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ABSTRACT: This paper presents the validation of a new constitutive model with reversal surfaces in accurately predicting the 

soil response in boundary value problems (BVPs) related to liquefaction. The new model, named LiPa model, has been imple-

mented in finite difference codes FLAC and FLAC3D, via their User-Defined-Model mode, for numerical analyses in the 2D and 

3D space respectively. The validation of the new model is presented for two BVPs of slightly inclined liquefiable soil profiles 

susceptible to lateral spreading, including: a) the seismic response of a uniform liquefiable sand layer and b) the simulation of a 

pile group response in a three-layered liquefiable soil profile. The validation is based on comparisons with measurements from 

centrifuge experiments, where Nevada sand is used as the basic sand material. In both studied cases a unique set of model 

constants is adopted, that is derived after a thorough calibration against monotonic, dynamic and cyclic element tests on Nevada 

sand. It is shown that the new model can predict qualitatively, but also quantitively, all aspects of the response, namely ground 

accelerations, excess pore pressures and ground (and pile) displacements with a single set of model constants and by following 

the same numerical methodology, despite the different case-specific conditions. 
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1 INTRODUCTION 

Advanced numerical analyses of boundary value prob-

lems (BVPs) in geotechnical engineering rely, among 

others, on the use of an appropriate constitutive model 

for the geomaterial at hand, which is properly calibrated 

and has been verified against experimental data for var-

ious loading conditions. For granular soils (e.g., sands) 

users commonly employ different constitutive models 

and/or different calibrations of the same model, depend-

ing on the examined loading conditions (e.g., mono-

tonic vs cyclic). Moreover, quite important for the nu-

merical accuracy is to ensure that the employed model 

is validated not only against element tests, but also 

against data from multiple BVPs. 

Recently (Limnaiou and Papadimitriou, 2023a, 

2023b) proposed a new general-purpose bounding sur-

face plasticity model (named LiPa from the surnames of 

the authors) that targets to capture accurately both the 

monotonic (up to the critical state) and the cyclic re-

sponse of granular soils (for any shear strain level) with 

a single set of soil-specific constants for any relative 

density, stress level and loading conditions. It is a 

SANISAND-type model with reversal surfaces, that in-

herits elements from the NTUA-SAND model (Andria-

nopoulos et al. 2010). It includes a macroscopic consti-

tutive scheme for post-liquefaction strain accumulation, 

as well as an algorithm for avoiding stress-strain over-

shooting. The foregoing papers also present the calibra-

tion process and a thorough validation against element 

test data on different sands (Toyoura, Ottawa-F65, Ne-

vada and Monterey) and gravels (Pea gravels), as well 

as against empirical relations quantifying different as-

pects of element response (e.g., shear modulus degrada-

tion and hysteretic damping increase with strain level: 

Darendeli 2001; strain accumulation in drained cyclic 

loading: Bouckovalas et al. 1984). Indicative pertinent 

comparisons can also be found in the accompanying pa-

per of Limnaiou and Papadimitriou (2023b) in this con-

ference that focuses on the model’s formulation. 

For its complete validation to be achieved, the LiPa 

model was implemented in numerical codes FLAC and 

FLAC3D, via their User-Defined-Model mode, thus en-

abling numerical analyses in the 2D and 3D space re-

spectively. In Limnaiou and Papadimitriou (2022), mul-

tiple BVPs in the 2D space involving seismic 

liquefaction were presented, with focus on the seismic 

response of: a) the free-field (horizontal and inclined 

liquefiable sand layers) and b) single footings (on sin-

gle-layered or two-layered liquefiable soil profiles). 

Herein, the numerical validation focuses on the seismic 

response of mildly inclined liquefiable layers undergo-

ing lateral spreading through comparisons for: a) a uni-

form layer in 2D space and b) a pile group response in 

three-layered soil profile in 3D space. 

 

2 VALIDATION AT ELEMENT LEVEL 

In this paper, the model validation employs mainly Ne-

vada sand and covers not only element tests, but also 
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BVPs on the basis of dynamic centrifuge test data. For 

this purpose, a unique set of values for the 14 model 

constants is selected and presented in Table 1. 

 
 

Table 1. Values of model constants for Nevada sand 

Constitutive part Parameter 
Values 

Nevada sand 

Elasticity Go 500 

 v 0.15 

 eref 0.875 

 λ 0.079 

CSL ξ 0.19 

 M c
 c 1.25 

 c 0.74 

Plastic modulus nb 1.1 

 ho 235 

 ch 4 

Dilatancy nd 1.2 

 Ao 2.6 

Fabric No 4400 

Post-liquefaction Lo 750 

 

Figures 1 and 2 present comparisons of model simu-

lations to element test data for Nevada sand, focusing 

on the undrained cyclic response and the liquefaction 

resistance, which are of major importance for the exam-

ined BVPs. Specifically, Figure 1 shows the model per-

formance for one undrained cyclic simple shear test per-

formed on Nevada sand by Arulmoli et al. (1992) to a 

sample with relative density Dr = 60% consolidated at 

an initial axial effective stress σa,o = 160 kPa. The single 

amplitude of the cyclically applied shear stress τcyc 

equals to 26.2 kPa. The comparison is made in the 

spaces of shear stress τ vs effective axial stress σa (Fig-

ures 1a, c) and τ vs shear strain γSS (Figures 1b, d). Ob-

serve that the model captures quite well the cyclic re-

sponse of Nevada sand, including the post-liquefaction 

shear strain accumulation. In addition, Figure 1e plots 

the more intense post-liquefaction shear strain accumu-

lation when the parameter Lo = 75000, instead of 750 

which is the calibrated value (Table 1). Note here that if 

Lo = 0 was used, the amplitude of cyclic strain would 

essentially “stabilise” at the onset of liquefaction and no 

further accumulation would be predicted. The exact 

value of Lo does not affect the stress path, thus the per-

tinent comparison plot is omitted. This effect of Lo will 

be discussed, at system level, in the sequel. 

As the focus here is on the simulation of BVPs in-

cluding liquefaction-related phenomena, it is crucial 

that the model validation compares the liquefaction re-

sistance curves of the data and simulations, i.e., the 

curves that relate the applied CSR = τcyc/σa,o to the num-

ber of loading cycles Nl required for liquefaction. 

Hence, Figure 2 compares the liquefaction resistance 

curves derived from the available element tests and the 

respective model simulations. The available data for the 

examined relative densities of Dr = 40% and 60% refer 

  
Figure 1. Experimental data versus model simulations of an 

undrained cyclic simple shear test on Nevada sand 
 

 
Figure 2. Experimental data versus model simulations of liq-

uefaction resistance curves for undrained cyclic simple shear 

tests on Nevada sand  

 

to the experimental work of Arulmoli et al. (1992), 

while the data for Dr = 90% refer to the experimental 

work of Kammerer et al. (2000) on the same sand. Spe-

cifically, the series of symbols refer to the specific con-

ditions of each test, which were performed for initial ax-

ial effective stress values σa,o ranging from 40 kPa to 

160 kPa. To clarify the effect of Dr simulated by the 

model, the figure also includes dashed lines that corre-

spond to a specific value of σa,o (= 100 kPa). Observe 

that the points referring to the simulations generally plot 

within the range of the corresponding experimental data 

for different Dr values and, as such, the model simulates 

satisfactorily the increase of liquefaction resistance with 

Dr. 

 

3 VALIDATION AT SYSTEM LEVEL 

The implementation of the new model in FLAC (Itasca, 

2011) and FLAC3D (Itasca, 2012) allowed its use in the 
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simulation of BVPs involving the response of liquefia-

ble sand at a system level under dynamic loading. De-

tails about the implementation procedure are presented 

in Limnaiou and Papadimitriou (2022). For the valida-

tion, dynamic centrifuge tests performed on Nevada 

sand, were employed herein. As such, the new model 

was used by adopting the calibration of its constants 

listed in Table 1. By keeping the same values of model 

constants in both dynamic centrifuge test simulations, 

this section demonstrates the model’s capability to sim-

ulate satisfactorily the response of the same granular 

soil regardless of the BVP in question. For the same rea-

son, the numerical methodology setup was also retained 

the same in terms of boundary conditions, permeability 

coefficient for Nevada sand, numerical damping (on top 

of what the LiPa model predicts) and pore fluid bulk 

modulus in the fully coupled nonlinear dynamic anal-

yses. The numerical methodology is thoroughly de-

scribed in Limnaiou and Papadimitriou (2022). 

3.1 Seismic response of a mildly inclined 

liquefiable soil layer 

The ability of the model to simulate the seismic re-

sponse of a mildly inclined liquefiable soil layer under-

going lateral spreading is verified here against the ex-

perimental data of centrifuge Model test No. 2 of the 

VELACS project (Taboada and Dobry, 1994). In proto-

type scale, a 10 m deep uniform Nevada sand layer of 

approximately Dr ≈ 40% – 45% relative density is ex-

amined. The centrifuge model was built into a laminar 

box, where the water table was set 1 m above the ground 

surface and the box was tilted by 2o towards the clock-

wise direction, thus inducing a uniform mild inclination 

of the ground surface (see Figure 3a). The input motion 

was applied at the base of the box and consisted of ap-

proximately 20 cycles with a duration of almost 13.5 s, 

with a peak horizontal acceleration of almost 0.23 g and 

a predominant frequency of 2 Hz (Figure 3b). The re-

sponse of the mildly inclined liquefiable ground was 

monitored along the axis of symmetry of the box, as 

well as closer to the boundaries, with the installation of 

accelerometers (AH3), pore pressure transducers (P5, 

P6, P7) and LVDTs (3, 4, 5, 6) measuring displace-

ments. The model was spun up to a 50 g centrifugal ac-

celeration and water was used as a pore fluid. 

The finite-difference grid has the discretization de-

picted in Figure 3a. At the vertical edges of the mesh, 

the boundary condition of tied nodes was adopted. A 

pore fluid bulk modulus (for water) equal to 4⋅105 kPa 

was adopted here, which corresponds to an average sat-

uration ratio Sr > 99% (e.g., Dashti and Bray, 2013). An 

additional local damping of 2% was considered in the 

dynamic analyses to account for the approximately zero 

hysteretic damping simulated by the LiPa (but also 

practically any constitutive) model at very small strains. 

Initially, the geostatic stress field is attained by assum-

ing an earth pressure coefficient at rest Ko value equal 

to 0.5 under static equilibrium. 

 

 
Figure 3. (a) Model layout, discretization, and boundary con-

ditions (b) time-history of horizontal base acceleration  

 

The inclined stress field was induced by applying an 

extra horizontal gravitational component, which in 

combination with the vertical one, reproduce the in-

clined stress field. The resultant vector of gravity is ro-

tated towards the counterclockwise direction by 2o. For 

Nevada sand with Dr ≈ 40% a permeability coefficient 
equal to k ≈ 6.5⋅10-5 m/s is documented at 1g conditions. 

Since water was used as a pore fluid, to allow for an 

accurate replication of the experiment performed at a 50 

g centrifugal acceleration, the adopted permeability co-

efficient in the numerical analysis is upscaled by 50 

times and then downscaled by 4 times to account for the 

conflict between the time scales of dynamic pore pres-

sure generation and diffusion during centrifuge experi-

ments (e.g., Popescu and Prevost,1993). So, if k΄ is the 
final permeability coefficient used in the numerical 

analysis of this test, then k΄ = (50/4) k = 8.25⋅10-4 m/s. 

To gain some insight into the effect of post-liquefac-

tion shear strain accumulation on the response, two dif-

ferent modeling scenarios were hereby investigated.  

This is achieved by changing the value of model con-

stant Lo. In the first (reference) scenario, the value of Lo 

= 750 is considered, that is the value calibrated against 

the element test data for Nevada sand (see Table 1). In 

the second scenario, a significantly larger value was se-

lected for Lo (= 75000 - Figure 1e), so as the role of the 

post-liquefaction strain accumulation feature and its in-

tensity to be demonstrated in a BVP involving liquefac-

tion. 
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Figure 4. Comparison between data and model simulations in terms of: (a), (b) excess pore pressure time-histories, (c), (d) 

lateral displacement vs time and depth and (e), (f) horizontal acceleration time-histories

 

Figure 4 presents comparisons between data and 

model simulations for VELACS model No. 2. The ruby-

red lines refer to the use of the sand-calibrated value of 

Lo, while the green lines refer to the significantly larger 

value of Lo. Figures 4a, b present comparisons of time-

histories of excess pore pressure ratio ru for the two in-

dicative locations of P5 and P7 at the axis of the model, 

which correspond to depths z ≈ - 1.5 m and - 5.0 m, with 

z counting from the ground surface. In general, the sim-

ulations are in good agreement with the measurements 

and the results for the different values of Lo do not show 

very significant differences, but for slightly more in-

tense pore pressure drops for Lo = 75000 that will be 

related to larger lateral displacements.  

Figure 4c compares the measured time-history of lat-

eral displacement with those estimated via the numeri-

cal analyses. The results refer to the location of trans-

ducer LVDT3. Observe that the accumulation of lateral 

displacement is practically linear with time, and this is 

well captured by the model for both calibration scenar-

ios. For the sand-calibrated Lo value, the simulation 

shows a satisfactory agreement with the data and the 

surficial displacement is very well estimated. However, 

for the significantly larger Lo value, there is a clear over-

estimation of the ground displacements. This means that 

the more intense post-liquefaction shear strain accumu-

lation (implied by the larger Lo value) translates to 

larger accumulated (lateral spreading) displacements. 

Observe that deviations in the two simulations start ap-

pearing at t ≈ 2 s, i.e., when the ru values obtain a value 

larger than 0.95 and initial liquefaction is triggered, 

while, as expected, the pre-liquefaction response is 

identical. In the sequel, Figure 4d presents a comparison 

of the lateral displacement data and their numerical es-

timates from a different perspective. Here, the lateral 

displacements are compared as snapshots along the 

whole 10-m thick liquefiable layer at the specific time 

instance of t = 12 s. For the sand-calibrated Lo value, the 

comparison with the data is satisfactory. On the con-

trary, for the significantly larger Lo value, there is an 

overestimation of the data at all depths of the liquefiable 

layer. 

Finally, Figures 4e, f show a comparison between the 

recorded and the simulated horizontal acceleration at 

the position of accelerometer AH3, which is placed near 

the ground surface (z ≈ - 0.25 m) at the axis of symmetry 

of the model. Generally, there is a satisfactory agree-

ment, as both the experimentally recorded accelerations 

and those numerically simulated show a comparable ac-

celeration amplitude near the ground surface. Notably, 

in both the experiment and the simulations the surface 

accelerations do not nullify after ru ≈ 1 is first reached, 

and this is due to the dilation spikes that create ru values 

relatively lower than 1. Detailed observation reveals 

also that the analysis with the larger Lo leads to slightly 

larger accelerations than the analysis with the sand-cal-

ibrated Lo value, and this is a result of the comparatively 

instantly lower ru values shown in Figures 4a, b. 

3.2 Seismic response of a pile group in a mildly 

inclined three-layered liquefiable soil profile 

In this section, the model is validated in a 3D BVP, in-

cluding a pile group placed in a mildly-inclined liquefi-

able sand layer, simulating numerically the centrifuge 

experiment of Pamuk et al. (2007) by using the finite 

difference code FLAC3D (Itasca, 2012). The layout 

(Figure 5) comprises a 10-m deep three-layered soil sys-

tem with a 2 x 2 end-bearing pile group and a pile top-

cap. In prototype scale, the stratigraphy includes a bot-

tom layer of 2 m-thick cemented (non-liquefiable) sand, 

followed by a 6 m-thick uniform liquefiable Nevada 

sand layer of relative density close to 40%, topped by a 

2 m-thick cemented, non-liquefiable sand layer. 
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Figure 5. (a), (b), (c) Model layout, discretization, and 

boundary conditions (d) time-history of horizontal base ac-

celeration  
 

The soil profile has a clockwise inclination of 2o in 

order to create a mild slope. The actual inclined stress 

field in this test was simulated in a similar way to that 

for VELACS Model test No. 2. The pile top-cap had di-

mensions equal to 3 m (width) x 3 m (length) x 0.7 m 

(height) in prototype units and was fully embedded in 

the top cemented sand layer at the center of the box. The 

piles had a diameter of D = 0.6 m in prototype scale and 

were spaced at a distance of 3D. Their bending stiffness 

(EI) was measured 8000 kNm2. No information about 

their installation in the centrifuge experiment was pro-

vided, so they were considered as wished in place. The 

model was built into a 35.5 m (length) x 17.5 m (width) 

laminar box and was spun up to a 50 g centrifugal ac-

celeration. A sinusoidal input motion was applied hori-

zontally at the base of the laminar box and it consisted 

of 29 main cycles of frequency equal to 2 Hz and peak 

acceleration equal to 0.25 g and 2 transitional cycles be-

fore and after the main event (Figure 5). Given that the 

experimental setup is totally symmetrical, it was chosen 

to simulate the half of the numerical problem.  

For the simulation of cemented sand layers and struc-

tural elements rational assumptions have been made, 

since the information in the publication is rather limited. 

Specifically, both the base and the surficial cemented 

sand layers were simulated as elastic media, with elastic 

shear modulus equal to 4350 kPa and a bulk modulus 

equal to 11300 kPa for the bottom layer and 1450 kPa 

and 3782 kPa respectively for the surficial layer. For 

both of these layers, the permeability coefficient k’ was 

considered equal to 10-8 m/s, indicating practically im-

permeable sand layers due to cementation. On the con-

trary, for the middle liquefiable loose Nevada sand layer 

a value of k’ equal to 8.25∙10-4 m/s was adopted, follow-

ing the same rationale of the previous paragraph. Fi-

nally, additional local damping of 2% was considered in 

the dynamic analyses. The structural elements, includ-

ing the piles and the top-cap, were simulated also as 

elastic, while their elastic moduli were chosen to be in 

accordance with the values of stiffness reported by 

Pamuk et al. (2007).  

Figures 6a, b present a comparison of the time-histo-

ries of excess pore pressure ratios ru between the meas-

ured values with pore pressure transducers during the 

experiment and those given by the numerical analysis at 

the indicative locations of P7 and P8, which correspond 

to the depth of z = -2.85 m at the free field and between 

piles P1 and P2 respectively. In comparison to the ex-

perimental data, the numerical results show good agree-

ment, albeit the analysis estimates less intense dilation 

spikes than the experiment. Subsequently, Figures 6c, d 

compare the time-histories of the induced lateral dis-

placement of the surface at the free-field and of the top-

cap measured during the experiment and those given by 

the numerical analysis. The lateral displacement is the 

result of the lateral spreading of the liquefied loose Ne-

vada sand layer. The comparison is very satisfactory in 

terms of lateral displacements in both locations through-

out the shaking. Figure 6e presents a comparison of the 

data and the numerical results of lateral displacement of 

the free-field as snapshot along the whole soil profile 

depth at the locations of LVDTs 2 - 6 at the specific time 

moment of t = 12 s. The comparison is generally satis-

factory, with numerical results slightly overestimating 

the displacements at the lower depths and approaching 

them at the shallower locations, and thus showing a 

more curved distribution of lateral displacement with 

depth. Additionally, Figure 6f compares the recorded 

and the numerically predicted bending moment that de-

veloped along Pile 1 at the specific time moment of t = 

12 s. The numerical results are derived analytically uti-

lizing the induced lateral displacement of the piles. In 

general, the comparison is quite satisfactory, with nu-

merical results estimating both quantitatively and qual-

itatively well the developed moments on the piles at all 

depths. The “S” shaped distribution of the moment with 

depth and its high values at the interfaces between the 

loose liquefied Nevada sand layer and the cemented up-

per and lower sand layers is consistently captured by the 

analysis. 

 

4 CONCLUSIONS 

This paper presents the verification of a new bounding 

surface plasticity model with reversal surfaces named 

LiPa, when used in boundary value problems (BVPs) 

related to seismic liquefaction, both in 2D and in 3D 

space. 

After validating the model against element tests on 

Nevada sand, this paper employs the same set of values 

of model constants for ascertaining the model’s simula-

tive potential at the system level, via comparisons with 

data from 2 dynamic centrifuge tests performed on the 

same sand, namely: a) the lateral spreading response of  



Constitutive modelling for saturated and unsaturated soils 

       6 NUMGE 2023 - Proceedings 

 

Figure 6. Comparison between data and model simulations in terms of: (a), (b) excess pore pressure timehistories, (c), (d) lateral 

displacement versus time and (e) versus depth and (f) bending moment on Pile 1. 

 

a gently sloping liquefiable layer and b) the pile group 

response in a gently sloping liquefiable layer. The 

model is proven to provide satisfactory accuracy in sim-

ulating accelerations, excess pore pressures and lateral 

displacements of geostructures in a liquefaction regime, 

without the need of case-specific re-calibration. Note 

that this accuracy is achieved with a value of sand per-

meability coefficient that only depends on the Dr of the 

sand, i.e., without resorting to approximations of time-

dependent (or possibly excess pore pressure ratio - de-

pendent) permeability coefficient due to liquefaction, as 

often performed in the literature. Additional analyses of 

these same BVPs show that incorporating a post-lique-

faction strain accumulation formulation leads to larger 

accumulated displacements of geostructures, without 

this increase of displacements being overly significant. 

This means that such formulations, that have started to 

appear in different forms in sand constitutive models 

lately, are undoubtedly useful, but their accuracy relies 

on proper calibration. To be frank, their properly cali-

brated use does contribute to increased accuracy, but 

this level of accuracy is not considered crucial for the 

BVPs involving liquefaction, at least for the hereby 

adopted scheme. 
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