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Ching-Chuan Huang 
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Abstract 

Performance-based evaluation of reinforced soil retaining structures often depends on numerical 
analyses that require substantial time and expert judgment because of the complex interactions 
among soils, reinforcements, facings, and seismic loading. This study presents an efficient approach 
for developing seismic resisting capacity curves for reinforced slopes, using a computer program 
based on the Force-Equilibrium-based Finite Displacement Method (FFDM). The resulting 
seismic-resisting curves closely resemble the monotonic pushover curves widely used in structural 
engineering, underscoring that this framework is conceptually aligned with established 
performance-based methodologies rather than standing alone. The method is demonstrated through 
a re-examination of the Tanada Wall, a geosynthetic reinforced soil retaining wall with a full-height 
rigid panel facing that experienced strong shaking during the 1995 Hyogoken-Nambu earthquake 
(ML =7.2). Using parameters available in published databases, the FFDM generates realistic seismic 
resistance curves and directly computes seismic displacements. Three advantages distinguish the 
FFDM from LEM-based Newmark approaches: (1) explicit incorporation of peak soil strength and 
post-peak degradation along the slip surface, eliminating empirical strength adjustments; (2) direct 
use of peak ground acceleration (HPGA/g) as input, avoiding uncertainties in selecting representative 
seismographs; and (3) capability for back-analysis, allowing soil strength and deformation 
parameters calibrated from small observed displacements to be used for predicting performance 
under stronger shaking. 

Keywords: Finite Displacement Method (FFDM); seismic displacement; geosynthetic-reinforced soil 
structures; seismic resistance curves; retaining wall; back-analysis 
 

1. Introduction 

In conventional engineering practice, the seismic stability of slopes is commonly evaluated using 
the safety factor (Fs) derived from prescribed seismic coefficients (kh) through limit equilibrium 
methods (LEM). To estimate seismic-induced slope displacements, Newmark’s hybrid approach—
described in [1]—combines LEM with sliding block dynamics and remains widely adopted. A key 
requirement for applying Newmark’s method is the determination of a calibrated critical seismic 
coefficient (khc), obtained from the Fs–kh relationship at the condition Fs = 1.0. Identifying this khc 
typically involves iterative trial-and-error adjustments to determine an “operational” internal friction 
angle (φ) that produces a satisfactory Fs–kh curve. Despite the use of double integration of ground 
acceleration based on dynamic principles, Newmark’s approach remains fundamentally pseudo-
static because the essential parameter khc is determined through a pseudo-static framework. Over the 
past decades, numerous studies have sought to enhance the performance and applicability of 
Newmark’s method. These efforts can be broadly categorized as follows:  

(1) improving the accuracy of the yield (critical) seismic coefficient by adopting analytical 
formulations beyond those used in conventional LEM or by introducing alternative failure 
mechanisms [2–7]   
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(2) improving the post-yield response of the sliding mass using dynamic analyses with single- or 
multi-degree-of-freedom systems [8–13]  

(3) incorporating deformability of the sliding mass through springs, dashpots, or multiple sliding 
layers [14–18]  

(4) extending the method to engineered slopes with different failure mechanisms or reinforcement 
types [19–23] 

(5) introducing multiple sliding blocks to capture interaction effects within the failure mass [24–26] 
(6) accounting for nonlinear soil behavior, strength degradation, and evolving slip-surface 

geometry [27–31]  
(7) considering changes in failure mechanisms under different shaking intensities [32].  

Although these studies have substantially advanced the theoretical framework of Newmark-
type analyses, several issues limit their practical applicability in geotechnical design. First, Newmark-
based methods are valid only when seismic accelerations exceed the critical (yield) acceleration; 
displacement is assumed zero in the pre-yield state, contradicting observed behavior [17]. As a result, 
a unified description of soil–structure response across static, pre-yield, and post-yield states is not 
feasible. Second, improving the accuracy of yield acceleration or incorporating deformability 
typically requires additional soil parameters—such as spring stiffness or damping constants—and 
assumptions regarding lumped masses. These parameters often require specialized laboratory 
testing, and the mass discretization introduces further empiricism. Third, many modified approaches 
rely on simplified sliding blocks on single-inclination planes or on lumped masses without internal 
interaction, which does not adequately represent real failures involving curved slip surfaces and 
lateral thrusts among soil slices. To overcome the inherent limitations of pseudo-static-based 
Newmark analyses, several performance-based methods grounded fully in dynamic principles have 
been developed. These include numerical methods such as the finite element method (FEM) and 
discrete element method (DEM) [33–35], as well as dynamic analyses using single- or multi-degree-
of-freedom systems [36]. However, numerical analyses require substantial effort to validate soil 
models and analytical results, limiting their routine use in engineering practice. Similarly, dynamic 
lumped-mass models require calibration of spring and damping parameters and mass partitioning, 
which remain research-oriented and are not widely adopted in design applications. As a practical 
alternative for engineering applications, the Force Equilibrium–based Finite Displacement Method 
(FFDM) proposed in [37] offers a time- and effort-efficient means of evaluating seismic displacement. 
FFDM adheres to the pseudo-static principle while satisfying force (and moment, when required) 
equilibrium for failure masses of arbitrary geometry. It represents a direct extension of conventional 
LEM, which relies on cohesion (c) and internal friction angle (φ), but incorporates additional soil 
parameters to describe deformation-related properties along the slip surface. The method has been 
successfully applied to groundwater-induced landslides and reinforced slopes subjected to pseudo-
static seismic loading, and its capability has been demonstrated through back-calculation of 
displacement-based soil and weathered rock parameters [38] and through predictions of slope 
displacements [39]. Building on these developments, the present study aims to derive displacement-
based seismic resisting capacity curves for a full-scale geosynthetic-reinforced railway embankment 
with a rigid concrete facing (the Tanada wall). The analyses are performed using SLOPE ffdm 2.0 
[40], a computer program that integrates both conventional LEM-based and displacement-based 
FFDM analytical tools. 

2. Methodology and Materials 

2.1. Hyperbolic Soil Stress-Displacement Model in FFDM 

As illustrated in Figure 1, a hyperbolic model describing the normalized shear stress (τ/τf)–shear 
displacement (Δ) response along the potential failure surface is used. This model is an adaptation of 
the well known hyperbolic relationship for shear stress–strain behavior developed in [41]. 
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τ/τf = ∆ / (a+b∙∆)  (1)

where, a = τf / kinitial, b = Rf, Rf = τf / τult 
kinitial: Initial shear stiffness of soils 
τult: Asymptote strength at infinite displacement 
τf: Shear strength of soil according to the Mohr-Coulomb failure criterion 
Rf: Asymptote strength ratio (= τf / τult) 

The shear strength of soils (τf) is defined by the Mohr-Coulomb failure criterion: 

τf = c + σ'n • tan ϕ   (2)

σn’: Effective normal stress 
c : Cohesion intercept 
φ: Internal friction angle of soils 

 

Figure 1. A hyperbolic normalized stress and shear displacement relationship. 

Equation (1) can be viewed as a reciprocal formulation of the local safety factor FSi at the base of 
the soil block (or slice) i: 

FSi = τf i / τi        (3)

The initial shear stiffness kinitial is given as a power function of effective normal pressure, 
proposed in [41]: 

Kinitial = K • G •  (σ'n / Pa)n 
       (4)

K: initial shear stiffness number (dimensionless) 
Pa: atmospheric pressure (= 101.3 kPa) 
G: reference shear stiffness (= 101.3 kPa/m) 
n: pressure dependency exponent 

2.2. Multi-Wedge Failure Mechanism 

Figure 2 shows the multi-wedge failure mechanism used in this study. It extends the classical 
two-wedge (bi-linear) model long applied to steep engineered slopes, including MSE walls and 
geosynthetic-reinforced slopes with rigid or near-vertical facings. The enhanced formulation in [24] 
consists of two active wedges (Wedges 1 and 2), a facing column, and, when present, a passive wedge 
beneath the toe. This configuration clarifies the role of the facing system in overall stability, and its 
benefits are further realized when integrated with the FFDM, which supports displacement-based 
performance evaluation.  
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Figure 2. The multi-wedge failure mechanism. 

 
Figure 3. Force equilibrium for a generalized wedge. 

Figure 3 presents the body forces and reaction forces acting on a generalized polygon wedge 
configuration. Triangular wedges, exemplified by Wedges 1 and 4, constitute special cases where the 
soil strength and reaction forces along one boundary are assumed to be negligible or zero. By 
applying force equilibrium in both horizontal (x) and vertical (y) directions, the reaction force on the 
left side of each wedge can be expressed as: 

Re =  f (Rb, Rr, Tr, Tb, Te, Ce,Cr, Cb, Ce, ϕr, ϕb, ϕe, kh, kv, Qv, Qh)   (5)

 Where, Cr = c • lr / FSi , Cb = c • lb / FSi , Ce = c • le / FSi  

 ϕr = tan-1(tan ϕ / FSi), ϕb = tan-1(tan ϕ / FSi) , ϕe = tan-1(tan ϕ / FSi)   

Cr, Cb, Ce: cohesive resistance along soil-block interfaces 
lr, lb, le: lengths of soil-block interfaces 
ϕr, ϕb, ϕe:mobilized internal friction angles at interfaces 
Tr, Tb, Te: reinforcement force at at interfaces  
Rr, Rb: reaction forces at interfaces 

To determine the reaction force acting on the left side of each wedge in the LEM analysis, the 
computation proceeds sequentially from wedge 1 to wedge 3 (or wedge 4, if present). A constant 
safety factor, Fs, is assumed for all wedges, making every term in the force-equilibrium equation 
known except the base reaction Rb. Because both horizontal and vertical equilibrium are enforced, 
the system is statically determinate. The safety factor is updated iteratively, typically starting with Fs 
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= 1.0, and adjusted until the virtual external force Re on the left side of the final wedge becomes 
negligible (e.g., Re < 0.1 kN). 

In the FFDM framework, the same equilibrium relationship is solved, but the safety factor for 
each soil block (FSi) and the mobilized reinforcement forces (Tr, Tb, Te) vary with displacement (Δi). 
The system remains statically determinate, yet FSi is updated continuously based on the displacement 
field at the block base and along the interfaces. The computation begins by imposing a small vertical 
displacement at the crest of wedge 1 (Δ0), such as 0.001 m, and proceeds until all equilibrium 
conditions are satisfied. 

2.3. Post-Peak Stress-Displacement Relationship 

The post-peak segment of the shear stress–displacement (τ–Δ) curve is represented using the 
Versoria (Witch of Agnesi) function [42,43], as shown schematically in Fig. 4. To integrate this model 
efficiently into the overall stress–displacement framework, a normalized local coordinate system (X–
Y) is used. The X-axis origin (X = 0) corresponds to the peak shear stress τf, and the Y-axis origin (Y = 
0) corresponds to the asymptotic residual stress τr. Although the Versoria curve reaches τr only at 
infinite displacement, a finite displacement Δr observed experimentally at the onset of the residual 
state (X = 1) provides an accurate approximation, typically within 1%. The post-peak shear strength 
τpost-peak is then expressed as: 

  τpost-peak = τf - τf •  (t - Y ) =  τf •  (1- t + Y )  (6)

Y = t3 / ( t2 +X2 ) (7)

 X= (Δ - Δf ) / (Δr  - Δf )  (8)

t = (τf -τr ) • τf  (9)

 Δr  = Δf • Δratio  (10)

t: normalized strength reduction between peak and residual states  
Y: normalized post-peak shear stress 
X: normalized post-peak shear displacement 
Δf: shear displacement at peak stress state 
Δr: shear displacement at the entrance of residual state 
Δratio: residual-to-peak displacement ratio 

 

Figure 4. A transformed coordinate system of the �Versoria’ curve for post-peak stress-displacement 
relationships. 

When the post-peak state is considered in the slope-displacement analysis using 
SLOPE-ffdm 2.0, Eq. (6) is applied to update the available soil strength along the slip surface 
whenever the condition Δ > Δf is detected during the iterative displacement computations. 
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2.4. Displacement Compatibility 

A hodograph (displacement diagram) that satisfies displacement compatibility is illustrated in 
Fig. 5. This formulation maintains displacement compatibility across soil interfaces and forms the 
basis for kinematic analysis of the sliding block system [44]. The displacement at soil wedge (or slice) 
i can be expressed as: 

Δi  = Δ0 • f (αi)  (9)

f (αi) = cos (α1 -2Ψ) /[sin (α1 -Ψ) • cos ( 2Ψ- α1)]   (10)

 
Figure 5. Displacement compatibility of adjacent soil blocks. 

2.5. Displacement Increment 

To evaluate slope displacements caused by changes in external or internal conditions—such as 
seismic loading, water-table fluctuations, or pore-pressure variation—two displacement values are 
computed for each slice (Δᵢ): one before the event and one after. The displacement increment for 
slice i, induced by the change in stress conditions, is illustrated schematically in Fig. 6 and defined as: 

Δi  = Δbi  -  Δai    (11)

 

Figure 6. Schematic stress path in response to seismic-induced stress changes. 

2.6. The Tanada Wall 

The Tanada wall is a geosynthetic-reinforced soil retaining wall with a full-height rigid panel 
facing (GRS-FHR), also known as a RRR wall. It formed part of a railway embankment located in a 
severely shaken area during the 1995 Hyogoken-Nambu earthquake (sometimes referred to as the 
Kobe earthquake; ML = 7.2). Despite severe damage to nearby houses and soil-retaining structures, 
the Tanada wall demonstrated high seismic resistance, with recorded displacements of 0.1 m at the 
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toe and 0.26 m at the top, as illustrated in Fig. 7. Comprehensive post-earthquake investigations and 
analyses were conducted in [45,46]. Based on site observations, the horizontal peak ground 
acceleration (HPGA) in the vicinity of the Tanada wall was estimated to be approximately 0.8 g in 
[45] (where g denotes gravitational acceleration). 

 

Figure 7. Cross-section of the Tanada wall following the earthquake [45]. 

2.7. Material Properties 

The material properties used in the FFDM analyses of the Tanada Wall are summarized in 
Table 1. Key considerations for the primary input parameters influencing seismic displacements are 
as follows: 

1. Soil strengths (c, φ): The Tanada Wall was constructed using high-quality, cohesionless backfill 
(cpeak = 0), with a peak internal friction angle of φpeak = 42° obtained from triaxial compression 
tests [47]. Previous studies comparing φpeak measured under triaxial and plane-strain 
conditions [48] indicate that the plane-strain friction angle is approximately 1.11 to 1.14 times 
the triaxial value for Toyoura sand in loose and dense states, respectively. Based on these 
findings, adopting φpeak = 40° as the design friction angle for the Tanada Wall is slightly 
conservative and corresponds to the upper bound of recommended design values [49]. In the 
hyperbolic soil model, φ = 40° is therefore used as an operational value. For post-peak 
displacement analysis, a higher friction angle of φpeak = 45° (approximately 1.12 times φ = 40°) is 
applied to represent the plane-strain condition of the railway embankment. Cohesion remains 
zero in the post-peak range, and the residual friction angle is taken as φres ≈ 0.9 φpeak. 

2. Shear stiffness number (K): Stiffness values of K = 200 and K = 400 are selected from a database 
of large- and medium-scale direct shear tests [50,51], representing lower-bound and median 
values for φ = 40°. 

3. Displacement-dependent reinforcement pullout model: Mobilized reinforcement forces at the 
soil–block interface follow the hyperbolic pullout model in [52]. Peak adhesion is cs–r = 0, and the 
interface friction angle is φs–r = 40°, consistent with geogrids with woven junctions. Model 
parameters from a pullout test database [53] include stiffness Kt = 10, stress-dependency 
exponent nt = 0.1, and strength ratio Rt = 0.7. 

4. Tie-break strength of reinforcement: The tie-break strength Ttie-break = 30 kN/m is taken as the 
unfactored ultimate tensile strength (Tult) of the geogrid, reflecting high construction quality. 
This differs from the factored allowable tensile strength (Tallow) commonly used in LEM-based 
methods. 

5. Post-peak soil stress–displacement model: Post-peak cohesion is zero (cres = 0), and the residual 
friction angle is φres ≈ 41°. A residual displacement ratio Δr/Δf = 5.0 is adopted, consistent with 
reported values for dense sands (typically 2.5–6.0) [43,50]. 
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6. H-piles behind the wall: The H-piles, spaced at 1.5 m, were excluded from the analysis. Owing 
to their slender geometry, wide spacing, and shallow embedment, they provide only negligible 
resistance to lateral earth pressures. 

7. Inter-block strength ratio: The inter-block strength ratio (finter-block), defined as the ratio of full 
shear strength to the shear strength available at block interfaces, is set to 1.0. This reflects the 
high-quality backfill and the absence of tension cracks observed at the crest after the earthquake. 

Table 1. Material properties used in the FFDM analysis for Tanada wall. 

Soil 

Hyperbolic model 

Reinforcement 

Hyperbolic pullout model 

Facing-related 

strength parameters 

c 0 kPa cs-r 0 cb-r - 

ϕ 40° ϕs-r 40° ϕb-r - 

K 200, 400 Kt 10 Tconnect 30 kN/m 

n 0.4 nt 0.1 cback 0 

Rf 0.83 Rt 0.7 ϕback 30° 

Ψ 5° Ttie-break 30 kN/m cbase 0 

    ϕbase 40° 

Post-peak model Post-peak model Post-peak model 

cpeak 0 

Not available Not available 

ϕpeak 45° 

cres 0 

ϕres 41° 

Δr/Δf 5.0 
*cs-r, ϕs-r: adhesion and friction angle, respectively, at soil-reinforcement interface. *cb-r, ϕb-r: adhesion and friction 
angle, respectively, at facing block-reinforcement interface. In the case of rigid panel facing, these values are not 
required. *cback, ϕback: adhesion and friction angle, respectively, at the back-face of facing. *cbase, ϕbase: adhesion and 
friction angle, respectively, at the base of facing. *Ttie-break: tie-break strength of reinforcement. *Tconnect: connecting 
force at facing-soil interface. This input is exclusively for the case of rigid panel facing which is equal to Ttie-break 
in this case study of the Tanada wall. 

Figure 8 presents an example of the stress–displacement curves visualized with integrated 
pre-peak and post-peak parameters (ϕpeak= 45°, φᵣₑₛ = 41° , Δᵣ/Δf = 5.0, K = 400, n= 0.4, Rf= 0.83)  as 
summarized in Table 1. For reference, the experimental data reported in [14] from direct shear tests 
on dense, remolded Chi-Chi sand—classified as SW-SM under the Unified Soil Classification System 
(USCS)—are also included. 
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Figure 8. Integrated pre- and post-peak stress-displacement curves for FFDM analyses. 

Figure 9 illustrates the visualized hyperbolic pullout curves for reinforcement ( cs-r= 0, ϕs-r= 40°, 
Ttie-break= 30 kN/m, Kₜ = 10, nₜ= 0.1, and Rₜ= 0.7). For comparison, experimental pullout data for woven 
geogrids embedded in recycled construction material classified as SM (USCS), as reported in [54], are 
also shown. It is observed that the theoretical curves exhibit a stronger dependence on confining 
pressure than the experimental results, likely because the tests were conducted under relatively low 
confining pressures (10 and 25 kPa), where material uncertainties and measurement errors tend to 
have relatively large effects. 

 

Figure 9. Stress-displacement curves for reinforcement pullout in the FFDM analyses. 

2.8. FFDM Displacement Analysis 

In the Type-4 (multi-wedge) FFDM analysis implemented in SLOPE-ffdm 2.0, a total of 5,389 
trial-and-error facing surfaces is employed to identify critical failure mechanisms characterized by 
the minimum safety factor (Fs) and the maximum vertical displacement at the slope crest (d₀), for a 
specified pseudo-static seismic coefficient kh (= HPGA/g; g: gravitational acceleration). Figure 10 
presents the initial configuration of the multi-wedge analysis, including the trial-and-error search 
grids for wedge points 1, 2, and 3. In this example, wedge point 3 is fixed at the heel of the rigid facing 
panel. Once the analysis begins, trial-and-error facing surfaces are systematically generated by 
connecting all grid combinations, as illustrated in Figure 11. Upon completion of the search, the 
resulting critical failure mechanisms are displayed in Figure 12. The corresponding failure modes of 
the reinforcing layers associated with the critical failure surface are also shown in Figure 12, where 
the symbol “×” denotes tie-break failure and “→” denotes pullout failure. 
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Figure 10. Initial configuration for the multi-wedge analysis in SLOPE-ffdm 2.0. 

 

Figure 11. Trial-and-error search for the critical failure mechanism. 

 

Figure 12. Critical failure mechanisms identified from the limit-equilibrium and displacement analyses, 
characterized by the minimum Fs and maximum d0. 

3. Results 

Figure 13 shows the analytical result of FFDM analysis using the multiwedge method (or Type-
4 analysis). In this figure, “Low” and “High” soil strength refer to ϕ= 40˚ and 45˚, respectively, listed 
in Table 1. Every data point in the figure represents a critical (or maximum) value of facing 
displacement found in trial-and-error multiwedge searches. All curves exhibit consistent response to 
the increase of input HPGA/g in the range of 0.0 - 0.85. In the case ϕ= 40˚ and hyperbolic soil behavior, 
the response curves exhibit rapid increases in facing displacement at HPGA ≈ 0.5g. When the post-
peak model is considered in the analysis, the response curves show a clear tendency toward failure 
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state at HPGA/g ≈ 0.7 - 0.8. In general, the curves with K= 400 and high soil strength effectively 
simulate the observed seismic displacement of the Tanada wall, regardless of the incorporation of 
post-peak strength. The analysis with a post-peak model verifies not only the earthquake-resisting 
capacity of the Tanada wall but also the capability of SLOPE-ffdm 2.0 in calculating seismic 
displacements of geosynthetic-reinforced soil retaining walls. It is also noted that the calculated slope 
displacements span a wide range between 10⁻³ to 10⁻¹ m, reflecting their engineering significance and 
accuracy of the computational scheme of the computer program. 

To evaluate the effectiveness of the FFDM relative to hybrid Newmark-type methods, 
conventional limit-equilibrium slope stability analyses were conducted to develop Fs–kh curves for φ 
= 40° and φ = 45°, using soil, reinforcement, and facing parameters consistent with those employed 
in the displacement analyses. The corresponding critical horizontal seismic coefficients are khc = 0.367 
for φ = 40° and khc = 0.528 for φ = 45°. Fig. 13 shows normalized seismic displacement versus khc/km 
relationships (km = HPGA/g) reported in several studies [1,55–58]. Among these, the relationships 
derived in [58] from the 1999 Chi-Chi, 1995 Hyogo-ken Nambu, and 1989 Loma Prieta earthquakes, 
are adopted to estimate the seismic displacement δh of the Tanada Wall. The results are summarized 
in Tables 2 and 3 for φ = 40° (khc = 0.367) and φ = 45° (khc = 0.528), respectively. For φ = 40°, the 
estimated displacements range from 0.029 to 0.246 m, which aligns well with the observed values of 
0.1 to 0.26 m. This agreement requires the use of operational soil and reinforcement strengths in the 
LEM-based determination of khc. In contrast, for φ = 45° and km = 0.528, the estimated displacement 
of 0.011 to 0.028 m significantly underestimates the actual wall movement. 

 
Figure 12. Seismic resistance curves for Tanada wall using multi-wedge analysis. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 January 2026 doi:10.20944/preprints202512.1994.v3

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202512.1994.v3
http://creativecommons.org/licenses/by/4.0/


 12 of 17 

 

 

Figure 13. Normalized seismic displacement vs yield acceleration, compiled from [58]. 

Table 2. Seismic displacements for Tanada wall estimated using khc= 0.367, km= 0.821. 

Earthquake X 
 

Y vmax 
(m/s) 

HPGA 
(g) 

Estimatedδh (m) 

Chi-Chi 0.446 1.5 1.28  1.018 0.246  

Hyogo-Ken-Nambu 0.446 2.2 0.81  0.821 0.179  

Loma Prieta 0.446 0.6 0.552  0.644 0.029  

Table 3. Seismic displacements for Tanada wall estimated using khc= 0.528, km= 0.821. 

Earthquake X 
 

Y vmax 
(m/s) 

HPGA 
(g) 

Estimatedδh (m) 

Chi-Chi 0.643 1.7 1.28  1.018 0.028  

Hyogo-Ken-Nambu 0.643 0.38 0.81  0.821 0.031  

Loma Prieta 0.643 0.22 0.552  0.644 0.011  

4. Discussion 

(1) Incorporation of peak and post-peak soil behavior: The FFDM explicitly accounts for both peak 
soil strength and its post-peak degradation along the slip surface. This avoids the trial-and-error 
process traditionally required to estimate “operational” strength parameters in LEM-based 
displacement analyses and provides a more consistent basis for evaluating seismic deformation 
in soil and reinforced soil systems. 

(2) Direct use of peak ground acceleration: The FFDM directly uses HPGA normalized by 
gravitational acceleration as input. This captures the dominant inertial force associated with 
strong shaking and reduces uncertainty in the seismic demand. A limitation is that FFDM 
reflects only the horizontal peak acceleration and does not explicitly incorporate frequency 
content, duration, or spectral characteristics. Even so, the pseudo-static FFDM framework is 
conceptually analogous to monotonic pushover analysis in structural engineering [59,60], where 
displacement–kh curves serve a role similar to base-shear–drift relationships used to estimate 
displacement demand. In this sense, the present study represents an initial attempt to 
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characterize the displacement demand of soil structures using an approach that parallels 
established practices in seismic performance assessment of reinforced concrete frames [61] . 

(3) Limitations of Newmark-type methods in pre-earthquake assessments: When ground motions 
are recorded near the site, the LEM-based Newmark approach can reasonably estimate seismic 
displacements, provided soil and reinforcement strengths are well characterized. In 
pre-earthquake evaluations, however, the wide range of possible ground motions leads to large 
variability in predicted displacements, reducing the method’s usefulness for engineering 
judgment. 

(4) Contrasting complexity of soil parameters and seismic inputs: The Newmark approach uses 
simplified soil strength parameters (c and φ) but requires detailed ground-motion inputs such 
as period characteristics, maximum velocity, and HPGA. In contrast, the FFDM employs a richer 
set of soil deformation parameters (c, φ, K, n, Rf) while using a simplified seismic input 
dominated by HPGA. This inversion of complexity reflects the more mechanistic nature of the 
FFDM. 

(5) Displacement compatibility within the sliding mass: Most Newmark-type methods idealize the 
sliding mass as a rigid block and do not enforce displacement compatibility among internal 
components. This simplification contradicts fundamental kinematic requirements and limits the 
realism of predicted deformation patterns. The FFDM explicitly enforces displacement 
compatibility which is a core requirement in continuum mechanics and forms the basis of upper-
bound plasticity solutions [7,44], improving the internal displacement field of the sliding mass 
and providing a pathway for refining the accuracy of displacement predictions. 

(6) Selection and development of input parameters: The need to select input parameters is 
unavoidable in all analytical approaches, including Newmark-type methods and FFDM. The 
results in this study demonstrate how appropriate parameter selection can be achieved. Because 
FFDM is relatively new, parameter ranges for K, n, and Rf are still developing. A preliminary 
database has been established by the author to support more objective parameter selection, and 
its refinement will continue as additional case histories become available. 

(7) Parametric evaluation and model robustness: Using representative soil parameters for the 
Tanada Wall backfill, the FFDM produced seismic-resisting curves consistent with observed 
post-earthquake performance. Extreme parameter combinations, including upper and lower 
bounds of soil strength and dilatancy angle, were also examined and yielded trends consistent 
with expected behavior. While a full sensitivity and uncertainty analysis for all parameters (K, 
n, Rf, Δr/Δf, etc.) lies beyond the scope of this study, it remains an important direction for future 
research. 

(8) Transition from pre- to post-earthquake displacement evaluation: The FFDM overcomes several 
limitations of Newmark-type methods by enforcing force and moment equilibrium and by 
accounting for block–block interaction within the failure mass. This enables a seamless transition 
from static to pseudo-static displacement computation and avoids the common issue in 
Newmark analyses where pre-yield displacements are ignored. The computational effort is 
comparable to that of conventional LEM-based factor-of-safety calculations, making FFDM 
suitable for routine engineering applications. Its limitations primarily relate to the need for 
deformation-related parameters, for which broader empirical databases are still being 
developed. 
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(9) Capability for back-analysis and parameter calibration: Although only indirectly proved in this 
study, the FFDM has the potential to perform back-analysis using small to moderate earthquake 
events that cause only minor wall displacement. As shown in Figure 12, deformation-related 
parameters (c, φ, K, n, Rf) can be calibrated from displacement–HPGA/g curves and 
subsequently used to predict performance under stronger shaking. The Newmark-based 
approach lacks this capability because its inherent uncertainties. 

5. Conclusions 

This study, implemented through the SLOPE ffdm 2.0 program, establishes a 
displacement-based framework for evaluating the seismic performance of geosynthetic-reinforced 
slopes using the Force-Equilibrium Finite Displacement Method (FFDM). A performance-based 
re-evaluation of the Tanada Wall, which experienced intense shaking during the 1995 
Hyogoken-Nambu earthquake (ML 7.2), further validates the effectiveness of the method. The results 
show that using seismic coefficients derived directly from peak ground acceleration eliminates a 
major source of uncertainty associated with selecting representative seismographs and captures the 
governing inertial demand at the moment of horizontal peak ground acceleration (HPGA). 

The study demonstrates that the FFDM, as implemented in SLOPE ffdm 2.0, provides a robust 
and practical framework for performance-based seismic evaluation of geosynthetic-reinforced slopes 
and walls with rigid facings. The seismic-resisting curves produced by the FFDM exhibit a form and 
interpretive clarity similar to pushover curves widely used in structural engineering, reinforcing that 
this approach is conceptually aligned with established performance-based methodologies. Its ability 
to integrate soil behavior, reinforcement interaction, and seismic demand in a displacement-based 
manner represents a significant advancement over traditional methods. 

The comparison with the conventional LEM-based Newmark sliding-block method highlights 
the advantages of the FFDM. The Newmark approach relies on simplified soil strength parameters 
and requires consideration of highly variable ground-motion characteristics, often leading to large 
variability in predicted displacements. In contrast, the FFDM incorporates a richer set of soil 
deformation parameters while relying solely on HPGA as the seismic input, resulting in more 
transparent and physically grounded predictions. 

One of the advantages of the FFDM is its capability for back-analysis. For structures that 
experience only small displacements (on the order of several 10⁻³ m) during small-moderate 
earthquakes, the FFDM can be used to back-calculate soil strength and deformation parameters. 
These identified parameters can then be applied to predict structural response under more severe 
shaking. The conventional Newmark method does not offer this capability, as its inherent 
uncertainties make reliable back-analysis impractical 
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