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Development of Dynamic Centrifuge Models for Measurement and 

Visualization of Deformation Mechanisms in Liquefiable Soils 
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ABSTRACT 

Recent advancements in geotechnical physical modeling have enabled visualization and analysis of 

deformation mechanisms in soil sections through the integration of Particle Image Velocimetry (PIV) 

in dynamic centrifuge modeling. PIV requires a rigid wall container. In this paper, we summarize the 

design considerations that enable reliable measurement and visualization of soil deformation 

mechanisms at the University of Colorado (CU) Boulder’s 400g-ton, 5.5 m radius centrifuge facility. 

The primary objective of this system is to investigate the response of complex and stratigraphically 

variable, saturated granular soil deposits beneath shallow-founded structures, though it can also be used 

for other configurations that benefit from advanced visualization in the centrifuge. The setup aims to 

enable quantification and visualization of different deformation mechanisms, including shear, 

volumetric, and soil ejecta formation, near and away from structures. The paper provides detailed design 

considerations for the system components, including a rigid container with a transparent Perspex wall 

and duct seal inclusions, a linear-elastic single-degree of freedom (SDOF) structure, soil texture, a 

potential ground improvement technique, and a high-speed camera system. Through fully-coupled, 

three-dimensional (3D) nonlinear finite element analyses, we investigate the influence of container type, 

domain size, and duct seal geometry on boundary effects, with consideration of nonlinearities within 

various soil profile configurations with and without the presence of a building model. The findings 

highlight the critical impact of proximity to lateral boundaries of the container on accelerations, excess 

pore pressures, foundation settlement, tilt, and shear strains, as well as the benefits of duct seal in 
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reducing those boundary effects. The results also show that the extent of boundary effects on key 

performance measures depends on the properties of the container, soil layers, and ground motion. The 

simulations also show that surface ejecta potential within stratigraphic soil profiles is highly sensitive 

to the depth of the groundwater table and variations in soil permeability, which must be considered in 

designing experimental programs that investigate the development of soil ejecta.  

Keywords: Centrifuge Modeling, Liquefaction, Particle Image Velocimetry (PIV), Boundary Effects, 

Soil-Structure Interaction 

1 INTRODUCTION 

Past earthquakes have consistently shown the significant economic damage, loss of life and community 

disruption  resulting from earthquake-induced soil liquefaction on the built environment. Centrifuge 

modeling is a cost-effective method to simulate the seismic response of scaled geotechnical problems 

under realistic confining pressures, while also aiding in the validation of numerical models used in 

design. Here, we explore the developments needed in centrifuge modeling to examine the interaction 

of deformation mechanisms between the soil and surrounding structures, for which the underlying 

physics is poorly understood.  

Recent developments include the Particle Image Velocimetry (PIV) technique, which utilizes 

high-frame-rate cameras, to visualize deformation mechanisms within visible soil sections during 

dynamic centrifuge testing (Adamidis and Madabhushi 2018). The PIV technique often requires a rigid 

container with a transparent window. However, such containers can introduce large boundary effects 

compared to other container types commonly used in dynamic centrifuge testing, such as laminar or 

flexible shear beam (FSB) containers. These adverse effects can be reduced by including Duct Seal (DS) 

inclusions to the sidewalls of the rigid container, as quantified by Cheney et al. 1998 and Steedman and 

Madabhushi (1991).  

Saturated granular sand deposits susceptible to liquefaction often show stratigraphic variations 

in the ground slope or soil layer thickness, permeability, and relative density (Ishihara 1985; Kokusho 

and Fujita 2001; Badanagki et al. 2019). Recent investigations have shown that even minor variabilities 

in these properties significantly affect the surface manifestation of liquefaction, soil deformations, and 
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subsequent damage to overlying structures (Badanagki et al. 2018; Beyzaei et al. 2018a,b; Luque and 

Bray 2017; Paramasivam et al. 2018). Additional experimental studies employing PIV are warranted to 

characterize the deformation mechanisms in interlayered deposits at a systems level, both near and away 

from structures. Furthermore, a deformation measurement system integrating PIV proves valuable in 

various other applications within geotechnical engineering, such as seismic soil-structure-interaction 

(SSI), ground improvement techniques, buried structures, and embankments. 

This paper presents the development of a deformation measurement system that enables reliable 

measurement and visualization of deformation mechanisms in liquefiable soil deposits in the far-field 

and near a structure in a centrifuge using PIV techniques. The system is also applicable to other 

centrifuge applications. An overview of the conception and implementation of different experimental 

components designed at CU Boulder’s 400 g-ton (5.5 m-radius) centrifuge facility is provided. We 

present the design considerations and assumptions for a model building structure, transparent rigid 

container equipped with duct seal, PIV system, and highlight potential application of the experimental 

set-up. Additionally, we use fully-coupled, three-dimensional (3D), nonlinear finite element (FE) 

analyses to quantify the boundary effects introduced by a rigid contained compared to other boundary 

types. A limited sensitivity study is then performed to investigate the influence of duct seal thickness, 

uncertainties in its properties, and distance to lateral boundaries on boundary effects. 

2 DESIGN CONSIDERATIONS FOR A MODEL BUILDING STRUCTURE 

The experimental setup described in this paper was intended to enable evaluation of seismic soil-

structure interaction on highly stratified soil deposits. We describe the design considerations for an 

example model building structure that affected the design of the container and image capturing criteria. 

A similar methodology may be followed for other problems of interest (e.g., underground structures or 

other systems). 

2.1 Design Criteria 

The design of the building structure was governed by four main considerations. First, it was important 

to represent the key dynamic properties of a realistic prototype structure in a high seismic area. Second, 

the maximum dimensions of the building were affected by the size of the rigid container, practicality 
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considerations for the construction of and sensor installation around a scaled model, and the limitations 

imposed by the centrifuge overhead space. The total height of the simplified scaled structure was 

restricted to less than 250 mm in model scale (equivalent to 17.5 m in prototype scale) based on the 

designed container and selected soil profiles. The third consideration was to design a structure that 

would amplify soil-structure-interaction (SSI) and enable experimental evaluation of the variations in 

soil response in the near- and far-field. To achieve this, the design aimed for a bearing pressure 

exceeding about 70 kPa and a height-to-width (H/B) of around 1.5. These parameters were chosen to 

approximate the characteristics typically observed in 4-story buildings and were informed by previous 

case histories and experimental results that showed foundation damage on liquefiable soils (Dashti et 

al. 2010a,b; Sancio et al. 2004). Fourth, the foundation needed to be designed as a strip footing to 

maintain plane strain conditions and permit visualization of the soil deformations under 2D conditions 

in the new deformation measurement system. Accordingly, the structure-foundation system had to span 

the entire width of the container, ensuring a flush alignment against the Perspex window with a 2-mm 

thick neoprene foam strip of soft hardness placed on both sides of the foundation. This arrangement 

was needed to prevent sand particles from infiltrating the interface between the structure and the 

window during preparation and testing. The accuracy of particle tracking would be reduced if sand 

particles were to migrate through the front interface of the structure. 

2.2 Selection of the Target Prototype Building 

The target prototype 4-story reinforced concrete frame structure was selected from a database of 

buildings that experienced significant damage due to soil liquefaction during the Christchurch 

earthquake sequence, as documented by Zupan (2014). Some of the damage documented for this 

representative prototype included sediment ejecta within the building’s footprint and parking lot, cracks 

on exposed concrete columns, and a differential settlement of 16 cm. To suit our experimental needs, 

the representative building was modified in two ways. First, the height of each floor was increased to 

achieve a slightly higher H/B ratio to amplify SSI effects. Second, the mass of the modified target 

building was increased by 50% to account for the typical design range of 586-684 kg/m2 mass per story 

for concrete buildings (ASCE, 2013) in the U.S., accounting for the differences in floor construction 
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between the U.S. and New Zealand. Based on Goel & Chopra (1997), the estimated fundamental period 

range for a building of this height, featuring a concrete moment-resisting frame structural system, is 

0.64 to 0.9 s. The design period value according to American practice (ASCE/SEI 7-22) is 0.64 s.  

2.3 Design and Construction of the Simplified Scaled Model Structure 

Table 1 and Fig. 2 present the target prototype structure and the simplified model, along with their key 

dimensions. Several simplifications were required to convert the modified target prototype structure 

into model-scale dimensions and simplify it for centrifuge testing at 70 g (N = 70). Table 1 summarizes 

the design properties and dimensions of the modified target prototype structure and the simplified 

centrifuge model, which was constructed from 6061-T6 aluminum alloy. The 4-story prototype 

structure was simplified and scaled as a single-degree-of-freedom (SDOF) oscillator. The effective 

height of the SDOF representation was taken as 70% of the total height of the modified target prototype 

(FEMA, 2005), which is 200 mm, in accordance with our height limit design criteria. A rigid mass at 

the roof level created a fixed-fixed condition for the “columns”. These columns were thin in the 

direction of shaking and extended the entire dimension of the box’s width (out of plane direction) (4.8 

by 362 mm). The model column member sizes were determined from the target fundamental period and 

mass. The final design of the simplified model structure also took into account considerations such as 

the ease of constructability and the use of commercially available parts.  

Once fabricated, the natural period and damping of the model structure, in a fixed-based 

condition, were determined through a series of impact hammer tests. The measured fundamental period 

agreed well with the value obtained from the Goel & Chopra (1997) upper limit equations, which was 

also well reproduced by the 2D OpenSees model (Mazzoni et al. 2006). The damping ratio of the 

simplified structure was computed as 0.2% using the logarithmic decrement method, which  is on the 

order of that expected for metal structures with multiple bolted connections (Olarte et al. 2018).  

The bearing pressure at the bottom of the foundation was calculated as 90 kPa based on its 

weight and footprint, and this value was verified with measurements. The simplified model structure 

was painted matte black to reduce glare from the LED lights. Additionally, a checkered pattern adhesive 
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with dots was applied to the structure to enable tracking of the movement of the structure with the PIV 

software during testing.  

3 DESIGN OF THE CONTAINER AND DUCT SEAL INCLUSIONS 

3.1 Rigid Container Design and Fabrication  

In a prototype scenario, soil layering extends infinitely laterally, while a centrifuge model is constrained 

within a finite size and is bounded by stiff sidewalls. Bhattacharya et al. (2012) summarized the key 

objectives of designing a model container for dynamic geotechnical centrifuge testing. These objectives 

include achieving: 1) similarity between the model and prototype conditions in terms of stress and strain; 

2) vertical propagation of shear waves (generated through base shaking) to the contained soil profile; 3) 

reduction in wave reflections from the sidewalls; 4) water tightness for saturated specimens; and 5) 

adequate lateral stiffness to maintain a near zero-lateral strain (Ko) condition or avoid approaching 

active (KA) conditions. These objectives can be achieved through different types of containers, each 

with its own advantages and disadvantages. Common soil container types used in dynamic testing 

include: 1) Laminar containers; 2) Equivalent shear beam (ESB) containers; 3) Flexible shear beam 

(FSB) containers; 4) Rigid containers with hinged end-walls; and 5) Rigid containers with flexible 

boundaries such as Duct Seal or sponge. In order to benefit from the transparent side of a relatively 

long-span container for PIV with high-speed photography, we selected, designed, and constructed a 

rigid container.  

The main limitations of rigid containers include excessive wave reflection from the rigid 

boundaries and constrained soil deformations (Bhattacharya et al. 2012). To alleviate these issues, Duct 

Seal (DS) can be applied to both end walls of the rigid box in the direction of shaking. The use of Duct 

Seal is expected to: partially reduce wave reflections (e.g., absorb 65% of incident waves), and decrease 

the lateral stiffness of sidewalls (Cheney et al. 1998; Steedman and Madabhushi 1991). Given the high 

compressibility of Duct Seal, Pak and Guzina (1995) observed deformations under centrifugal forces 

that led to non-homogeneity around the sides of the soil specimen. This issue was addressed by 

incorporating a supporting grid for Duct Seal boundary inclusions, providing greater lateral wall 

stiffness. In this study, the rigid box was slightly modified with an Aluminum panel and T-bar system 
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to support the boundary lining, while reducing the added wall stiffness and facilitating the construction 

process. 

The inside dimensions (Length x Width x Depth) of the rigid container (without Duct Seal 

inclusions) were selected as 967 x 375 x 350 mm [model scale] (67.69 x 26.25 x 24.5 m [prototype 

scale]), as shown in Fig. 3a. This size was determined based on the limitations of the centrifuge platform 

in both plan view and headroom space and the payload capacity of the shake table. The selected 

container dimensions also helped minimize boundary effects near a structure placed at the center with 

its expected dimensions noted previously. Whitman and Lambe (1986) quantified the zones close to the 

end walls of a container that are affected by the artificial boundary under dynamic loading as those 

within about a distance of 1.5 times the depth of the soil profile. As a result, the target length-to-depth 

ratio (L/D) of the container needed to be greater than 3, to minimize boundary effects. A soil total depth 

(D) of about 18 m  [prototype scale] (257 mm  [model scale]) was anticipated, representing L/D = 3.8.  

We designed the rigid container with three sides made of aluminum and one transparent Perspex 

wall along its length to maximize visualization opportunities within the soil. The front plate included 

two metal frames that enclosed the 76 mm-thick Perspex, to ensure better sealing and support.  

Three-dimensional structural analyses using the finite element (FE) program ABAQUS 

(Simulia, Dassault Systèmes, Paris, France) were conducted to determine the appropriate sizes of the 

aluminum and Perspex sections, with the goal of limiting the maximum static lateral deflections along 

the container’s mid-span when filled with saturated sand and subjected to the anticipated 70 g of 

centrifugal acceleration. The limiting deflection was taken as δ/H = 0.003 or δ = 1.2 mm for active 

conditions in loose sands (Das, 2016), where δ is the sum of the maximum lateral deflection from the 

front and back plates, and H is the total container height (400 mm in model scale from the top of the 

angle to the base plate). For design purposes, the aluminum and Perspex materials were assumed to 

remain linear-elastic (Table 2). The container was assumed to be filled with saturated sand to statically 

evaluate the lateral deflection profile along the height of the container.  

The static lateral earth pressure was estimated in prototype scale based on a uniform sand layer 

with a saturated mass density of ρsat-soil  = 2000 kg/m3, pore water mass density of ρwater = 1000 kg/m3, 

scaling factor N = 70, and Ko = 1 (assuming a temporarily liquid-like condition after soil liquefaction). 
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This lateral earth pressure calculation accounted for the structure’s bearing pressure (90 kPa). The final 

design considered fixed boundary conditions on the side steel angles, which were to be bolted to the 

shake table. The numerical simulations produced a maximum deflection of 0.6 mm for the back 

aluminum plate and 0.4 mm for the front Perspex plate of the container mid-span, resulting in a total 

deflection of 1.0 mm in model scale (70 mm in prototype scale), corresponding to δ/H = 0.0025, as 

shown in Fig. 3b. These results adhere to our limiting deflection design criteria and represent a 

conservative estimate, because the planned centrifuge experiments will not fill the container with soil, 

the Ko  = 1 assumption is highly conservative, and the analysis did not account for the presence of four 

steel instrumentation racks spanning the container’s width, which restrict the lateral expansion of the 

box. 

The base of the container was designed to enable rapid and automated saturation and drainage 

to accommodate studies of soil liquefaction. The base was equipped with four drainage holes (fluid inlet 

valves). Additionally, a series of 5 mm-high fluid gaps were incorporated along the bottom grid, below 

the porous stones, to allow the fluid to fill the space uniformly before saturating the entire specimen 

from the bottom up (similar to Paramasivam 2018 and Brennan & Madabhushi 2002). To ensure water 

tightness on all container surfaces, PORON AquaPro gaskets from Rogers Corporation were applied in 

areas where sealing was required. After the container was fully assembled, a coat of clear Flex Seal (a 

liquid rubber sealant) was applied along areas where leakage was observed, to ensure that the container 

was watertight. 

3.2 Characterization of Boundary Effects and Duct Seal 

After ensuring static deformations were acceptable, fully coupled, 3D, dynamic, effective-stress, FE 

simulations were performed in the object-oriented, parallel computation platform OpenSees to assess 

boundary effects and design the duct seal geometry in the transparent rigid container. Boundary effects 

were evaluated within the container for three soil profiles with and without a model building to represent 

the effects of container boundary conditions on soil-structure-interaction (SSI). The seismic 

performance of our rigid container with duct seal inclusions (rigid w/ DS) was compared to other 

boundary types, including rigid without DS and a Flexible-Shear-Beam (FSB) container with periodic 
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boundaries. The thickness of DS, domain size, and boundary type were varied to evaluate their influence 

on the seismic performance indices of interest within the soil-structure system through a limited 

sensitivity study.  

3.2.1 Numerical Modeling Approach and Characteristics 

3.2.1.1 Modeling of Soil and Structural Properties 

A series of three soil profiles with a total thickness of 18 m were numerically simulated, as presented 

in Fig. 4b, based on container dimensions and the expected geometry of soil specimens. The first soil 

profile (Uniform dry – P1) consisted of a uniform layer of dry, dense Ottawa sand at a relative density 

(Dr) of 90%. Soil profile 2 (Uniform saturated – P2) comprised a uniform saturated layer of loose 

Ottawa sand with Dr = 40% prone to softening and liquefaction. Soil profile 3 (Layered saturated – P3) 

represented the baseline case for our intended series of centrifuge experiments, consisting of a 6 m-

thick loose Ottawa sand layer (Dr = 40%) in the middle of 10 m and 2 m-thick layers of dense Ottawa 

Sand (Dr = 90%) at its bottom and top, respectively. 

The pressure-dependent, multi-yield surface, version 2, soil constitutive model (PDMY02) 

implemented in OpenSEES by Elgamal et al. (2002) and Yang et al. (2008) was used to simulate the 

nonlinear response of all soil layers. PDMY02 is based on multiple yield criteria defined by several 

open conical-shaped yield surfaces with a common apex at the origin of the principal stress space, with 

different sizes that form the hardening zone (Yang and Elgamal 2000). This elastoplastic constitutive 

model uses the deviatoric kinematic hardening rule and follows a non-associative flow rule to simulate 

the soil's volumetric dilatation and contraction response under shear. In addition to the model's 

hysteresis damping, a small-strain Rayleigh damping value of 3% at frequencies of 2.3 and 11.4 Hz 

(corresponding to the soil column’s first and third initial modes) was employed for all soil profiles, 

following a similar approach as in Hwang et al. (2021, 2022), Ramirez et al. (2018), and Kwok et al. 

(2007). 

The model parameters used for the saturated Ottawa sand layers were adopted from Hwang et 

al. (2021) and Ramirez et al. (2018), as summarized in Table 3. These were calibrated to ensure that 

best-fitting parameters captured on average: (1) the fully drained or undrained monotonic and cyclic 
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triaxial element tests; (2) the empirical cyclic stress ratio (CSR) relationships to trigger liquefaction in 

15 cycles (NCEER 1997); and (3) site response in a previous free-field boundary-value centrifuge test 

involving the same soil column and sequence of motions (Hwang et al. 2021). This calibration 

methodology using diverse data types is designed to achieve a balance between model precision and 

the potential impact of experimental errors. All soil parameters were calibrated for saturated conditions 

in previous studies. The same parameters were used for the dry soil at a corresponding Dr. A dry soil 

profile was included in this study due to a reduced degree of material damping compared to saturated 

states, which was hypothesized to amplify the influence of duct seal boundaries. 

The dry and saturated soil domains were modeled using 3D, higher order, 20 node, standard 

brick elements and 20-8 node, two-phase, brick elements with a u-p formulation (Zienkiewicz et al. 

1990), respectively. In the u-p formulation, the corner nodes of the elements had four-degrees-of-

freedom (4DOF), one to represent the fluid pressure and 3 for solid displacements, while all other nodes 

had 3DOFs for displacement only. A water bulk modulus of 2.0 x 106 kPa was assigned to the fluid to 

simulate fully saturated conditions in soil profiles P2 and P3. The maximum allowable element size 

(hmax) was determined with depth based on the corresponding soil profile's empirical small-strain shear 

wave velocity (VS) (Seed and Idriss 1970; Bardet et al. 1993; Menq 2003) and the maximum frequency 

content of the input motion in the centrifuge (e.g., estimated as fmax = 10 Hz in prototype scale). The 

minimum wavelength (λmin = VS/fmax) was divided by 4 to obtain hmax. Subsequently, hmax was further 

reduced by a factor of C = 4 to account for soil softening at large shear strains (i.e., reduction in VS), 

such that hmax = λmin/4C. The constant C was determined based on a sensitivity study of a free-field 

soil column (Ramirez et al. 2018; Hwang et al. 2021). Fig. 4c shows an example of the VS profiles and 

element size distribution obtained for soil profile P3. 

The soil domain was modeled to represent the inside dimensions of the container with 

appropriate boundary conditions. The distance from the foundation's edge to the lateral boundaries (L) 

(as illustrated in Fig. 4b) was 27 m, representing L/B = 2.7 (where B is the width of the foundation). A 

width of 1 m was selected into the page (perpendicular to the shaking direction), due to the 2D, plane 

strain nature of the problem. 
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For the case of a rigid container, the side nodes of the model were fixed in the x direction (Fig. 

4a). Periodic lateral boundary conditions were assumed for the FSB container by tying the nodes at the 

same elevation in the x-z directions. The model's base nodes were fully fixed (i.e., x-y-z direction), and 

those at the soil surface had a prescribed zero pore pressure condition. Out-of-plane displacements were 

also restricted on both faces parallel to shaking (i.e., y-direction).  

Three 1-D, horizontal earthquake motions for which the centrifuge shake table was calibrated 

were selected as the base motion for our simulations, representing a range of amplitudes, durations, and 

frequency contents. The acceleration and Arias Intensity (Ia) time histories and 5%-damped acceleration 

response spectra (Sa) of motions referred to as Kobe (M1), Joshua Tree (M2), and Northridge (M3) are 

presented in Fig. 5, along with their properties in Table 4. These motions were selected based on prior 

calibration of the shake table, to represent a range of amplitudes, durations, and frequency contents. 

The acceleration time histories were applied at both the base and side nodes for the rigid container and 

only at the base nodes for the FSB container. 

In cases involving a model building in the center of the container (Fig. 4a-b), the foundation 

was modeled using 20-8 node brick elements with the u-p formulation and an embedment depth of 1 m. 

The fluid mass density of the foundation elements was set to 0, and the DOF for fluid pressure was 

fixed to avoid excess pore water pressure generation. The base and side nodes of the foundation were 

connected to the surrounding soil in all directions using a master/slave (equalDOF) connection. The 

base nodes of the foundation were fixed in all directions (i.e., x-y-z). The side nodes were fixed only in 

the two horizontal directions (i.e., x-y), allowing for movement of the foundation relative to the 

surrounding soil [similar to the approach taken by Karimi and Dashti (2016a-b), Shahir et al. (2016) 

and Hwang et al. (2021, 2022)]. The SDOF, plane-strain structure was modeled using a beam-column 

element assembly, which matched the stiffness, mass, and bearing pressure (q = 90 kPa). A Rayleigh 

damping formulation with a damping ratio of 0.2% was assigned to the structural elements at 

frequencies corresponding to the first and third modes of the structure. The structure elements were 

restricted from out-of-plane displacements. Given the incompatibility between the beam elements 

(6DOF) and the foundation elements (3DOF), a massless rigid beam element was used to connect the 

foundation to the structure's columns. 
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3.2.1.2 Modeling of Duct Seal 

The duct seal was modeled using 20-8 node brick elements with the u-p formulation and prescribed 

zero pore pressures. The absorbing boundaries were simulated as linear-elastic following Kassas et al. 

(2021), Cilingir and Madabhushi (2011), and Chakrabortty and Popescu (2012). We used a Young's 

modulus of E = 800 kPa, a Poisson's ratio of v = 0.46, and mass density ⍴ = 1.65 Mg/m3 for DS based 

on Popescu & Prevost (1993). In addition, material damping was introduced using the Rayleigh 

damping formulation (Cilingir and Madabhushi 2011; Pak et al. 2011). The selected damping ratio (ζDS) 

was based on resonant column tests, defined using Eq. (1) from Pak et al. (2011). 

 𝜁𝐷𝑆  =  0.18 − 0.0003 × (
𝜎𝑚𝑒𝑎𝑛

1 𝑘𝑃𝑎
) (1) 

The DS boundary was divided into sublayers of 2 m in thickness following the discretization 

of the soil domain, and the ζDS and mean total stress (σmean) values were calculated at the center of each 

sublayer. EqualDOF restrictions (i.e., x-y-z) were applied for the contact nodes at the soil-DS interface. 

Finally, a baseline DS thickness (wDS) of 24 mm (25.4 mm in model scale or 1.7 m in prototype scale) 

was selected, similar to other dynamic centrifuge studies (e.g., Adamidis 2017).  

We acknowledge that sources of uncertainty particularly in DS properties might influence the 

results obtained from this numerical study. As such, we performed a sensitivity study (see Appendix A) 

to evaluate the influence of DS’ Young’s Modulus (E) from 400 to 1600 kPa and Rayleigh damping 

formulation on the response parameters of interest in the soil-structure system (as noted influential by 

Kassas et al. 2021). In general, for the soil profiles and ground motions investigated, and a reasonable 

range of E, the influence of E on accelerations, permanent foundation settlement, shear strain contours, 

and excess pore water pressures was not significant. For example, the permanent foundation settlement 

and soil excess pore pressures showed a difference ranging from 0 to 7% (average of 2%) and 0 to 15% 

(average of 4%), respectively, for the range of E values considered for DS. The difference in PGA at 

various locations within the container (e.g., at a distance of L/2 from the foundation edge, under the 

building, and on the foundation) ranged from 2 to 22% (average of 11%) for different E values. The 

influence of E of DS was more notable on the foundation’s permanent tilt, with a difference of 1 to 

162% (average = 32%). However, the tilt values were generally negligible in this case, as is expected 
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for isolated and symmetric structures on uniform liquefiable layers (see Bullock et al. 2019b), and these 

small values led to the calculation of larger percent differences. Nevertheless, we acknowledge that  the 

idealization of duct seal as a linear elastic material is simplistic and should be further verified. 

3.2.1.3 Benchmark Container: Idealized Laminar Container 

An Idealized Laminar Container (ILC) was used as a benchmark case for comparison with the newly 

designed container. The ILC was first proposed by Kassas et al. (2021) to simulate free-field conditions 

(i.e., infinite boundaries). The boundary effects were minimized in ILC by using periodic boundaries 

and a soil domain of sufficient size in 3D. In this study, different domain sizes (L/B = 15, 25, 35, 45) 

were tested by varying L while keeping all other dimensions constant. We set the smallest domain to 

L/B = 15, given that the structural response (e.g., foundation settlement and tilt) and excess pore water 

pressure values under the building were shown to converge with these boundary distances (e.g., see 

Figure 7efg). The largest domain was set to L/B = 45 to limit the computational cost. We subsequently 

selected the ILC domain size through a sensitivity study and comparison of the ILC far-field response 

in terms of spectral accelerations with 3D simulations of single soil columns (SSC). Residuals in the 

5%-damped acceleration response spectra (Sa) were computed as defined in Eq. (2), with respect to the 

SSC results. 

 𝑆𝑎−𝑅𝑒𝑠(𝑇) = 𝑙𝑛[𝑆𝑎−𝑆𝑆𝐶(𝑇)] − 𝑙𝑛[𝑆𝑎−𝐼𝐿𝐶(𝑇)] (2) 

Fig. 6 presents the average Sa residuals for all three soil profiles and motions in the middle of the 

liquefiable layer (or middle of the dense layer for soil profile P1) at a lateral distance of L/2 from the 

container side boundaries and the foundation edge (as illustrated in Fig. 4b) as well as the middle of the 

container in plan view, both with and without a building, respectively. Overall, the largest domain (L/B 

= 45) led to the best approximation of the peak ground acceleration (PGA) and accelerations at T > 3 s 

in the far-field compared to SSC across other tested domains with L/B = 15, 25, 35. Therefore, with 

satisfactory predictions of accelerations, excess pore pressures, and displacements at key locations, L/B 

= 45 was selected as the ILC. 
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3.2.2 Influence of Domain Size and Boundary Type on System Performance 

In this section, a limited sensitivity study is performed to evaluate the effects of domain size on 

boundary effects within different soil-structure-container systems. Three container types were 

considered in this sensitivity study: i) a rigid container without DS, ii) a rigid container with DS, and 

iii) an FSB container with periodic lateral boundaries and no DS. The distance from the foundation edge 

to the container sides (L) was varied from L/B (Fig. 4b) = 1 to 15. The response in the containers was 

compared to ILC using the previously identified seismic performance indices averaged for motions M1-

M3 considering soil profiles P1 and P3. The SDOF structure (B = 10 m, q = 90 kPa, H = 9.8 m) was 

included in the center of the container for all the analyses. 

Fig. 7 shows the Root-Mean-Squared-Error (RMSE) of spectral accelerations determined 

numerically at different locations (i.e., between each container and the ILC). This figure illustrates that, 

for soil profile P3, the periodic lateral boundaries (i.e., in an FSB container) were the most effective in 

reducing boundary effects (in terms of RMSE of Sa) for smaller domain sizes (L/B ≤ 2.7). The rigid 

container with DS only offered a slight improvement for smaller domain sizes compared to the case 

without DS, as the proximity of rigid boundaries limited the deformation mechanism from developing 

fully. Overall, the performance of all boundary types appeared to converge for a domain size L/B > 4 

for soil profile P3 at all locations, except at the structure’s roof, which converged for L/B > 8. In contrast, 

soil profile P1 required larger domain sizes to minimize boundary effects through the use of periodic 

boundaries or DS at all locations, due to lower damping levels in dry soils. 

Fig. 7e-g presents the foundation's normalized permanent settlement (δ/δILC) and tilt (θ/θILC) and 

the RMSE of excess pore pressures, Δu, at the L/2 location compared to ILC. For all indices, smaller 

domains in all containers led to notable effects on Δu, emphasizing the critical importance of domain 

size regardless of boundary type. For soil profile P3, smaller domains (i.e., L/B ≤ 2.7 for the rigid 

container without DS and L/B ≤ 1 with DS or for an FSB container with periodic lateral boundaries) 

reduced the predicted degree of soil softening, contributing to an underestimation of foundation 

settlements compared to ILC. Fig. 8 shows that the use of DS produced the most significant 

improvements at L/B ≤ 1, resulting in a decrease in δ/δILC compared to the case where DS was absent, 
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for all motions. In general, δ/δILC converged to 1 for L/B > 4 for the FSB with periodic lateral boundaries, 

while a more extensive domain size was required (L/B > 8) for the rigid container with or without DS. 

Moreover, rapid convergence of settlement and tilt in dense, dry soil profile P1 is due to its low relative 

compressibility and high shear stiffness. In contrast, accelerations in P1 exhibited delayed converge 

influenced by lower damping, greater stiffness, motion mode interactions, and container boundary 

effects. Fig. 7f shows that θ/θILC was strongly influenced by the domain size and container lateral 

boundary type. The restriction of deformation mechanisms within smaller containers promoted a stiffer 

response within the soil for these cases, which amplified θ/θILC. Larger domains were therefore needed 

to allow for convergence of tilt (i.e., L/B ≥ 8) for all boundary types considered. 

3.2.3 Simulations of Soil-Structure-Container System with L/B = 2.7 

3.2.3.1 Influence of Boundary Type on System Response 

In this section, the influence of container type (rigid with DS versus rigid without DS or FSB box) on 

boundary effects within a container with L/B = 2.7 is evaluated in comparison with ILC in terms of 

shear strains, accelerations, excess pore water pressures, and settlement patterns. The container was 

designed at its maximum extent, considering the constraints of the centrifuge platform and structural 

dimensions. These comparisons aim to provide insights for comparing experimental and numerical 

results under inherent limitations of the experimental setup. 

Shear strains 

Fig. 9 compares the numerical predictions of contours of total shear strain at the end of shaking (εxz) for 

all soil profiles (P1-P3) and boundary types considered during motion M1. For the rigid container 

without DS (Fig. 9a) and all soil profiles, the development of shear deformations was interrupted by the 

stiff, rigid lateral boundaries of the container (as shown in Fig. 9a). The inclusion of DS allowed the 

shearing zone to propagate toward the container’s edges, approaching the ILC in most cases. Overall, 

the FSB with periodic lateral boundaries (Fig. 9c) offered clear improvement in predicting shear strains 

compared to ILC, as expected. However, boundary effects were still observed due to the limited domain 

size. These trends were consistent without the presence of the structure during M1 and with a building 

during M2 and M3 (as shown in the supplementary materials, SM). The results indicate that the peak 
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εxz in cases without a building only represented 15% of εxz developed in similar models with a structure. 

As detailed in Table 4 and the SM,  peak εxz within the soil domain was correlated with base motion 

intensity measures (IM), such as Ia and cumulative absolute velocity (CAV), with the largest peak εxz 

obtained during M2 followed by M3 and M1. This increase in seismic demand also increased boundary 

effects within the container. The performance of all boundary types, including FSB with periodic lateral 

boundaries, degraded for stronger motions, as evidenced by increased discrepancies between shear 

deformations in ILC and other containers with L/B = 2.7. The results also showed that the influence of 

boundary type on εxz was more noticeable in the vicinity of the lateral boundaries and appeared minor 

under the building at the center of the container. Note that the presence of DS also led to shear strain 

localization at the bottom of each lateral boundary due to the stiffness contrast between the two 

materials (particularly for soil profile P1). 

Accelerations 

Fig. 10 presents the average response spectra residuals (with respect to the ILC) for all motions as a 

function of boundary and soil profile type. The acceleration response was evaluated in the middle of 

the liquefiable layer for the saturated soil profiles and the middle of the dense layer for the dry soil 

profile (as identified in Fig. 4b) at a location farthest from the structure and container boundaries (i.e., 

L/2). This location was investigated to assess the ability of the soil-structure-container system to 

represent far-field conditions in the centrifuge. The residuals were defined by Eq. (2), where ILC 

replaced the reference case (SSC), and the second term referred to the different boundary types 

considered. All cases were examined with and without a structure in the center of the container. 

In the case of a dry sand profile P1, the rigid lateral boundary conditions (Fig. 10a-b) 

underestimated the far-field spectral accelerations compared to ILC at short periods (with average 

residuals ranging from 0.1 to 1.1), both with and without a building. The benefit of DS inclusions was 

most evident in the dry condition (about 60% reduction over the period range of interest) compared to 

the saturated soils, because of lower inherent material damping. The average residuals in the saturated 

soil profiles P2-P3 in the rigid container were primarily negative at the depth shown in Fig. 4, indicating 

an overprediction of Sa compared to ILC. The difference between the Sa residuals in a rigid container 
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with and without DS was minor in soil profile P2, as the L/2 readings at this depth overlaid zones of 

low shear strain both with and without a building due to a deeper formation of large deformations in 

this uniform soil profile (see Fig. 9 and the supplemental materials). In the layered, saturated soil profile 

P3, the L/2 readings coincided with zones of moderate shear strain accumulation in models without a 

building or the edge of the building’s zone in models with a building. In both saturated models, 

reductions in far-field Sa residuals with DS were up to about 45%, primarily in periods T = 0.1-0.9 s 

and T = 2.5-10 s. These trends were mostly consistent in the far-field at greater depths (z = 13 m) and 

under the building when compared to the same location in ILC, as shown in the SM. For soil profile P3, 

however, more visible improvements with DS were observed in far-field residuals at longer periods at 

z = 13 m (e.g., reductions of up to 60% at T > 2 s).  

Periodic lateral boundaries (e.g., such as those in FSB) further reduced boundary effects within 

the container, with average residuals mostly centered around zero (Fig. 10). The minimum and 

maximum residuals (gray shaded area in the figures) were also considerably reduced compared to the 

rigid cases even with DS across the period range of interest. Including a structure in the container 

slightly increased the residuals in far-field accelerations for all soil profiles, due to soil-structure 

interaction (SSI), the greater shear strains within the soil domain (larger peak εxz), and the extension of 

the shearing zone toward the container’s lateral boundaries (Fig. 9). The negative influence of including 

a structure in an FSB container was most evident at greater depths and longer periods for the saturated 

soil profiles P2-P3, increasing the residuals by up to about 150% compared to the case without a 

structure (see the SM). This is attributed to the combined effects of altered wave propagation patterns 

and lower damping within denser layers, SSI, and the inherent characteristics and flexibility of the FSB 

container. 

Fig. 11 presents the RMSE of far-field spectral accelerations from T = 0.1-10 s as a function of 

depth (z) for the three soil profiles and boundary types and averaged for all motions. These results are 

presented at an L/2 distance from the foundation's edge and container boundaries with a structure. 

Overall, for all soil profiles, periodic lateral boundaries led to the best performance (lowest RMSE) 

over most depths, followed by the rigid container with DS and then, the rigid container without DS. 

The largest difference between the far-field Sa RMSE of different boundary types was observed at 
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shallow depths in soil profile P1 while following zones of maximum shear strain in the saturated soil 

profiles (at greater depths in P2 and the bottom of the liquefiable layer in P3, Fig. 9). This is attributed 

to variations in shear strain concentrations within different soil profiles and boundary conditions. For 

the dry soil profile P1, the rigid boundaries with DS slightly reduced the error compared to periodic 

lateral boundaries. 

Seismic performance indices 

Fig. 12 provides comparisons of Sa RMSE at different locations within the container (i.e., at the center 

when without a structure, at L/2 with a structure, on the foundation, and under the building) as a function 

of the soil profile type and the cumulative absolute velocity (CAV) of the motion at the depth and 

location of interest. CAV was selected preliminarily for this comparison, as it has previously been 

identified as an optimum IM predictor of liquefaction consequences on buildings (Kramer and Mitchell 

2006; Karimi and Dashti 2017; Bullock et al. 2019b-c). In general, the use of DS slightly reduced the 

calculated Sa RMSE values, particularly for the case without a structure (Fig. 12a) and at the foundation 

level (Fig. 12d) for all the motions considered, confirming the trends previously observed in Fig. 9. The 

results demonstrated that boundary effects were soil profile-dependent, where, on average, the largest 

Sa RMSE in a rigid container was observed for the dry soil profile P1, and the smallest RMSE for soil 

profile P2 with the greatest material damping. Additionally, Sa RMSE increased with CAV, 

corresponding to increased cumulative seismic demand (in terms of amplitude and duration) within the 

container. 

The influence of container boundaries on the seismic performance of the structure was 

subsequently evaluated by comparing the permanent foundation settlement (δ/δILC) and tilt (θ/θILC) 

normalized by the ILC's response in Fig. 13. The RMSE of far-field excess pore water pressures (Δu)  

obtained in the middle of the liquefiable layer at L/2 for the saturated soil profiles P2-P3 was also 

compared in Fig. 13c. The computed δ/δILC ratios were mostly centered around 1, suggesting a 

reasonable approximation of ILC and minor boundary effects in terms of this index. The normalized tilt 

was the most influenced by the use of a rigid container, particularly for the saturated soil profiles that 

experienced softening and liquefaction, with ratios diverging from 1 both with and without DS. While 
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the use of DS slightly increased the calculated RMSE Δu values, all boundary types successfully 

captured the magnitude and rate of excess pore water pressure generation compared to ILC (as shown 

in the SM). Boundary effects were primarily evident through overestimated dilation cycles and rapid 

drops in excess pore water pressure during shaking when using rigid boundaries (w/ & w/o DS). In 

general, FSB with periodic lateral boundaries was the most effective in reducing boundary effects, 

particularly in terms of θ/θILC, with ratios closer to 1 for all soil profiles. Finally, no clear trends were 

observed in relation to ground motion characteristics, such as CAV, for δ/δILC and θ/θILC, while RMSE 

of Δu increased with CAV. This suggests that boundary effects on the foundation’s movements did not 

depend as strongly on ground motion characteristics, compared to effects on accelerations and pore 

water pressures. 

In general, the shear strain contours, accelerations, excess pore water pressures, and permanent 

settlement and tilt responses of the foundation were sensitive to the container type and use of DS. While 

an FSB container offered the best performance compared to an ILC, DS offered improvements in rigid 

containers in terms of accelerations and shear strains in the three soil profiles for L/B = 2.7. The 

influence of DS on accelerations and excess pore water pressures was shown to be sensitive to ground 

motion characteristics. Based on these observations, DS was included in the planned experiments within 

a transparent rigid container.  

3.2.3.2 Selection of Duct Seal Geometry 

To determine the appropriate DS thickness (wDS) that reduces boundary effects on the performance 

measures or indices of interest within the rigid container, wDS was varied numerically from 15 to 70 mm 

[1 to 5 m in prototype scale] (as shown in Fig. 14). The domain length (or container size) was kept 

constant in these simulations. The boundary effects for the three motions were averaged and presented 

for each soil profile with a structure within the rigid container. Overall, the results highlight that 

increasing wDS is not always beneficial because the total boundary length was kept constant, reducing 

the available boundary length (L). The smaller wDS of 1 m [in prototype units], in this case, led to the 

best predictions of spectral accelerations in soil profiles P1 and P2 (particularly near the building) when 

compared to ILC. The Sa RMSE gradually increased with increasing wDS, reaching its peak at wDS = 5 
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m. These results indicate that the benefits of a thicker DS did not outweigh the disadvantages of a 

reduced L within a fixed-size container, limiting the development of shear zones in the presence of a 

structure. Overall, the influence of wDS was more visible in soil profile P1 with dry sand in terms of Sa 

indices, as expected due to smaller material damping. The RMSE differences among models with 

varying wDS became minor in saturated soil profiles with increased damping, particularly for the 

liquefiable soil profile P3. These trends were consistent when comparing the Sa indices for different 

ground motions (shown in Fig. 15), where larger Sa RMSE values were obtained for greater wDS. Fig. 

15 also shows that the performance of DS degrades for larger amplitude motions (i.e., in terms of PGA), 

with Sa RMSE values reaching their peak during M3 (PGA = 0.83 g, CAV = 1,990 cm/s). Evaluating 

the structural performance indices in Figs. 14-15 shows that δ/δILC was relatively insensitive to changes 

in wDS, while θ/θILC was highly sensitive to wDS  (i.e., or the domain size), although no clear trends were 

visible. This effect was more pronounced for the saturated soil profiles (Fig. 14) and M2 (Fig. 15). 

Finally, the results reveal a reduction in boundary effects in terms of Δu RMSE with thicker DS 

inclusions for stronger motions (i.e., M2 and M3 in terms of CAV, Ia, D5-95), despite the reduction in 

model length. 

Given the results obtained for soil profile P3 and M1 (which correspond to the baseline case 

for our intended centrifuge experiments) and considering that DS is typically commercially available 

in 1-inch thickness, a final thickness of 1 in (1.7 m in prototype scale) was selected to facilitate 

constructability, which was found to be consistent with other previous centrifuge PIV studies (e.g., 

Adamidis 2017). This thickness also led to reasonable simulations of accelerations, shear strains, 

foundation settlement, tilt, and excess pore water pressures at key locations in the soil profile of interest 

(e.g., soil profile P3). 

4 IMAGE CAPTURE FOR DEFORMATION MEASUREMENT AND 

VISUALIZATION 

In addition to a transparent window, the PIV system requires high frame rate cameras and high-

resolution imaging capabilities, along with optimization of soil texture, powerful lighting, and precise 

synchronization of data acquisition. These components are necessary for the PIV system to measure  
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the effects of different soil deformation mechanisms. Fig. 16 provides a photograph of the new 

deformation measurement system at CU Boulder’s centrifuge facility .  

To maximize the precision of the image texture in PIV analysis, we followed the methodology 

described by Stanier and White (2013) to determine the appropriate amount of artificial seeding required 

for uniformly colored Ottawa F65 sand, a potential test soil. Their method for optimizing soil texture 

should be applied to test soils that constitute the predominant portion of the profile. In this case, a small 

rigid box with a plexiglass front face was used as a representative sample; for seeding calibration, we 

positioned this box at the intended location of the designed rigid container. The procedure was 

conducted for dry and saturated samples, maintaining the same exposure time. The required exposure 

time to avoid pixel/motion blur was estimated as 250 μs, based on the peak ground velocity recorded at 

the middle of the critical layer in the free-field from a previous centrifuge experiment. To differentiate 

between the dense and loose Ottawa layers, we selected two different colors for the artificial texture: 

blue for the dense layers and black for the loose layer. We used an oil-based dye to color the Ottawa 

sand, ensuring no bleeding during saturation. Gradually, the colored Ottawa sand was mixed evenly 

with uncolored sand and pluviated at Dr = 40% and 90%. For each of the colors, a representative range 

of the artificial seeding ratios (ASRs) observed in the procedure is presented in Fig. 17, along with other 

image texture quality metrics (see Appendix C for recommended thresholds) for the chosen optimally 

seeded sand (representing an ASR of 0.67 and 0.6 for the dense and loose Ottawa layers, respectively). 

Following Stanier and White (2013), the optimum PIV tracking precision occurs when the standard 

deviation of pixel intensities is the greatest. Therefore, we selected the percentages of artificial texture 

to be added in the potential experiments as 40% and 60% respectively for the loose and dense layers 

(Fig. 18). As expected, the range of mean standard deviation of pixel intensities was greater for the 

black dyed sand due to the additional contrast against the Ottawa sand. These results indicate that any 

uniformly colored test soil should be dyed with a distinct color to distinguish it from other layers during 

PIV analysis or excavation. 

The application of centrifuge scaling laws for dynamic analysis necessitates reducing the 

duration of prototype scale motions by a factor of N (in our case, N = 70). Consequently, a high-speed 

camera was required in order to capture the images within this short (scaled) timeframe. For this purpose, 



22 

 

 

we selected a camera with a maximum resolution of 1440x1024 pixels (~1.5 MP) and a sampling rate 

of 2000 frames per second (fps) (Fig. 19a). In addition to the pixels and sampling rate, we selected the 

camera based on its high impact resistance, rated vibration resistance, and flexibility in memory 

recording. The chosen camera features a global shutter speed capture mode that enables the independent 

control of each pixel’s exposure time, while simultaneously capturing the changes in all pixels. Table 

5 compares the selected camera with those used in previous geotechnical image analyses studies. To 

achieve higher resolution while maintaining our desired field of view (FOV), we coupled the camera 

with a Kowa C-mount 16 mm fixed focal length lens with a minimum focus distance of 300 mm 

achieving a 0.24 mm/pixel ratio. 

To maximize the observation area and cover the entire exposed plane of the soil model, we 

positioned one GoPro HERO 8 (GoPro Inc., USA) camera on each side of the high-speed camera. Given 

the high cost of high-speed cameras, these two GoPros provide a cost-effective alternative for PIV 

analysis. By combining the analysis results from each camera, we can achieve a full view of the 

deformation mechanism. The high-speed camera, placed at the center of the shake table, captures the 

response in the vicinity of the building, while the GoPros captured the far-field response and any 

boundary effects. However, lens modifications were required for the GoPros to match the high-speed 

camera’s mm/pixel ratio, due to the GoPro’s minimum focus distance of 305 mm and a mm/pixel ratio 

of 0.33. The modification choices for the two GoPros were strategically made to address specific needs. 

The first GoPro was modified with a 52 mm +4 macros lens, providing an affordable and accessible 

option, while allowing for sharply focused images with the desired mm/pixel ratio at distances shorter 

than the minimum focus distance (Fig. 19b). As the lens had a wide field of view setting, fisheye 

distortion correction were needed during image processing prior to analysis. The second GoPro was 

modified with a 2.7 mm 16MP low distortion M12 lens from Back-Bone Gear Inc. (Fig. 19c). This lens 

is well-suited for wide-angle shooting and reduces the minimum focus distance, while maintaining 

linear optics with no fisheye distortion, eliminating the need for post-processing adjustments. The lights 

will be activated with the start of the motion to synchronize the time between the two GoPros and the 

high-speed cameras. This synchronization allows to identify the frame precisely when the lights are 

turned back on during the post-processing stage. Additional details on the cameras, mounting system, 
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lights, and the computational procedure for the deformation measurement system are provided in the 

SM. 

5 POTENTIAL APPLICATIONS OF THE DESIGNED EXPERIMENTAL SETUP 

Our experimental setup and deformation measurement system enables systematic quantification and 

visualization of individual displacement mechanisms with or without a structural model on a mat 

foundation. The system is adaptable for a wide range of applications in which PIV holds promise for 

evaluating deformations within stratified, intermediate, or cohesive soils with a range of saturation 

degrees, underlying a variety of structures, foundation types, embankments, buried structures, and 

potential ground improvement techniques. In Fig. 20, we present a few examples intended to illustrate 

potential theoretical applications of the system. 

Changing the dimensions of the superstructure or including additional adjacent underground or 

aboveground structures (e.g., to study seismic structure-soil-structure interaction) are expected to alter 

the required container length and/or duct seal thickness that minimize boundary effects. Further, 

Bessette et al. (2022) showed that the presence of an adjacent structure can significantly impact a 

building’s permanent rotation, even when the separation distance exceeds 3.5 times its foundation width. 

Hence, for evaluating the response of isolated buildings or undergrounds structures within the selected 

container dimensions, we recommend placing only one structure in the center of the box.  

When physically modeling the response of layered, liquefiable deposits, it is critical to replicate 

the surface manifestation of ejecta, as typically observed in the field. The potential for ejecta is known 

to be influenced by stratigraphic variability, as well as the depth to the groundwater table. To explore 

the ejecta phenomena, we recommend using a series of realistic, liquefiable soil deposits. The example 

soil profiles shown in Fig. 20a base these realistic soil deposits on case history observations from the 

Canterbury earthquake sequence in Christchurch where ejecta was observed (Hutabarat & Bray 2021).   

We also carefully considered the groundwater table depth for this example, using one-dimensional (1D) 

single column analyses to determine the groundwater table depth required to generate surface ejecta. 

This calculation was based on the ejecta potential index (EPI) and severity classifications introduced 

by Hutabarat and Bray (2021), which were shown to correlate well with the Christchurch case history 
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database. The water table was varied to determine the minimum depth necessary to reach an ejecta 

classification of “severe” within the soil profiles of interest. We also considered the volume of water 

pushed into the air and the water surface curvature resulting from the centrifugal force, to keep the water 

table above the critical layer at all locations within the centrifuge container. The analyses showed that 

a minimum groundwater table depth of 0.9 m [prototype scale] is required for the formation of surface 

ejecta.  

Ground improvement techniques can also be modeled with the developed container-PIV system, 

and their impact on individual mechanisms of deformation evaluated and visualized. For example, 

dense granular columns (DGCs), which combine mitigation mechanisms associated with drainage, 

shear reinforcement, and installation-induced densification, can be designed, constructed, and placed 

across the width of the container, with a half-cylindrical configuration at the plexiglass interface based 

on symmetry and plane strain conditions. Previous case histories and experimental studies have 

demonstrated the potential of DGCs as an effective mitigation solution, with significant reductions in 

permanent foundation settlement and in the amplitude or duration of large excess pore water pressures 

(Adalier et al. 2003, 2004; Badanagki et al. 2018, 2019; Tiznado et al. 2020).  

Fig. 20b shows an example application of the designed granular column configuration with the 

new container and deformation measurement system. The DGCs, in this example, were positioned at a 

set spacing to span the entire width of the box, to simulate plane-strain conditions. Previous case 

histories and centrifuge experiments have demonstrated the effectiveness of DGCs in mitigating 

liquefaction consequences, even with area replacement ratios (Ar) as low as 10% (Hausler 2002; 

Nikolaou et al. 2016; Tiznado et al. 2020), where Ar represents the ratio of DGC area to the tributary 

area of the granular column (Baez and Martin 1993). Therefore, this Ar ratio was selected for the 

specific experimental setup shown in Fig. 20b due to its practicality, facilitating easier model 

construction. The researcher may select a different Ar, while considering practical implications of a 

denser DGC configuration and challenges associated with construction and proximity to sensors.   

Additional design considerations for the width and depth of ground improvement beyond the 

dimensions of the structure are provided by JGS (1998). In this example, we constructed the DGCs with 

closed-end geotextile cylinders to avoid clogging in subsequent shaking. The cylinders can then be 
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filled with granular soils (typically fine gravel) and compacted in layers of 1 cm in thickness to achieve 

a final relative density (Dr) exceeding about 85% based on calibration trials (Tiznado et al. 2020). The 

columns should be vertically positioned in the container before the soil layers are pluviated, unless an 

automated system is available to install columns in flight. This preparation method, along with the use 

of geotextile filters, serves multiple purposes: it (1) facilitates model construction and repeatability, (2) 

prevents clogging caused by the transportation of fines from the surrounding soil during consecutive 

shaking, thus preserving their drainage capacity, and (3) avoids localized densification during column 

installation. 

The first row of DGCs at the interface with the container plexiglass should be constructed as 

half-columns (representing a symmetric state into the page). This is to allow for visualization of 

deformation mechanisms around the DGCs through the transparent container, as illustrated in Fig. 20c. 

Anticipating the limitations of the experimental setup, certain approximations will be required. For 

example, within the geotextile mold, a thin acrylic sheet with a thickness of 1 mm can be placed on the 

flat side of the half-column (in contact with the Perspex window). This addition can help prevent 

bulging from the compaction of granular soils within the geotextile mold. During model preparation, a 

water-soluble tape can be employed to secure the columns against the window. Additionally, a layer of 

liquid latex can be applied to seal the interface between the acrylic piece and the window to prevent 

potential infiltration of water or sand particles at the interface. The selection of liquid latex is based on 

its flexibility and ability to move with the soil without providing additional reinforcement, which was 

confirmed through several calibration trials. This set up presents one possible configuration for ground 

improvement, which can guide the design considerations for other conditions and types of ground 

improvement in the future. 

6 CONCLUSIONS 

This paper describes the design, construction, and approximations involved in developing a new 

deformation measurement and visualization system for centrifuge modeling of liquefiable deposits. The 

development of this system aims to reliably model, measure, and visualize various deformation 

mechanisms contributing to total surface deformations. In this paper, we provide a detailed overview 
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of the design aspects of each of the system’s components, including a linear elastic SDOF structure, a 

transparent rigid centrifuge container, duct seal inclusions, PIV system, camera requirements and 

measurements, and highlight general example applications of the system.   

In this study, we use fully-coupled, 3-D nonlinear finite element analyses to examine the 

influence of domain size and container type on boundary effects within different soil-structure-container 

systems and guide the design of the duct seal geometry and soil/groundwater conditions. The findings 

highlight the critical importance of considering the proximity of key measurements to lateral boundaries 

in any centrifuge container type in order to minimize wave reflection effects on accelerations, 

foundation settlement, tilt, excess pore pressures, and shear strains. As expected, the parametric study 

shows that periodic lateral boundaries can be highly effective in reducing boundary effects in liquefiable 

soils. Notably, settlement of a foundation-structure placed at the center of the container exhibited 

convergence with periodic boundaries at a normalized distance to lateral boundaries (L/B) > 4. In 

contrast, rigid containers, both with and without duct seal (DS), present practical challenges, 

necessitating larger domains for convergence of settlement values (L/B > 8). Nevertheless, the results 

show the value of incorporating DS on the sidewalls of rigid boxes in smaller container sizes with L/B 

< 1 that are commonly employed in PIV studies. DS proves particularly beneficial in improving the 

accuracy of predicted settlements under these conditions. In addition, the results indicate that larger 

domains (L/B ≥ 8) are essential for achieving convergence of foundation tilt across all boundary types. 

The benefits of a thicker DS often do not outweigh the disadvantages of a reduced L within a fixed-size 

container in terms of accelerations. This limitation imposes constraints on developing shear zones below 

structures, emphasizing knowledge of the trade-offs in container design for accurate experimental 

outcomes. Though not fully generalizable, this paper's observations and results are intended to guide 

the design process for the next generation of dynamic centrifuge experiments investigating soil-

structure interaction and visualizing displacement mechanisms within more realistic, interlayered, and 

stratigraphically variable soil deposits.  
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Figure 1. Schematic of different components outlined in this paper of dynamic centrifuge models for 

measurement and visualization of deformation mechanisms. 
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Figure 2. (a) Modified target building with dimensions in prototype scale, (b) model SDOF structure 

used in the centrifuge with dimensions in model scale. 
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Figure 3. The rigid box container designed for the centrifuge experiments: (a) photograph of the 

fabricated container and the inside dimensions in model scale, (b) results of static estimation of lateral 

displacements in Abaqus, used in design (deformation in mm and the outside container dimensions in 

model scale). 
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Figure 4. (a) Schematic view of the 3D model of soil profile P3 with the assigned boundary conditions 

(all units are in prototype scale meters); (b) Details of soil profile configurations; (c) Shear wave 

velocity profile [using empirical procedures from Seed and Idriss (1970), Bardet et al. (1993), and 

Menq (2003)] and selection of element size distribution for soil profile P3. 
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Figure 5. Acceleration and Arias Intensity (Ia) time histories and response spectrum (5%-damped) of 

the earthquake motions (M1-M3) used as input motion in the numerical analyses. 
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Figure 6. Comparison of the average Sa residuals for L/B = 15, 25, 35, 45 in soil profiles P1-3 during 

motions M1-3 as compared to a single free-field column in the middle of the liquefiable layer (or 

middle of the dense layer for soil profile P1) to determine the domain size for the Idealized Laminar 

Container: a) without a building in the center of the container; and b) with a building at an L/2 

distance from the foundation edge. The gray shaded area outlines the minimum and maximum 

responses obtained from all analyses. 
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Figure 7. Comparison of the influence of the distance to the lateral boundaries (L/B) and boundary 

type for soil profiles P1 and P3 on the seismic performance indices averaged for the three motions, 

including the RMSE of spectral accelerations from T = 0.1-10 s at: a) L/2 and b) under the building 

(UB) in the middle of the liquefiable layer (or middle of the dense layer for soil profile P1); c) on the 

foundation and d) on the roof; e) normalized permanent foundation settlement (δ/δILC); f) permanent 

foundation tilt (θ/θILC), and g) RMSE of excess pore water pressure (Δu) in the middle of the 

liquefiable layer. 
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Figure 8. Comparison of the influence of the distance to the lateral boundaries (L/B) and ground 

motion (M1-M3) on the permanent foundation settlement relative to the ILC (δ/δILC) for soil profile 

P3 and the following containers: a) rigid without DS; b) rigid with DS; and c) FSB with periodic 

boundaries. 
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Figure 9. Contours of accumulated total shear strain at the end of shaking for all soil profiles (P1-P3) 

during M1, under the structure and in the far-field for the following boundary types and L/B = 2.7: a) 

rigid without DS; b) rigid with DS; c) FSB with periodic boundaries; and d) ILC. 
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Figure 10. Comparison of the influence of lateral boundary type on average far-field spectral 

acceleration residuals relative to the ILC inside the following containers: a) rigid without DS; b) rigid 

with DS; and c) FSB with periodic boundaries, as a function of the soil profile type (P1-P3) in the 

middle of the liquefiable layer (or middle of dense layer for soil profile P1), with a building (right) at 

L/2 distance from the foundation edge and without a building (left) in the center of the model during 

motions M1-M3. The gray shaded area outlines the minimum and maximum responses obtained from 

all analyses. 
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Figure 11. Comparison of RMSE of far-field spectral accelerations from T = 0.1-10 s as a function of 

depth and boundary type in models involving structures for soil profiles: a) P1; b) P2; and c) P3 

during motion M1 at a distance of L/2 from the foundation edge. 
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Figure 12. RMSE of spectral accelerations from T = 0.1-10 s as a function of soil profile type and the 

Cumulative Absolute Velocity (CAV) of the motion at the location of interest (as indicated by the red 

dots in the schematics): a) without a building at the center of the container; with a building: b) at a 

distance of L/2 from the foundation edge in the middle of the liquefiable layer (or in the middle of the 

dense layer for soil profile P1); c) under the building (UB) in the middle of the liquefiable layer; and 

d) on the foundation. 
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Figure 13. RMSE of: a) permanent foundation settlement (δ/δILC); b) permanent foundation tilt (θ/θILC) 

normalized by the ILC’s response; and RMSE of excess pore water pressure (Δu) at a distance of L/2 

from the foundation edge in the middle of the liquefiable layer as a function of soil profile type and 

the Cumulative Absolute Velocity (CAV) of the motion at the location of interest (as indicated by the 

red dots in the schematics). 
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Figure 14. Comparison of seismic performance indices with different DS thicknesses (wDS) for soil 

profiles: a) P1;b) P2; and c) P3, on the seismic performance indices, including the RMSE of spectral 

accelerations from T = 0.1-10 s  [at L/2 and under the building (UB) in the middle of the liquefiable 

layer (or middle of the dense layer for soil profile P1), and at the foundation level], normalized 

permanent foundation settlement (δ/δILC), permanent foundation tilt (θ/θILC), and RMSE of excess pore 

water pressure (Δu) at a distance of L/2 from the foundation edge in the middle of the liquefiable 

layer. 
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Figure 15. Comparison of seismic performance indices with different DS thicknesses (wDS) for the 

motions: a) M1; b) M2; and c) M3, on the seismic performance indices, including the RMSE of 

spectral accelerations from T = 0.1-10 s  [at L/2 and under the building (UB) in the middle of the 

liquefiable layer (or middle of the dense layer for soil profile P1), and at the foundation level], 

normalized permanent foundation settlement (δ/δILC), permanent foundation tilt (θ/θILC), and RMSE of 

excess pore water pressure (Δu) at a distance of L/2 from the foundation edge in the middle of the 

liquefiable layer. 
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Figure 16. Photograph of the new high-speed deformation measurement system at CU Boulder 

(dimensions in model scale). 
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Figure 17. Representative range of ASRs observed in the texture-optimization process: (a) loose 

Ottawa sand seeded with dyed black sand; (b) dense Ottawa sand seeded with blue dyed sand. 

Standard deviation of subset pixel intensities, σIs, and the sum of squares of subset pixel intensity 

gradients (SSSIG) for example subsets (48 x 48 pixels) of chosen optimally-seeded sands. 
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Figure 18. Artificial seeding ratio versus the mean standard deviation of pixel intensities due to the 

addition of seeding on Ottawa sand with blue (dense layer) and black (loose layer) dyed Ottawa sand. 
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Figure 19. Photograph of cameras to be used for centrifuge experiments: (a) High-speed camera with 

lens and camera mount; (b) GoPro Hero8 with +4 Macro lens and protective case; (c) Back-bone 

modified GoPro Hero8 with M12 lens (all dimensions in model scale). 
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Figure 20. a) Configuration layout of potential applications of the designed experimental setup, b) 

DGC configuration with the SDOF structure in example application shown in elevation and plan 

views, c) Details of the DGC half-column configuration against the PIV window (all dimensions are 

in prototype scale meters). 
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Table 1. Properties of the target prototype structure and simplified model structure for centrifuge 

testing. 

  

 
Target structure 

in prototype scale 

Simplified model structure 

Prototype scale Model scale (N = 70) 

Number of stories
 

4 Equivalent SDOF Equivalent SDOF 

Seismic structural system
 

RCMF RCMFa RCMFa 

Height above ground (m) 18.3 13.9 0.2 

Footprint dimension (m)
 

10x25.34
 

10x25.34
 

0.143x0.362
 

Building weight (kN)
 

1.54x104 2.28x104,b 0.0665 

Foundation type
 

Strip footing
 

Strip footing
 

Strip footing
 

Foundation embedment (m)
 

1 1 0.014 

Foundation contact pressure (kPa) 60.8 90 90 

Fundamental Period (s) 0.64c 0.91d 0.87e 

 
a Fabricated using Aluminum. 
b Addition of LVDT holders, PVC barriers to prevent water intrusion, and available members led to a 

weight higher than the target design building. 
c Design period according to ASCE 7-22; correspond to the lower bound of the range from Goel and 

Chopra (1997). 
d Computed from eigen-value modal analyses in OpenSees. 
e Found experimentally using a hammer impact test. 
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Table 2. Material properties used in numerical modeling of the container. 

 

Material 
Young’s modulus, E 

(MPa)
 

Poisson’s ratio
 

Density (kg/m3)
 

Material model
 

Perspex
 

3210
 

0.37
 

1190
 

Elastic
 

Aluminum 69000
 

0.33
 

2700
 

Elastic
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Table 3. Calibrated soil model parameters used for the PDMY02 constitutive model. 

Description 
PDMY02 

Ottawa sand  

Relative density, Dr (%) 40 90 

Sat. mass density, sat (kN/m3)
 

1.94 2.03 

Void ratio, e 0.7 0.55 

Ref. effective confining pressure, P’
r (kPa) 101 101 

Pressure dependence coeff., d 0.5 0.5 

Octahedral reference low-strain shear 

modulus, Gref
 (MPa) 

82 105 

Triaxial peak friction angle, ’
TXC

 (°) 31 38.5 

Phase transformation angle, pt (°) 26.8 34 

Control shear-induced volumetric change, 

contraction tendency based on dilation history, 

and overburden stress effects, respectively, c1, 

c2, c3 

0.61 0.076 

3.1 1.25 

2.24 1.36 

Reflect dilation tendency, stress history, and 

overburden stress, respectively, d1, d2, and d3 

0.1 1.12 

3.0 3.0 

0.27 1.05 

Number of yield surfaces generated by the 

model 
20 20 

Account for permanent shear strain (slip strain 

or cyclic mobility) in sloping ground, liq1 and 

liq2 

1.0 1.0
 

0.0 0.0 
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Table 4. Ground motion properties. 

ID 
Ground 

motion 
Event Station 

Peak 

Ground 

Acceleration

, PGA (g) 

Significan

t 

Duration, 

D5-95 (s) 

Mean 

Period

, Tm (s) 

Cumulativ

e Absolute 

Velocity, 

CAV (cm/s) 

Arias 

Intensity

, Ia (m/s) 

M

1 
Kobe 

1995 

Kobe 
Takatori 0.35 11.6 0.69 2.07 1,150 

M

2 
Joshua 

1992 

Landers 

Joshua 

Tree 
0.47 26.3 0.56 8.64 3,360 

M

3 

Northridg

e 

1994 

Northridg

e 

Newhall

-WPC 
0.83 16.4 0.71 6.17 1,990 
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Table 5. Summary of key performance metrics for selected deformation measurement system 

 

Reference Camera Resolution 
Sampling rate 

(fps) 

Cilingir and Madabhushi 2010 Vision Research Phantom v5.0 1024 x 1024 1000 

Stanier and White 2013 
Allied Vision Technologies 

Prosilica GC2450C 
5 MP 15 

Heron 2014
 

Motion Blitz EonSens Mini2 
3 MP 523 

1280 x 1024 1155 

Adamidis and Madabhushi 2017 Motion Blitz EonSens Mini2 

1696 x 990 900 

1696 x 810 1108 

1696 x 500 1790 

This investigation CCM-1520 1440 x 1024 2000 

 

 


