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ABSTRACT: Cementation in loose, saturated sands, whether naturally occurring or artificially induced, significantly affects their 

mechanical response to seismic shaking. This paper presents the formulation, calibration, and responses from the plane-strain plasticity 

model PM4SandC, an extension of the PM4Sand model that incorporates cementation effects for use in earthquake engineering 

applications. A calibration of the model is presented for low to medium cementation levels, informed by laboratory testing of bio-

cemented Ottawa F65 sand. PM4SandC’s formulation captures key aspects of cemented soil behavior, including increased stiffness, 

strength, dilatancy, and the progressive breakage of cementation bonds with accumulation of mechanical damage. Element level 

responses are demonstrated across a variety of loading paths, including drained and undrained monotonic and cyclic loading. The 

model’s ability to produce system-level analyses is demonstrated through a parametric study of bio-cemented soil improvement beneath 

foundations.  
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1 INTRODUCTION 

Soil cementation can greatly influence the mechanical response 

of loose, saturated sands. Whether naturally occurring or 

artificially induced, the presence of even small amounts of a 

cementing agent can lead to a stronger, stiffer, and more dilative 

response (Saxena & Lastrico, 1978; Trads & Lade, 2014; 

Vranna & Tika, 2020; Wang et al., 2021). When cyclically 

loaded, cemented sands exhibit substantial increases in 

liquefaction triggering resistances and reductions in post-

liquefaction strain accumulations when compared to their 

uncemented counterparts (Lee & Gomez, 2024; Vranna & Tika, 

2020; Xiao et al., 2022).  

Studying the seismic response of complex geotechnical 

systems involving cemented sands necessitates the 

development of robust constitutive models that can capture the 

changes in mechanical behavior due to cementation, including 

the susceptibility to bond degradation upon accumulation of 

plastic strains. To be used in practical applications, these 

models should be able to be calibrated with reasonable 

engineering effort and rely on data that is feasibly obtained 

within the constraints of robust site investigations programs.  

This paper provides an overview of the PM4SandC model, 

an extension of the plane-strain plasticity model PM4Sand 

(Boulanger & Ziotopoulou, 2023) developed to incorporate 

cementation effects for earthquake engineering applications. 

The model formulation is first described, with emphasis on the 

new parameters introduced to control cementation effects (a 

detailed model description is presented by Luna (2025)). Model 

calibration is then illustrated for light to medium cementation 

levels, informed by laboratory observations on bio-cemented 

Ottawa F65 sand treated via microbially-induced calcite 

precipitation (MICP). Element-level responses are 

demonstrated through single-element simulations under a 

variety of loading paths and stress conditions. Finally, a system-

level parametric study examines the performance of bio-

cementation treatments as a ground improvement technique for 

shallow foundations on liquefiable soils, highlighting the 

influence of cementation levels on overall system performance.  

 

2 CONSTITUTIVE MODEL DESCRIPTION 

2.1 Overview of Parent Model and Introduced Parameters 

PM4Sand (Boulanger & Ziotopoulou, 2023) is a plane-strain 

plasticity model for sands that builds on the stress ratio-

controlled, critical state-based bounding surface plasticity 

framework originally proposed by Dafalias & Manzari (2004). 

At a minimum, the model requires user input for three primary 

parameters: the apparent relative density (DR), which governs 

volumetric tendencies; the shear modulus coefficient (Go), 

which controls small-strain stiffness; and the contraction rate 

parameter (hpo), which is calibrated to achieve a target cyclic 

strength. When soil-specific data are available, up to 21 

additional secondary parameters can be adjusted to better 

capture site-specific behavior. If not specified, these secondary 

parameters default to the model’s generalized calibration, 

which reflects laboratory test trends and case history-based 

design correlations commonly used in geotechnical engineering 

practice. 

In PM4SandC, new model parameters are introduced to 

capture cementation level (VsR1), changes in stiffness, strength, 

and dilatancy (Δn, Δp, cψ), and degradation of cementation 

bonds upon damage accumulation (γt, γpk, γrs, β). Changes to the 

model formulation to enable cemented sand response are 

described.  

2.2 VsR1 as a Proxy for Cementation Level 

Various metrics have been used to quantify cementation levels, 

including cement content metrics (such as percent content by 

dry mass or by volume), or shear wave velocity (Vs) metrics 

(such as the difference or ratio between cemented and 

uncemented Vs). PM4SandC uses a Vs-based metric because: 

1) Vs measurements are commonplace in site investigations for 

earthquake engineering applications, 2) in-situ tests (seismic 

cones, downhole tests, or surface techniques) can cover a larger 

spatial extent than laboratory samples, allowing for assessment 

of spatial variability, 3) in-situ measurements eliminate 

possible concerns of sampling disturbance, 4) Vs can be 

generalized and compared across various types of cementing 

agents, and 5) the increasing use of bender elements in 

laboratory and centrifuge tests allows for correlating Vs-metrics 

to expected fundamental responses at the element level.  

PM4SandC uses VsR1, the ratio of cemented to 

uncemented shear wave velocity at a reference condition of σ′v 

= 1 atm, as a proxy for cementation level. Changes in soil 

behavior (strength, stiffness, and dilatancy), are correlated to 

VsR1 based on available laboratory testing on cemented sands. 

A stress-correction is necessary because cementation changes 

the relationship between small-strain stiffness and confining 

stress, such that the ratio of cemented to uncemented velocities 

is dependent on the stress level at which measurements are 

taken.  
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2.3 Increased Stiffness 

The presence of cementation increases the small-strain stiffness 

of sand, leads to a reduced dependency of stiffness on confining 

stress, and provides some non-zero stiffness when fully 

unconfined. In PM4SandC, these behaviors are modeled as: 

𝐺𝑚𝑎𝑥 = 𝐺𝑜 𝑝𝐴  (
𝑝 + Δ𝑝

𝑝𝐴
)

0.5−Δ𝑛

 (1) 

where Go is the shear modulus coefficient, Δp and Δn are new 

calibration parameters, p is the mean confining stress, and pA is 

atmospheric pressure. 

The shear modulus coefficient in the uncemented state 

(Go,unc) and in the cemented state (Go,cem) are linked through 

VsR1, such that two out of the three parameters are required by 

the user and the third is calculated internally. An optional 

parameter, Go,deg, can be provided to specify a fully degraded 

condition that is different from the uncemented state, but 

defaults to Go,unc if not provided. Upon initialization, Go in 

Equation 1 equals Go,cem, but will then degrade congruently with 

VsR1 until reaching a fully degraded value equal to Go,deg.  
The reduced dependency of stiffness on confining stress is 

controlled by the stress reduction parameter Δn, and a shift in 

constitutive model space by a mean effective stress Δp allows 

for some non-zero stiffness in the unconfined condition (p = 0). 

The value of these parameters in the cemented state can be 

estimated as a function of VsR1 based on laboratory data on 

cemented sands. Upon damage accumulation, the values of Δp 

and Δn both approach zero such that Equation 1 collapses back 

to the PM4Sand formulation for uncemented sands.  

2.4 Changes in Density and Critical State 

As cementation increases, a larger portion of the pore space is 

occupied by the cementing agent, which results in a net increase 

in density. The model uses the apparent relative density (DR) as 

a proxy for the density of the material (which controls 

volumetric tendencies) and should correspond to the cemented 

state (which does not degrade with damage).  

Various studies differ in their conclusions on the effects of 

cementation on critical state line characteristics, though 

generally increasing cementation leads to a lower position of 

the CSL (i.e., towards denser states) and a slight increase in 

critical state friction angle (Riveros & Sadrekarimi, 2020). 

These changes are possible through existing PM4Sand 

secondary parameters (R, Q, and φcv), such that no changes in 

constitutive model formulation are needed. The values of R, Q, 

and φcv for can be adjusted by the user if desired and if enough 

laboratory information is available to inform their selection or 

can alternatively be left as the default PM4Sand parameters.  

2.5 Increased Monotonic Strength 

Cemented sands have higher failure envelopes in drained and 

undrained monotonic loading. A small portion of the increase 

in strength is attributed to densification effects, which are 

captured by using a cemented DR (leads to a denser state and 

therefore a larger bounding stress ratio, which controls peak 

strength in the uncemented model).  

Most of the increase in strength is associated with the 

presence of cementation bonds, which degrade with damage 

accumulation. A shift in the constitutive model space by an 

increment of mean effective stress, Δp, modifies the location of 

the elastic cone and bounding surface, and allows for modeling 

the additional bonding strength provided by cementation bonds. 

This strategy has been implemented in earlier constitutive 

models for structured materials (e.g., Gai & Sánchez, 2019; Gao 

& Zhao, 2012; Nova et al., 2003; Rahimi et al., 2018). 

2.6 Increased Dilatancy 

Cemented sands exhibit increases in dilative tendencies 

compared to their uncemented counterparts at the same state. In 

PM4Sand, the maximum dilation angle (mobilized at the 

bounding surface) is formulated to match Bolton's (1986) stress 

dilatancy relationship, such that the difference between peak 

and constant volume friction angles equals 80% of the 

maximum dilation angle. A small portion of the increased 

dilatancy in cemented sands occurs due to densification effects, 

which is captured in the model by the cemented DR, which 

increases the value of φpk, and therefore increases ψmax. 

A larger increase in dilation is attributed to the presence 

of cementation bonds. A contribution to the maximum dilation 

angle is empirically correlated to Δp using a dilation constant 

Cψ, based on results from monotonic drained direct simple shear 

(DSS) tests on bio-cemented sands (Lee & Gomez, 2024). As 

Δp decays upon damage accumulation, the added dilatancy 

associated with cementitious bonds also degrades towards zero.  

2.7 Changes in Fabric Accumulation 

The fabric tensor in PM4Sand, z, grows in response to plastic 

deviatoric strains (but only the ones that occur during dilation, 

when the state lies above the dilation surface), with the rate of 

growth decreasing as the sum of |dz| (quantified through zcum) 

increases. This reduction in the rate of z evolution enables the 

progressive accumulation of shear strains during undrained 

cyclic loading and allows for modeling cyclic mobility.  

Moderately cemented sands, when loaded at cyclic stresses 

near their cyclic strength, experience dilation in early loading 

cycles before a reduction in mean stress has occurred and before 

phenomena such as cyclic mobility are relevant. For this reason, 

zcum is precluded from accumulating until a significant portion 

of the cementation bonds have degraded, or until the 

cementation level (VsR1) is sufficiently small.  

2.8 Degradation of Cementation Bonds 

A crucial aspect of modeling cemented sands is capturing the 

degradation of bonds as mechanically induced damage is 

incurred. The PM4SandC model employes an accumulation 

function (with calibration parameters γt and β) and a 

degradation function (with calibration parameters γpk, γrs) that 

allow for modeling the progressive de-structuring of the 

material upon accumulation of plastic deviatoric strains. 

The accumulation function starts at Facc = 0 and reaches 

Facc = 1 when the sum of absolute incremental plastic deviatoric 

strains (∑|dγpl|) reaches a threshold value γt, with the rate of 

increase controlled by the parameter β. Upon loading reversals, 

the values of Facc and ∑|dγpl| re-set to zero. The absolute strain 

increments |dγpl| are multiplied by Facc and summed to yield the 

damage metric in the model, which is cumulative across 

reversals. The adoption of Facc in the formulation improves the 

cyclic undrained response observed across a broad range of 

cyclic stresses, while still providing good responses under 

monotonic loading.  

The degradation function changes in response to the 

damage metric, taking on a value of Fdeg = 1 when cementation 

is fully intact and decaying towards Fdeg = 0 when cementation 

has fully degraded. The degradation function is a sigmoid 

anchored by two threshold values, γpk (where Fdeg = 0.99) and 

γrs (where Fdeg = 0.20), with the shape also depending slightly 

on Facc. The values of γpk and γrs correspond to engineering shear 

strains, which are internally converted to the damage metric 

using the Facc formulation upon model initialization. The 

degradation function applies linearly to Δp, while other 

parameters subject to degradation (Go and Δn) use the 
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proportionality with VsR1 to degrade at appropriate speeds, with 

Δp degrading the fastest and Δn degrading the slowest.  

3 CALIBRATION & ELEMENT LEVEL RESPONSES 

Table 1 presents a calibration of PM4SandC, designed to honor 

laboratory and centrifuge experimental trends observed in bio-

cemented sands across studies by Lee & Gomez (2024), 

Montoya et al. (2013), Na (2023), among others, and as 

reviewed in DeJong et al. (2022). The tests considered generally 

employed augmented MICP using sporosarcina-pasteurii on 

initially loose samples of poorly graded sands. This calibration 

considers an initially loose uncemented sand (DR = 35%) 

cemented to various levels (1 ≤ VsR1 ≤ 4), associated with 

calcite contents generally less than 6% by mass.   

The calibration emphasizes a good match across responses 

considered important in earthquake engineering problems, such 

as: 1) the small-strain stiffness as measured through shear wave 

velocities (here, in DSS samples using bender elements), 2) 

small-strain stiffness to confining stress relationship, observed 

in centrifuge spin up/down tests, 3) cyclic undrained resistances 

derived from undrained cyclic DSS tests as quantified through 

liquefaction triggering curves, 4) modulus reduction and 

damping curves measured through resonant column tests, 5) 

peak monotonic drained and undrained failure envelopes 

measured in DSS tests, 6) peak dilatancy measured in drained 

monotonic DSS tests, 7) rates of post-liquefaction strain 

accumulation, and 8) details of the stress-strain responses under 

drained and undrained, monotonic and cyclic loading. 

The calibration process begins by establishing the target 

responses (cyclic strength, monotonic strength, small-strain 

stiffness, etc.) for each VsR1 of interest. Then, model parameters 

are adjusted to achieve the desired responses. Since the cyclic 

undrained strength is important in seismic problems and is 

sensitive to the selection of input parameters, the parameters 

controlling cyclic strength (here, hpo and β) should be calibrated 

last. For lower cementation levels (VsR1 ≤ 1.7), the undrained 

cyclic strength is largely controlled by hpo and the value of β 

has little influence on the modeled response. At higher VsR1, the 

value of hpo affects the development of excess pore pressures 

but has a minor influence on cyclic strength. At these VsR1, the 

degradation of cemented bonds as affected by β is the primary 

control used to achieve the desired cyclic strength. This study 

considers a range of cementation levels, developing expressions 

for model parameters as a function of VsR1; however, this step 

is largely unnecessary when only one or a few VsR1 levels are 

of interest.  

Figures 1 and 2 display element level responses for a range 

of VsR1, under an applied σ′v = 1 atm unless otherwise specified. 

Figure 1a plots the relationship between small-strain stiffness 

(Gmax) and confining stress upon model initialization, with the 

model capturing the increased stiffness, reduced dependency on 

stress, and a stress region (p’ << Δp) where stiffness is primarily 

controlled by cementation bonds instead of stress level. Figure 

1b shows the stress-strain response under monotonic drained 

loading, capturing the increase in strength for increasing VsR1, 

increased stiffness at low strain levels, and a transition towards 

a drastic strain-softening behavior at higher cementation levels. 

Stress paths under undrained monotonic loading are shown in 

Figure 1c, and illustrate that as VsR1 increases, there is an 

increase in dilative tendencies, mobilization of larger stress 

ratios, and higher critical state shear stresses. 

Modulus reduction and damping curves are obtained 

through drained strain-controlled cyclic simulations and are 

summarized in Figure 1d. The modulus reduction curves (solid 

lines) shift towards the left (i.e., towards smaller shear strains) 

for increasing VsR1. This trend is consistent with resonant 

column tests on bio-cemented sands: as cementation level 

increases the shear strains at which degradation begins becomes 

smaller, and therefore the modulus reduction curve decreases 

faster than the uncemented counterpart and corresponds to a 

more brittle response. Similarly, hysteretic damping begins at 

smaller strains and larger values of damping (dashed lines) are 

obtained at similar strain levels as cementation increases. 

Monotonic failure envelopes (Figure 1e) shift towards 

larger shear resistances and become increasingly curved as 

cementation increases. At lower σ′v, the drained response of 

cemented elements is largely strain-softening with a peak 

stress-ratio mobilized that is much larger than the critical state 

stress ratio. As σ′v increases, the material transitions towards an 

increasingly contractive behavior and more degradation of 

bonds occurs before mobilizing the strength of the material, 

such that the peak friction angle and the critical state friction 

angle become equivalent. 

Table 1. PM4SandC parameter calibration. 

Param Calibrated Value Calibration Basis 

VsR1 1.0 ≤ VsR1 ≤ 4.0 
Range of cementation 

levels considered 

DR 0.35 + 0.075 (VsR1 – 1) 

Increase estimated based 

on CaCO3 content in DSS 
specimens. 

Go,unc 503 Provide match to Vs 
measured in DSS samples 

prior to cementation. Go,deg 350 DR + 380 

Δp 0.04 pA (exp(VsR1 – 1) – 1) 

Match monotonic strength 
in DSS tests and provide 

unconfined stiffness 

congruent with centrifuge 
spin up/down data. 

Δn ¼ ln (VsR1) 
Match Gmax vs. p’ 
relationship measured in 

experimental tests. 

emin 0.51 Ottawa F65 values (these 

have a minimal impact on 
simulated responses). emax 0.78 

nd 2.0 
Match transition to dilative 
behavior observed in cyclic 

DSS tests. 

Cψ 0.57 

Match maximum dilatancy 

observed in monotonic 

DSS tests. 

φcv 33⁰ + 0.5 (VsR1 – 1)  
Match large-strain 
strengths mobilized in 

monotonic DSS tests. 

R 1.5 + 0.08 (VsR1 – 1) 
Slight shift of CSL towards 

denser DR. 

γpk 1.4% (VsR1)
-1.9 

Provide reasonable 
monotonic strain softening 

responses based on 

monotonic DSS tests. 

γrs 8% 

γt ½ γrs 

ce 
0.65 exp(–12 (DR – χ )), 
where: χ = 0.46–0.1(VsR1–1) 

and: 0.05 ≤ ce ≤ 0.65 

Allows for a reduction in 

post-liquefaction strain 

accumulation for larger 
cementation levels. 

β 
7 exp(– χ (VsR1 –1.8)), 
where: χ = 4 (VsR1)

-0.8 

and: 0.05 ≤ β ≤ 7 
Calibrated to match desired 

cyclic strengths. 

hpo 

For VsR1 ≤ 1.7: 

10 ^ (-6.6 VsR1
2 + 19 VsR1 – 13) 

For VsR1 > 1.7: 20 VsR1
-3.15 

Note: secondary PM4Sand parameters not included here are left 

at their default values. 
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Figure 1. Element level responses from PM4SandC, calibrated to 

honor experimental trends observed in bio-cemented Ottawa F65 sand. 

Figure 2a shows liquefaction triggering curves, with 

undrained cyclic simulations performed at cyclic stress ratios 

(CSR=τcyc/σ′vc) ranging from 80% to 120% of the cyclic 

resistance ratio (CRR) for each VsR1. The model is calibrated 

(through hpo and β) to yield the desired CRR, defined here as 

the CSR that induces single-amplitude shear strain of 3% in 15 

uniform loading cycles. The CRR values are shown in black 

squares in Figure 2a and are informed by the cyclic undrained 

DSS tests by Lee and Gomez (2024).  The b-values (i.e., the 

steepness in log-log scale) range from 0.24 for VsR1 = 1 (i.e., for 

the uncemented case) and 0.61 for VsR1 = 4, which are generally 

steeper than those obtained experimentally.  

Figure 2b shows stress paths under undrained cyclic 

loading for three VsR1, with the applied CSR corresponding to 

the CRR for each case. The VsR1 = 1 scenario follows the 

traditional pattern observed in the cyclic undrained loading of 

uncemented sands, with a progressive reduction in effective 

stress occurring as loading cycles are applied until a substantial 

loss of effective stress has occurred and a butterfly-shape stress 

path pattern begins. When VsR1 = 1.5, an initial reduction in 

stress occurs until reaching σ′v =75 kPa, which is associated 

with a transition from a ko = 0.5 to a ko = 1.0 condition. 

Continued cycles cause further reduction in σ′v until the dilation 

surface is reached, at which point the material beings a butterfly 

loop pattern at considerably larger σ′v than the VsR1 = 1 case. 

The VsR1 = 3 simulation differs in that dilation occurs from the 

first loading cycle, followed by a strong contractive response 

upon load reversal. This pattern continues, reaching 

progressively lower effective stresses when τ = 0 kPa as the 

cementation bonds are progressively broken, eventually 

reaching a σ′v ≈ 0 kPa condition (ru = 1) The general patterns in 

stress paths shown here follow the patterns observed in DSS 

tests of cemented sands by Lee and Gomez (2024). 

 
Figure 2. Cyclic undrained response from PM4SandC, showing a) 

liquefaction triggering curves and b) stress paths for select VsR1, with 

the applied CSR corresponding to the CRR of each VsR1. 
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4 SYSTEM LEVEL RESPONSE 

PM4SandC can be implemented at the system level to assess 

the performance of bio-cementation as a ground improvement 

technique for footings on liquefiable ground. A set of 

parametric simulations are completed using FLAC2D v9.0 

(Itasca Consulting Group, Inc., 2023). The model geometry, 

illustrated in Figure 3a, adopts a similar soil profile to recent 

centrifuge experiments conducted at UC Davis: 12 m of dense 

Ottawa F65 sand (DR = 90%), overlain by 10 m of loose Ottawa 

F65 sand (DR = 35%), and by 2 m of dense Monterey sand (DR 

= 90%), with the water table located at 1 m depth. PM4Sand is 

used to model these uncemented layers, calibrated to CRRs of 

0.6, 0.1, and 0.6, respectively. The centrifuge container is 

composed of aluminum rings and vulcanized rubbers modeled 

as elastic elements with 2D-equivalent properties. 

Three footings, 5 m in width, are embedded 1 m below the 

ground surface and apply a bearing pressure of ~110 kPa. 

Underneath the center and right-most footings, cemented zones 

10 m in width cover 100% and 67% of the thickness of the loose 

Ottawa F65 layer, respectively. The left-most footing rests on 

uncemented sand. These zones are referred to by the extent of 

cementation applied (H100, H67, and H0, respectively). 

Parametric scenarios are considered for various cementation 

levels (1.0 ≤ VsR1 ≤ 4.0) using the PM4SandC model and 

properties outlined in Table 1.  

The numerical model is first brought to static equilibrium 

without structures and assuming ko=0.5 in soil elements. The 

structures (elastic elements) are then iteratively added with 

progressively larger densities until the appropriate contact 

pressure is reached. Figure 3b illustrates the stress ratios 

immediately before shaking for VsR1=1.5 (with minor 

differences occurring at other VsR1). A ko=0.5 condition 

corresponds to a stress ratio η = 0.67 (gray outlines in Figure 

3b). The added stress of the structures results in increased stress 

ratios below the footings (blue zones), and in a decrease in 

stress ratios in the free field (red zones). Minimal changes in 

stress ratios occur in the deeper dense Ottawa F65 layer. 

The model is subject to a scaled and modified recording 

from the 1995 Kobe earthquake shown in Figure 4. The motion 

is applied as a velocity time history at the base as a “within” 

motion. Settlement and acceleration time histories are recorded 

at the top of each structure and at the top of each cemented 

block, respectively.  

 
Figure 3. Numerical model set-up, showing mesh and material groups 

(top), and stress ratios in soil elements prior to shaking (bottom). 

 
Figure 4. Kobe acceleration time history applied at base of the model. 

The level of shaking applied, regardless of the adopted 

VsR1, results in widespread liquefaction (ru = 1.0) of the free-

field loose Ottawa F65 layer, with lower excess pore-pressures 

being developed beneath the footing centerlines and in the 

dense Ottawa F65 layers. Figure 5 summarizes results across 

the range of VsR1 considered, showing a) the structural 

settlements at the end of shaking and b,c) response spectra from 

acceleration time histories recorded atop each cemented block.  

Under uncemented conditions (VsR1=1), the structures 

experience settlements in the order of 50 to 65 cm. The 

settlements in H67 and H100 are sharply reduced for even small 

increases in VsR1, with a 50% reduction occurring when 

VsR1=1.5. Most of the reductions are realized by VsR1 = 2.5, with 

further increases in cementation yielding comparatively smaller 

improvements in performance. For VsR1 > 1.5, structure H67 

develops larger settlements than H100 due to the presence of a 

liquefiable zone underneath the H67 block, which experiences 

larger deformations during shaking. The settlements in H67 

asymptote towards just under 20 cm, whereas H100 reaches 

practically negligible settlements (< 2 cm). The H0 structure is 

relatively unaffected by VsR1 increases in neighboring zones, 

though a minor increase in settlement is measured. 

Although H100 provides improved performance in terms 

of settlements, this is accompanied by an increase in 

accelerations transmitted to the structures, as evidenced by the 

response spectra atop each block, shown in Figures 5. The de-

amplification observed in H67 is associated with a liquefaction-

induced base isolation effect, which is eliminated once the full 

soil profile is cemented.  

 
Figure 5. Numerical modeling results showing a) settlements at the 

end of shaking and b,c) response spectra at the top of cemented blocks. 
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In H100, the characteristics of the response spectrum 

varies significantly for different VsR1, with increasing 

cementation levels leading to larger accelerations. In contrast, 

the spectra in H67 are largely independent of VsR1 since the de-

amplification occurs in the underlying loose uncemented sand.  

Tracking the value of the degradation function (Fdeg) 

allows for examining the spatial distribution of mechanically 

induced damage. Figure 6 displays Fdeg contours at the end of 

shaking as well as deformation patterns (exaggerated by a factor 

of 2.5) in the cemented blocks. More degradation is evidenced 

at low cementation levels, despite these being calibrated with 

slower degradation functions, because of the larger strain 

accumulation that occurs in these scenarios. Degradation of the 

blocks is largely non-uniform and tends to concentrate towards 

the lower portions of the blocks. Some punching of the 

structures into the blocks is evidenced at the lower cementation 

levels. At the higher cementation level (VsR1 = 3.5), settlements 

in H67 mostly occur due to tilting of the cemented block with 

the cementation remaining largely intact.   

 
Figure 6. Deformation and degradation patterns of cemented blocks 

for varying initial VsR1. Deformations exaggerated by a factor of 2.5. 

5 CONCLUSIONS 

This paper presented an overview of the formulation, 

calibration, and responses of PM4SandC, a plane-strain 

plasticity model developed to capture the behavior of cemented 

sands for earthquake engineering applications. Building on the 

PM4Sand framework, the model introduces parameters that 

control the increased strength, dilatancy, and stiffness of 

cemented sands, as well as the degradation of cemented bonds. 

A calibration is presented for light to medium levels of 

cementation, informed by laboratory testing, and is applied in a 

parametric study examining the response of bio-cementation 

treatments as a ground improvement method for footings on 

liquefiable ground.  

The development of the PM4andC model and ongoing 

validation exercises at the element and system level allow for 

an improved understanding of the behavior of naturally and/or 

artificially sands during earthquakes and is particularly 

advantageous in that it enables analysis of complex 

geotechnical systems under a variety of loading scenarios. This 

work supports the development of design guidelines for 

potential field applications of bio-cementation technologies.  
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