
Tm (s)
0.9
0.7
1.1

Arias
Intensity,
Ia (m/s)
1.6
6.8
3.9

(a)
(b)
Figure 5. Container base ground motions achieved in centrifuge showing: (a) Arias Intensity and acceleration time
histories; and (b) acceleration response spectra (5% damped).
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EXPERIMENTAL RESULTS AND OBSERVATIONS
Soil response in the far-field
Figure 1 shows the instrumentation placed in the far-field. Even though these sensors were located away from
structures and container boundaries, the measurements were still influenced by soil-foundation-structure interaction
(SFSI) and boundary effects. Hence, this location did not represent true “free-field” conditions. The time-frequency
response of accelerations through the Stockwell transform, response spectra, and Arias Intensity time histories
recorded at different depths in the far-field during the first significant motion (Kobe-L) are compared in Figure 6 for
the different experiments (Table 3). Since soil response is highly nonlinear and non-stationary, the Stockwell
transform of acceleration is more appropriate for evaluating the frequency content of the signal over time compared
to a Fourier transform. This time-frequency representation illustrates the frequency content at which accelerations
may be amplified or de-amplified.
The acceleration recordings in the far-field exhibited a loss of energy between the base and surface,
particularly in the liquefiable layer, due to an extensive reduction in soil’s shear modulus (softening) and a
corresponding increase in damping. The greatest intensity in terms of accelerations at the surface was observed near
a frequency of 0.4 to 0.5 Hz (as shown in the Stockwell transform), corresponding roughly to the strain-dependent
(effective) fundamental frequency of the site (fso’).
The results in Figure 6 also show that the acceleration response spectra recorded in the far-field were
roughly similar among different tests, with the exception of those recorded within the liquefiable layer. The far-field
sensors in FFB and FFBDS were likely affected by the response and interaction of the heavier Structure B with a
basement, showing greater accelerations at lower frequencies. The differences in response spectra became negligible
near the surface, however. Far-field Arias Intensities were more sensitive to proximity of and interaction with
structures and their mitigation strategies in different tests.
Figure 7 compares the time histories of excess pore pressure recorded at different depths during the Kobe-L,
Joshua-H, and Northridge motions in different tests. Liquefaction (defined as an excess pore pressure ratio,
ru=u/vo’=1.0) was achieved in the looser sand layer quickly during all shaking events. Large excess pore pressures
were also generated in the dense sand layer, even approaching liquefaction, but at a slower rate. In addition, for
some time after shaking, excess pore pressures in the liquefiable layer remained large due to upward seepage from
below. Generally, the pore pressure response in the far-field of different experiments was quite similar during and
after shaking, particularly at greater depths.
Far-field surface settlements (also shown in Figure 7) differed among the tests. Due to the absence of
structures in the baseline free-field test (Test FFDS), settlements were significantly greater compared to the far-field
of other tests. The presence of the structures restricted and reduced the extent of settlements in the far-field in
relation to the baseline free-field test, where there was no structure. This trend occurred because the structures
caused shear-type deformations within the liquefiable layer under their induced static and dynamic shear stresses,
which pushed the softened soil laterally toward the far-field. This shear movement reduced the net settlements in the
far-field compared to the case without any structure (free-field).

Soil response in the near-field
Figure 8 compares the time histories of foundation settlement, tilt, and excess pore pressure ratio (ru) recorded at
different depths under the center of different structures. The foundation settlement was obtained by averaging the
vertical displacements recorded on the four corners of the foundation (see Figure 1). Tilt was computed as the
difference in average displacement recordings on the north and south ends of the foundation divided by foundation
width.
The settlement response in the far-field was controlled by volumetric strains due to εp-DR, εp-CON, and εp-SED.
The structures (mainly those without densification) generally settled more than the far-field soil because of the
additional contribution of deviatoric mechanisms under their static (εq-BC) and dynamic shear stresses (εq-SSI). On the
other hand, since liquefaction (defined as ru=1.0) was typically not observed under the structures, due to the
confinement provided by the structures, the contribution of ε p-SED to their settlement is hypothesized to have reduced.
A significant portion of far-field settlements occurred during shaking, but continued also after shaking ceased
(mainly due to εp-CON and εp-SED). In contrast, the structures began to settle immediately after shaking started, and, in
all cases, their settlement became negligible after shaking ended due to the reduction of volumetric strains (reduction
or elimination of εp-SED).
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Greater excess pore pressures were generated underneath Structures A and B (with no mitigation), leading
to a greater degree of strength loss (increase in ru) compared to the structures on densified soil. This strength loss
amplified shear type deformations (εq-BC and εq-SSI) and volumetric deformations (mainly εp-DR and εp-CON) and
consequently, net foundation settlements, relative to ADS and BDS. In addition, although the heavier and taller
Structure B exerted larger static and dynamic shear stresses in the soil, its total settlement was less than that of
Structure A, particular during Kobe-L (before major changes in soil properties). This smaller settlement occurred
partly because of the greater embedment depth of Structure B and partly the reduced thickness of loose Ottawa sand
below this structure. However, Structure B settled similar to or greater than Structure A during the subsequent
stronger motions.

Figure 6. Time-frequency response of accelerations during Test FFDS, 5%-damped spectral accelerations, and Arias
Intensity time histories measured in the far-field of different tests at the surface, top, middle, and bottom of the
liquefiable layer, and base of container during the Kobe-L motion.
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Figure 7. Settlement at surface and excess pore pressure time histories at the top, middle, and bottom of the
liquefiable layer in the far-field as well as base excess pore pressure and acceleration time history. The pore pressure
sensor at the top of the liquefiable layer malfunctioned during the Northridge motion in Test A-ADS.
As shown in Figure 8, Structure A experienced more permanent tilt than Structure B. This was partly due to
greater strength loss under Structure A and partly due to the greater embedment of Structure B. The generation of
excess pore pressures under Structure ADS was limited by densification. Hence, the effects of εq-BC, which tends to
control foundation’s permanent tilt, were lessened compared to Structure A. However, in general, the effectiveness
of densification was limited in terms of curbing foundation tilt to acceptable levels. In fact, Structure B DS underwent
a transient tilt exceeding 0.1 rad during the strong Northridge motion, greater than any other structure, due to the
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large structural nonlinearity and flexural drifts induced (detailed in the next section), which in turn helped further tilt
the foundation.
Figure 9 compares the transient overturning moment versus transient tilt about the foundation, and total
settlement versus tilt of the foundation for the different structures during the Kobe-L and Joshua-H motions. The
total overturning moment at the bottom of the footing was calculated from the product of the inertial horizontal
loads at each story (F=ma) by the distance from the bottom of the footing plus the additional moment generated by
P-Δ effects (sum of the products of story weights “P” and their lateral displacements “Δ”).
Densification increased overturning moments about the foundation of Structure ADS compared to A, likely
due to increased stiffness and reduced damping (for a given level of strain) at the soil-foundation interface by
limiting the extent of soil softening. Structure B had greater confinement, producing less softening in the soil, which,
combined with its greater mass and height, amplified the overturning moments about its foundation compared to A.
The influence of densification, however, was less visible for Structures B and BDS compared to A and ADS, because
the large inertial forces combined with a lower degree of soil softening under the higher confinement and
embedment of Structure B limited rotational degradation below its foundation with or without densification. In
addition, the response of Structures B and BDS reached the inelastic range (discussed in later sections). Therefore,
these structures experienced similar moments during the motions; in contrast, Structure ADS experienced larger
moments than A that amplified transient foundation rotations. The settlement-rotation response of the foundations
generally pointed to benefits of densification in reducing permanent settlement. But the effects on permanent and
transient foundation rotation were highly dependent on the properties of the structure and ground motion.
To evaluate the impact of kinematic and inertial interaction on foundation accelerations with and without
mitigation, Figure 10 compares the ratio of horizontal spectral accelerations on the foundation to those in the farfield (at same depth of 1m). The extent and frequency content of these amplifications were influenced by inertial
interaction (building’s primary vibration modes), site response (site’s new fundamental frequency considering
densification and confining pressure of the building), and the frequency content of incident waves. Both the
unmitigated Structures A and B experienced greater accelerations on their foundation compared to the far-field by
reducing the extent of soil softening under their greater pressure. This increase was particularly notable when
incident waves coincided with the building’s primary modes of vibration, amplifying inertial interaction. For
example, ratios of foundation to far-field spectra as high as 3 to 6 were observed during Joshua-H, which showed an
important frequency content at periods aligning with Structure A’s first mode and Structure B’s second mode. The
greater mass of Structure B also typically amplified its inertial interaction compared to A, which increased
foundation accelerations. These results show that ignoring SSI is not conservative for estimating seismic demand on
shallow foundations when on liquefiable deposits.
In most cases, densification further amplified the extent of amplification in foundation accelerations by
limiting damping and increasing stiffness in the underlying soil. Since the ground was densified significantly after
the first two motions, the spectral ratios on the mitigated and unmitigated structures were more similar during the
Northridge motion. In this motion, the spectral ratios were also mostly smaller than unity at higher frequencies,
implying larger accelerations in the far-field compared to the foundation.
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Figure 8. Settlement and rotation (tilt) of the structures and excess pore pressure time histories at the top, middle,
and bottom of the liquefiable layer under the center of the foundation and in far-field together with base excess pore
pressure and acceleration time histories. Foundation rotation is not shown on Structure A during Northridge because
three vertical LVDTs went out of range.
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Figure 9. Foundation transient overturning moment versus transient rotation as well as total foundation settlement
versus tilt during the Kobe-L and Joshua-H motions.

Figure 10. Ratio of horizontal spectral accelerations (5% damping ratio) between foundation (Fnd) and far-field
(FF) surface motions in different tests and motions.
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Response of the superstructure
The seismic response of the superstructure was evaluated experimentally in terms of forces, displacements, drifts,
floor accelerations, and bending strains at the beam and column fuses, as diagramed in Figure 1. Figure 11 compares
the force-deformation response from the pushover analyses in OpenSees and the peak dynamic results measured in
the centrifuge on different structures. The maximum base shear in the experiments was computed considering the
contribution of inertial forces and P-Δ effects, as described by [29]. The roof flexural drift was obtained at the same
time as the peak base shear. Due to large deformations (about 6% transient drift), reliable recordings were only
obtained during the first two motions on Structure B and the first motion on Structure B DS. Structures A and ADS
both responded in the elastic range, but notably greater seismic demands were transferred to ADS compared to A. In
contrast, Structures B and BDS both yielded, entered their inelastic range, and experienced similar force (moment)
demands.

(a)

(b)

Figure 11. Force-deformation response for: (a) Structure A and ADS; and (b) Structure B and BDS from pushover
analyses in OpenSees, compared with the peak demands measured during the centrifuge tests. Horizontal LVDT
recordings were reliable during Kobe-L and Joshua-H for Structure B and only for Kobe-L for Structure B DS.
Figure 12 shows the time histories of total, rocking, and flexural drift during the Kobe-L and Joshua-H
motions. The total drift ratios were calculated based on the recordings of accelerometers (for Structures A and ADS)
and LVDTs (for Structures B and BDS) horizontally mounted on the roof and foundation of the structures (i.e.,
relative displacement between roof and foundation, normalized by roof height). Rocking drift ratios were calculated
using the vertical LVDT recordings at the four corners of the foundation for Structures B and B DS, and the vertical
accelerometers on the two sides of the foundation for Structures A and ADS [17]. Lastly, flexural drift ratios, which
are important measures of structural performance, were quantified as the difference between total and rocking drift
ratios, as described by Karimi and Dashti [30]. The horizontal LVDTs mounted on Structure A and ADS at times
malfunctioned or went out of range. Hence, the drift components shown on these structures, obtained from double
integration of accelerometers, only provided a measure of transient deformation. This was judged acceptable,
however, as no permanent flexural drift was observed or expected on Structures A and ADS. The drift components on
Structures B and BDS (recorded with LVDTs) included both transient and permanent deformations. The shorter,
stiffer, and stronger structures (A and ADS) generally experienced smaller drift demands than the taller, more flexible
and weaker structures (B and BDS), as expected.
In most cases, ground densification amplified flexural drifts on the structures by increasing the transverse
accelerations acting on their foundations. The increase became particularly important on Structure B DS during
Joshua-H, where amplified accelerations resonating with the building’s second mode and P- effects led to large
permanent flexural drifts. In this case, drifts associated with foundation rocking (both transient and permanent) were
de-amplified on denser soils, which reduced damping of seismic energy transmitted to the superstructure and
increased the demand on the structure.
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Figure 12. Total, rocking and flexural roof drift ratios of the structures during Kobe-L and Joshua-H motions.
Figure 13 compares the ratio of transverse (5% damped) spectral accelerations at roof to foundation on
different structures during the Kobe-L, Joshua-H, and Northridge events. The greatest amplification in roof
acceleration was observed on ADS during Kobe-L near a frequency of 0.8 to 0.9 Hz (periods of 1.1 to 1.25 sec),
which was near the peak spectral energy of the ground motion. Structure ADS experienced such large roof
accelerations because of the smaller energy dissipation in the densified foundation soil and the elastic behavior of
the structure. During the later motions, the spectral ratio of Structure A and ADS became more similar, due to the
increase of soil density, especially around Structure A, after the first motion (also evident in drift comparisons
shown in Figure 12). Similar spectral ratios were observed on Structures B and BDS during the different motions,
showing amplification at lower frequencies (longer periods). Note that the amplifications were observed at periods
longer than the structure’s fixed-based, elastic (low strain) fundamental period (T STo=3.0 sec). This was a
consequence of the nonlinear behavior of these structures, and the associated period lengthening. Due to the large
inelastic deformations experienced by Structures B and BDS, in general, more significant de-amplifications in roof
accelerations were observed compared to the stronger Structures (A and ADS) in the short period (high frequency)
range.
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Figure 13. Ratio of horizontal spectral accelerations (5% damping ratio) between roof and foundation (Fnd) of
different structures.
Peak strains recorded at the beam and column fuses and lateral displacements at the roof and foundation of
different structures are shown in Figure 14. These strains were time synchronized, such that the maximum strain
observed in any fuse was found, and the other strains or displacements were plotted at the same time. Structures A
and ADS were within their elastic limit (strains were below the yield point 0.136%, shown as the grey zone on the
figure). The greatest strains occurred at their column fuses, due to the large flexural moments at the base of the
columns. In addition, the transient strains were amplified on Structure ADS as compared to Structure A as a
consequence of the greater energy transferred through the dense soil (less damping in the foundation soil). The
maximum displacements were observed at the roof of the structures, reflecting, as expected, dynamic response
dominated by the first mode for both Structures A and ADS. One exception on Structure A during Kobe-L was
observed, where small differences between roof and bottom displacement were obtained, indicating almost rigid
body motion, and, consequently, reducing the drifts (as shown in Figure 12).
The strain recordings on Structures B and BDS showed large and inelastic deformations at beam and column
fuses during these motions. The displaced shape and amplitudes of strain on Structures B and B DS were roughly
similar during Kobe-L, partly because of the motion’s lower intensity and the ground motion’s frequency content
not coinciding with this building’s modal frequencies. The influence of densification in terms of strains became
significant during the longer and stronger motion (Joshua-H), which also resonated with the second mode of these
structures, amplifying inelastic flexural deformations, P-Δ effects, and hence the demand on the columns.
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Figure 14. Maximum, minimum, and residual bending strains recorded at the beam and column fuses of structures
and lateral displacement at roof and foundation of structures during the Kobe-L (5-15 sec) and Joshua-H (0-40 sec)
motions together with the acceleration time history of container base motion. The region highlighted in grey
indicates the yield limits. Positive sign indicates clockwise bending moment of the corresponding fuse. Since
Structure A and ADS were within their elastic limit, residual strains are not shown.

SEISMIC PERFORMANCE ASSESSMENT
This paper aims to provide a holistic assessment of the seismic performance of soil, foundation, and structural
system when employing ground improvement on liquefiable soils. To evaluate seismic performance, we compared
permanent foundation settlement and rotation (tilt), peak flexural drifts, and residual flexural drifts with limiting
values that are typically considered acceptable in design. Permanent foundation settlement and rotation can cause
overall instability (punching shear or bearing capacity failure), damaging the foundation, structure, or the connected
lifelines. Flexural drifts are often an indicator of large nonstructural damage to building partitions and other
components [31]. Residual flexural drifts may indicate a need for the building to be demolished, if it cannot be
returned to plumb [32].
Table 4 summarizes the settlement, rotation, and flexural drift demands recorded on the structures (with
and without mitigation) during the Kobe-L and Joshua-H motions. The intensity of shaking relative to the design
value, quantified by SD1, and limiting values indicating acceptable performance according to existing standards are
also presented for comparison. Since the spectral response acceleration at period of 1.0 sec (SD1) for Structure B and
BDS achieved in centrifuge tests intentionally exceeded the design value (see structural design section), these two
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structures experienced larger seismic demand than expected during design (as opposed to Structures A and ADS),
which led to their large permanent deformations. The response of Structures B and BDS in these experiments is
meant to simulate scenarios when a structure experiences ground motions exceeding the design condition.
In general, the structures experienced larger foundation permanent settlements and rotations than the
allowable values during both motions. Although mitigated Structures ADS and BDS performed better in terms of
settlement and rotation than their unmitigated counterparts, those settlements and rotations would still be considered
unacceptable in design. In one case densification actually increased permanent foundation rotation due to increased
P- effects (Structure BDS compared to B during Kobe-L). The only case when densification reduced permanent tilt
to an acceptable level was Structure ADS during the Joshua-H motion. Note, however, that initial soil conditions
under Structures A and ADS were no longer the same during this motion. It is possible to observe slightly improved
settlements and rotations in actual field conditions compared to the experiments presented, because soil densification
in the field is often achieved with vibration, leading to a more stable soil fabric. But the comparisons presented are
still alarming. In addition, the peak and residual flexural drifts experienced by Structures B and BDS exceeded the
limits described in Table 4, indicating large nonstructural damage would be expected and further deformation would
cause structural instability. These effects were more visible during the intense and longer duration motion (JoshuaH). In particular, Structure BDS experienced a peak transient flexural drift that approached its residual value,
implying that the structure was in danger of collapse. The increased seismic demand must, therefore, be considered
in designing mitigation techniques or retrofits to existing buildings founded on liquefiable sites. Neither Structures
A nor ADS experienced drifts beyond their allowed limits in these motions, since they were designed for greater
seismic demand compared to B and BDS.
The presented experimental results indicate that densification could increase the crucial demands on the
superstructure, while it generally reduced permanent foundation settlement and rotation. In no case, did ground
densification change the overall seismic performance outcomes (i.e., there were no cases where A failed all the
design requirements, but ADS did not, or vice versa). Hence, additional strategies are required to further improve the
seismic performance of the structure-foundation system. For instance, the inclusion of drainage or in-ground walls
or barriers on densified ground together with strengthening of the superstructure may positively impact the response
of the system, which must be considered and tested in future research.
Table 4. Limit design values for permanent foundation settlement, rotation, peak transient and residual flexural
drifts in comparison with experimental measurements. Experimental results are shown in two columns, first column
corresponds to the Kobe-L motion and the second column to Joshua-H. The highlighted cells indicated cases when
limit values were reached.
Limit Values
A
ADS
B
BDS
Seismic
0.84g(1); 0.43g (2)
0.93(7)
0.79
0.93
0.79
1.74(8)
1.49
1.77
1.56
Demand
Foundation
5(3)
87
57
31
28
56
62
32
44
Settl. (cm)
Foundation
1/300(4)
1/41
1/34
1/118
1/505
1/109
1/110
1/80
1/158
Rotation
Peak
Transient
2(5)
0.33
0.22
0.50
0.33
2.8
4.3
3.0
6.4
Flex. Drift
(%)
Residual
Flex. Drift
1(6)
4x10-4
9x10-4 2x10-3
4x10-4
1.2
2.6
1.6
5.8
(%)
Note: (1) Design spectral response acceleration parameter at period of 1.0 sec for Structure A.
(2)
Design spectral response acceleration parameter at period of 1.0 sec for Structure B.
(3)
Total permanent foundation settlement of a structure larger than 5 cm may affect the pipelines connected to the
buildings and also the access to the buildings [33].
(4)
Foundation rotation larger than 1/300 may cause overall instability, leading to bearing capacity failure [34].
(5)
In design [22], flexural drifts are limited to 2%. Larger drifts imply that structural stability may be impacted by
large deformations. Large drifts are also associated with high levels of nonstructural damage.
(6)
Residual drifts larger than 1% may be an indicator that the building may have insufficient margin of safety against
lateral stability. It may not be economical or practically feasible to restore the feasibility, requiring demolition [35].
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(7)

Ratio of base spectral acceleration at period of 1.0 sec in centrifuge to the design spectral response acceleration
parameter at period of 1.0 sec for Structure A.
(8)
Ratio of base spectral acceleration at period of 1.0 sec in centrifuge to the design spectral response acceleration
parameter at period of 1.0 sec for Structure B.

CONCLUSIONS
Centrifuge experiments were performed to evaluate the influence of ground densification on building response when
founded on liquefiable soils. The performance of 3- and 9-story, potentially-inelastic structures (Structures A and B,
respectively) founded on a layered liquefiable soil deposit was studied, with and without ground densification.
Additionally, a baseline free-field experiment was performed with no structures to evaluate site response in a similar
soil profile with and without densification. The overall performance of the soil-foundation-structure system was
assessed in terms of excess pore pressures, settlements, accelerations, and deformations in the beam and column
fuses of the structures.
Settlement and rotation of the foundation were strongly influenced by structure’s dynamic properties,
embedment depth, and ground motion characteristics. Structures founded on densified soil, in general, experienced
less permanent foundation settlement and rotation compared with their unmitigated counterparts. Even so, the
foundation settlements and especially rotations on densified ground were still notable and unacceptable from a
design perspective. This observation applied to both structures considered, even Structure A that experienced
shaking below its design level.
Ground densification amplified the accelerations and forces experienced in the superstructure by increasing
stiffness and reducing damping of the underlying soil. In addition, the base shear and overturning moment demands
(key parameters in the dynamic design of shallow foundations) were often amplified on densified soil. However, the
performance of the superstructure depended strongly on its yield strength and dynamic properties in relation to the
characteristics of the ground motion. Structures A and ADS responded in their elastic range, but larger bending
strains were measured at the beam and column fuses of mitigated Structure ADS. The impact of densification was
more visible on Structure B during the motions that exceeded its design level and had notable frequency content near
its primary modes of vibration. Structures B and BDS both behaved nonlinearly, experiencing large flexural
deformations and damage to the column and beam fuses, which contributed to the increased role of P-Δ in their
response and foundation rotation. In addition, the greater confining pressure imposed by the large mass of Structures
B and BDS led to less soil softening and damping below their foundation, further increasing the seismic demands on
the superstructure. Structure B also underwent inelastic response, but to a lesser extent compared to the mitigated
Structure BDS. In general, Structures B and BDS showed inadequate performance in terms of foundation settlement
and tilt as well as flexural deformations. Ground densification did not alter the overall outcome, but made flexural
drifts more critical.
In summary, the experimental results presented in this paper show that ground densification can reduce the
permanent settlement of the foundation, but not necessarily to acceptable levels. The influence of densification on
permanent and transient foundation rotations depended on the properties of structure and ground motion.
Importantly, densification can also lead to larger seismic demands on the superstructure, with potentially drastic
consequences if not considered in design. The potential tradeoffs in settlement, tilt, and flexural deflections were
more visible for the weaker and heavier structures (B and BDS) than the stronger and lighter structures (A and ADS).
These findings show the importance of considering the dynamic properties and force-deformation behavior of the
structure when designing liquefaction mitigation strategies, contrary to common practice. In addition, these findings
suggest that densification alone as a liquefaction mitigation strategy may not be sufficient to significantly improve
seismic performance outcomes for the entire soil, foundation, and structural system. Other forms of mitigation may
be necessary in combination with ground densification and strengthening of structural components to achieve the
desired overall performance level.
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