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Abstract

The behavior and design of piled embankments constructed on soft soils are governed largely by soil arching, defined as the
redistribution of stresses from yielding zones to adjacent non-yielding regions resulting from stiffness contrasts between pile-
supported and unsupported areas. Lateral spreading also constitutes a significant component of the load redistribution within the
embankment. Arching is characterized by the spatial distribution of the lateral earth pressure coefficient (K). K-contours delineate
the compression (K > K;) and extension (K < K;) zones, while the K isoline defines the interface between these regions and thereby
represents arch geometry. This study employs full-scale finite element modelling to investigate arching development while accounting
for lateral spreading in both high- and low embankments. Results show a transition from shear-plane arching at low fill heights to partial
and ultimately full arching beyond a critical height, after which further increases in fill height have limited influence on arch geometry.
Extraction of K-fields from FEM highlights the governing role of system deformation in stress redistribution. A parametric comparison
between FEM and analytical design methods across varying pile spacings and embankment heights reveals stage-dependent arching
evolution, characterized by an initial sharp decrease in stress reduction ratio followed by gradual stabilization as embankment
height increases. Among the analytical methods, Hewlett and Randolph and BS8006-1 show the closest agreement with FEM trends.
The commonly accepted equal settlement plane concept is shown to be valid primarily for closely spaced piles, whereas for wider
spacings, differential settlements persist well above the critical embankment height.
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1 Introduction

The arching mechanism in granular materials was first
recognized in the late 19 century during the construc-
tion of military magazine silos [1]. Its modern definition,
describing the transfer of stress from a yielding zone of
soil to adjacent, less yielding zones, was first introduced
by Terzaghi at the 1% International Conference on Soil
Mechanics and Foundation Engineering [2]. In any proj-
ect involving neighboring soil bodies that yield differently,
engineers need to consider the effects of arching. These
include, but are not limited to, embankments, railways,
highways, and tunnels [3—12].

The first meaningful insight came from physical model-
ing. Trapdoor tests showed that as the movable base is low-
ered, the vertical stress above the door decreases, while the

reactions on the adjoining stationary zones increase, indi-
cating stress redistribution. Later two-dimensional and
three-dimensional laboratory models, centrifuge experi-
ments at elevated g-levels [6], and full-scale observations
have documented how arches form, evolve, and degrade
as relative displacement increases [6, 12]. Analytical work
has tended to follow three main lines. One treats the prob-
lem as an equilibrium of soil blocks inspired by trapdoor
or conduit analogies, often in plane strain, to quantify the
portion of overburden diverted away from the yielding
zone [13]. A second family idealizes three-dimensional
transfer by adopting dome or shell forms, sometimes cou-
pled with basal reinforcement, to partition embankment
load among piles, geosynthetics, and the intervening
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subsoil [10, 11]. A third approach represents arch evolu-
tion as a staged process and relates an arching ratio to
relative displacement through a ground-reaction-type
curve [14-16]. Although these models differ in assumed
geometry and simplifications, they share a common objec-
tive: to connect boundary movement to stress redistribu-
tion in a way that remains transparent for design.

Numerical analysis complements both experiment and
theory. Continuum analysis, such as finite element and
finite difference methods [3, 17], captures staged construc-
tion, consolidation, and global stress paths, and they allow
the extraction of spatial fields of stress, strain, and pore
pressure across the entire model. Discrete element simu-
lations [18, 19] resolve grain-scale interactions and reveal
the emergence of force chains that serve as the arch's skel-
eton; parameters such as interparticle friction, angularity,
and contact stiffness govern the robustness of these chains.
The two families are therefore best viewed as compatible
rather than competing: DEM clarifies micromechanics,
while continuum models connect those choices to field-
scale response under realistic boundary conditions.

This paper examines the arching mechanism by ana-
lyzing spatial variation in the lateral earth pressure coef-
ficient (K) along piled embankments using finite-element
analysis. Unlike the conventional unit-cell approaches
commonly used to analyze arching problems, the pres-
ent study considers the full-scale embankment. This full-
scale approach permits the evolution of arching and stress
redistribution, accounting for lateral spreading of the fill
toward the toes. This configuration provides a more realis-
tic and precise representation of in-situ behavior.

The results of the analysis, which consider the varia-
tion in the lateral earth pressure coefficient, K, are bench-
marked against the at-rest reference K and the familiar
active-passive bounds. The applied procedure could eas-
ily reveal the geometrical patterns of the arches, given the
inherent ability of the K values to separate regions under-
going compression from those undergoing relaxation.

To further explain the mechanisms governing soil arch-
ing, the evolution of K isolines was examined through-
out staged embankment construction. The results reveal a
progressive transition from shear-plane arching at low fill
heights to the development of a well-defined full arch as
the embankment height increases. The boundary between
relaxation and compression zones, identified by K, = 0.5,
provides a clear mechanical interpretation of arch forma-
tion and stress redistribution. The proposed visualization
approach enables precise identification of arch geometry

and its evolution with increasing overburden pressure.
To address the variability in predictions among exist-
ing design approaches for piled embankments, a system-
atic parametric study was undertaken. The performance
of six commonly used design methods was evaluated
against numerical finite element analyses over a range of
pile spacings and embankment heights. The comparison
focused on the sensitivity of each method to variations
in key governing parameters and on its ability to repro-
duce the stress transfer mechanisms captured numerically.
Since these analytical approaches are formulated for the
practical three-dimensional applications, the numerical
results were interpreted using the three-dimensional stress
reduction ratio (S,,), enabling a consistent assessment of
soil arching behavior. Using the method proposed in this
study, the critical embankment height was determined for
each analyzed model. These values were then compared
with those obtained from the correlations available in the
literature, and the results of the proposed method were
found to lie approximately within the range defined by the
existing correlations. One additional important consider-
ation in analyzing arching behavior is the equal settlement
plane, defined as the level of height above which there is
no differential settlement. There is a generally accepted
approach to finding an equal settlement plane in the liter-
ature, but the application of it in the current study for the
widely spaced piles did not exhibit the presence of such
an equal settlement plane. Therefore, this paper recom-
mends improving and generalizing the concept to cover
cases with wider pile spacings to determine differential
settlement at the considered level and refers to it as the
"differential settlement prediction plane".

2 Numerical model and material properties

The conventional pile-supported (CPS) embankments
under self-weight in plane-strain 2D conditions were
modeled using the finite element method (FEM)-based
software, Plaxis 2D [20]. The soil profile of Stanstead
Abbots (Willow Plantation or Harlow) was selected as a
well-documented case history to represent the soft ground
over which the embankment will be constructed [21-24].
The Stanstead Abbotts embankment was constructed
on very soft alluvial deposits with a height of 8.05 m in
274 days. The soil stratigraphy and the validated geotechni-
cal properties of Stanstead Abbotts are presented in Fig. 1
and Table 1, respectively. The groundwater is located at a
depth of 1.5 m beneath the ground surface. The behavior
of the soft ground beneath the embankment was modeled
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Fig. 1 Considered numerical full-scale embankment model and sub-soil sample

Table 1 Material parameters for the piled embankment

Unit weight Poisson's ratio  Permeability  Void ratio Adopted from Hird et al. [24]
Material Soil model
y (kN/m?) v, k =k, (m/s) e, s K #(°)
Crust 16 0.15 2.5%10°° 0.8 0.060 0.009 29
Very soft peat 11.4 0.15 2.5x107° 7.3 0.147 0.006 34
Very soft peat 11.4 0.15 2.5%107° 8.2 0.179 0.020 34
Soft soil
Soft clay 16.2 0.15 2.5% 10710 1.5 0.163 0.015 28
Soft clay 16.2 0.15 2.5% 10710 1.45 0.158 0.013 28
Soft clay 16.2 0.15 2.5% 10710 1.4 0.060 0.009 28
o Eyl (kNm?)  Ey (kN/m?)  E77 (kN/m?)
Embankment fill Hardening soil 19 0.2 4x107 0.5
25 % 10° 25 % 10° 75 x 103
E;,, (kN/m?)
Bedrock Mohr-Coulomb 27.5 0.3 - 0.5 ) - -
4.9 x 10°
Pile Linear elastic 24 0.3 - - 30 x 10° - -

using the Soft-Soil Model, which incorporates undrained
loading stages followed by consolidation stages. Using the
subsoil profile of Stanstead Abbots and adding the piles into
the system, five different heights (2 m, 4 m, 6 m, 8 m, and
10 m) were considered to analyze the behavior of the CPS
piled embankments resting on the considered soil profile.

The staged construction technique was adopted, and
layer placement thicknesses were chosen as 0.5 m each.
After completion of fill construction, excess pore water
pressure was allowed to dissipate during the final consol-
idation phase.

The angle of interface friction is taken as 2/3¢' by apply-
ing a 2/3 reduction factor to the shear strength angle of the
soil surrounding the piles. The soil profile ends with a bed-
rock layer at the bottom. Piles of 13.45 m are embedded to
a depth of 3a into the bedrock. The pile diameters (a) are
taken as 0.65 m across all models. The center-to-center
spacing of the piles varied as 4a, 5a, and 6a.

2.1 Soft soil model validation

The Stanstead Abbotts embankment, constructed on very
soft alluvial deposits, reached a final height of 8.05 m over
a period of 274 days. The staged construction sequence
(Fig. 2 [23, 24]) is simulated in the finite element (FE) anal-
ysis to accurately replicate the corresponding in-situ load-
ing conditions. The subsurface soil profile was previously
modeled by Oztoprak and Cinicioglu [23] using the Soft
Soil Creep and Modified Cam Clay models. As the primary
aim of the current study was to investigate the mechanism
and evolution of arching, a soft soil model was adopted
that accounted for the primary consolidation behavior of
the soft soil layers. The soft soil model is based on the
Cam-Clay model and is particularly well-suited for mod-
eling normally and lightly over-consolidated clays, silty
clays, and peat. The stress-strain response of the subsoil
during construction loading was numerically derived and
compared with reported stress-strain measurements for in
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Fig. 2 Soft-Soil Model validation compared to experimental and numerical data

situ, laboratory, and Mohr-Coulomb model [23], as well
as the Soft Soil Creep model [24] and the Soft Soil Creep
model with a revised permeability coefficient (k) [23], for
validation purposes. For this comparison, the mid-depths
of the second, third, and fourth soil layers (Points I, II,
and III, respectively, in Fig. 2 [23, 24]) were selected as
reference points to evaluate the soft soil model's accuracy
in capturing the stress-strain behavior obtained by other
soil models and field/laboratory data.

The validation results are presented in Fig. 2 [23, 24].
The current numerical modeling approach, which incor-
porates staged construction conditions and employs the
Soft Soil model, exhibits satisfactory agreement with the
in-situ observations. The stress-strain results obtained
using the Soft Soil model in this study also showed good
agreement with the other models, as shown in the compar-
ative graph, except for the Mohr-Coulomb model, thereby
confirming the model's reliability and providing a basis for
the subsequent simulations.

3 A proposed method to find arch geometry
This paper presents a novel method for investigating arch-
ing behavior in FEM models of piled embankments on soft
soil by analyzing the variation of the lateral earth pres-
sure coefficient (K) throughout the embankment. Unlike
conventional approaches, using spatial K-value contours
provides a more precise characterization of arching, par-
ticularly in full-scale models with sufficiently distant lat-
eral boundaries. This method enables more reliable iden-
tification of soil arch geometry, arch height, and the equal
settlement plane, while accounting for lateral deformation.
Most existing studies on arching mechanisms rely
on a unit-cell approach, which considers only a limited

vertical cross-section of the embankment. This approach
may not adequately represent the actual deformation and
stress redistribution within the full embankment sys-
tem. Focusing on a restricted section can also introduce
inconsistencies in the treatment of boundary conditions.
Therefore, accurate interpretation of arching behavior in
CPS embankments using FE analysis requires modeling
the entire embankment, as adopted in this study.

Beyond modeling the entire embankment, a represen-
tative method is required to interpret the evolution of the
arching mechanism. Previous studies have identified soil
arch geometry using vertical, horizontal, or principal
stresses [3, 21, 22, 25-27], typically along vertical sec-
tions between piles. According to these approaches, the
first deviation from the geostatic pressure line marks the
upper arch boundary, and the point where the stress curve
returns toward geostatic pressure marks the lower bound-
ary. Vertical and horizontal stress-based methods can
yield inconsistent results and fail to capture realistic arch
geometry. These approaches approximate the arch using
discrete points obtained from multiple vertical cross-sec-
tions between adjacent piles, making the procedure cum-
bersome and time-consuming (Fig. 3).

Fig. 3(a) presents a comparison of effective lateral
stress variations in an 8 m high embankment constructed
on soft soil and on a rigid base. The soft-soil case corre-
sponds to a piled embankment with 4« pile spacing, while
the rigid-base model isolates the fill self-weight effect by
eliminating subsoil deformation. The comparison is con-
ducted along the embankment's centerline, at the midpoint
between the central piles. In Fig. 3(a), the rigid-base case
closely follows the geostatic lateral earth pressure dis-
tribution, enabling a direct comparison between stress
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Fig. 3 Comparison between arching height determination methods:
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redistribution with and without subsoil deformation. Using
the conventional lateral stress method, the upper arch
boundary is located 2.5 m above the embankment base.
However, the lower boundary is ambiguous due to multi-
ple stress fluctuations between 1.0 m and 0.5 m, including
local stress increases. In full-scale embankment models
with distant boundaries and significant lateral deforma-
tion, this oversimplified stress-based approach fails to
provide a reliable, consistent definition of arch geometry,
underscoring the need for a revised interpretation method.

Arch height is also commonly evaluated using vertical
stress profiles for the same 8 m high embankment with
4a pile spacing (Fig. 3(b)). In this case, the piled and rig-
id-base models show good agreement in the upper half
of the fill, indicating an approximately at-rest stress state
and the absence of arching. A slight increase in vertical
stress occurs between 4.0 m and 2.2 m above the piles,
followed by a sharp reduction from 2.2 m to 0.8 m, mark-
ing the active arching zone and its lower boundary. Below
this level, vertical stress increases parallel to the geostatic
profile. Comparison with the lateral stress method reveals
contradictory arch geometries, suggesting that a vertical
stress—based approach provides more realistic estimates
of arch height; however, it cannot predict the lower or
inner boundary of the arch.

The lateral earth pressure coefficient (K) has also been
used to interpret arching behavior, but existing studies
restrict its application to vertical cross-sections within a
central unit cell. As a dimensionless ratio incorporating
both vertical and horizontal stresses, K enables clear con-
tour visualization, with sharp gradients often associated
with principal stress rotation and shearing.
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Fig. 4(a) shows the variation of the lateral earth pres-
sure coefficient, , along the embankment centerline for the
8 m high model with 4a pile spacing. From the embank-
ment crown to 2.4 m above the piles, K remains below K|,
and approaches K , indicating lateral stress relaxation.

Earlier studies reported that the K-value follows the K
line from the arch crown to the embankment crest, then
deviates upon entering the compression (arching) zone
[3, 21, 22, 27]. In contrast, the present results show that
from the crest down to the apex of the compression zone,
the K-value does not match the X line but instead aligns
closely with the K line (Fig. 4(a)). As demonstrated in the
methodology, the vertical stress distribution in this region
corresponds to the geostatic vertical stress line, whereas
the horizontal stress distribution falls below the geostatic
curve, indicating unloading or relaxation. Comparing the
two models suggests that this inconsistency arises from dif-
ferences in boundary conditions and modeling approaches.
To test this, instead of analyzing an entire embankment, the
embankment was re-simulated using only the central unit
cell (two central piles with the subsoil) and rigid side bound-
aries fixed against horizontal movement, consistent with
common numerical approaches in the literature (Fig. 5(a)).

The results of the K value variations along the centerline
cross-section of the above-mentioned model are presented
in Fig. 5(b). The results show that, due to the model's rigid
side boundaries, no horizontal displacement occurs in the
fill, so the soil settles only in the vertical direction. Due to
these constraints, both horizontal and vertical stresses will
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variation along the model's vertical centerline

follow their geostatic counterparts above the compression
(arching) zone. As shown in Fig. 5(b), the K curves match
the K line from 3.75 m (the arch height) to 8 m, show-
ing the same trend as reported in the literature [3, 21, 22,
25-27]. Another difference between the K curves of the
full-scale model and the fixed-boundary model is the max-
imum K value. Also, the arch height in the model with
fixed sides is 3.75 m; however, the same parameter is
only 2.4 m in the full-scale model. Considering the sig-
nificant difference between the arch height values of the
tested models (1.35 m difference), it could be concluded
that using the method that limits the horizontal displace-
ments in the embankment body and only permits the ver-
tical settlements could yield contradictory results, which
could not be used to understand and explain the behav-
ior of the whole embankment. If 3.75 m is assumed as the
arch height, which consequently defines the location of the
equal-settlement plane, the minimum embankment height
required for mobilization of full arching and for limiting
differential settlements at the embankment crest to negli-
gible values become significantly larger. These required
heights are much greater than those obtained from the
more realistic model, assuming an arch height of 2.4 m.
A new approach is proposed in this paper for determin-
ing the arch geometry by combining K contours and K
isolines. According to this method to generate the K con-
tours (Fig. 4(b)), the values of horizontal and vertical
stresses along the embankment body were derived from

the FEM analyses, and the K value was calculated using
the following formula: K=¢", / 0’

Using an exclusive MATLAB [28] code, the calculated
K values were used to generate the K contours. As illus-
trated in Fig. 4(b), among the numerous K contours, the
isoline corresponding to the K state is shown in red.
The K, value was calculated based on the internal fric-
tion angle of the embankment fill material using the well-
known equation of (K, = 1 —sing").

4 Comparison and evaluation of analytical methods for
the design of pile-supported embankments

A parametric investigation was conducted to enable a sys-
tematic comparison of the available design methods and
to evaluate them against numerical finite element analy-
ses. The study considers six design approaches for piled
embankments, with the analysis extended to include dif-
ferent pile spacings (4a, 5a, and 6a) and embankment
heights ranging from 2 m to 12 m. To ensure a consis-
tent comparison, other parameters, including the soil unit
weight, internal friction angle, and pile diameter, were
held constant throughout the parametric evaluation of the
design approaches.

The aim was to assess how predictions from different
design methods respond to changes in individual param-
eters by comparing them with numerical analysis results.
In each analysis, one parameter was varied at a time, while
all other parameters were kept at their baseline values.

Since the referenced design methods are intended for
practical three-dimensional applications, the outcomes
obtained from two-dimensional FEM analyses were eval-
uated by comparison with the corresponding three-di-
mensional stress reduction ratio (S,,). Introduced by
Low et al. [29], the stress reduction ratio (SRR or §,,) is
defined as the ratio of the average vertical pressure acting
on the subsoil at the clear span between two adjacent piles
to the total weight of the soil column above that level [14].
Lower SRR values indicate greater arching. At the clear
spacing between the central piles, a horizontal cross-sec-
tion was taken at the bottom of the fill to record the stress
values throughout the construction process, from the
beginning of fill construction to the end of the final con-
solidation phase. The mean vertical stress obtained from
this cross-section represents the pressure acting on the
subsoil, and, with the embankment height considered, the
SRR was calculated using the following equation:

SRR=S,,=0,/yH, )]



where o is the average vertical stress over the sub-soil,
y is the unit weight of the soil, and H is the embankment
height.

4.1 Design and analytical methods for the piled
embankments

4.1.1 Terzaghi Method

The Terzaghi [2] model is classified as a friction-based soil
arching model. This approach is developed based on the
well-known trapdoor test. The equilibrium equations were
derived using the weight of the moving rectangular soil
block, the loads acting on it, and the shear resistance, all
according to the Mohr-Coulomb failure criterion. Russell
and Pierpoint [30] extended the Terzaghi model to include
a third dimension, where the S, will be calculated as:

S2 _ az —4HaK tan¢'
Sw = ————|1-e ¥ > @)
4HaK tan ¢’

where s is the pile spacing, a is the pile width, H is the
embankment height, and ¢’ is the internal friction angle
of the soil.

4.1.2 Hewlett and Randolph Method

In contemporary piled embankment design practice, one of
the most established approaches (limit-state equilibrium)
is the method proposed by Hewlett and Randolph [10].
This analytical framework was later incorporated into
BS8006-1 [31] as an alternative to the earlier empirical
procedure originally presented in that standard.

Hewlett and Randolph [10] describe the soil arching
mechanism within a pile grid as a succession of hemi-
spherical dome-shaped zones or semispherical arches,
each having a radius equal to half of the diagonal pile
spacing. Failure of these arching zones is assumed to ini-
tiate at the dome apex or at the pile cap level, depending
on the governing condition. Expressions for arching effi-
ciency were subsequently formulated, and, based on these
two limit conditions, the corresponding relationships for
the stress-reduction ratio are presented below.

For the arch crown condition:

a Y sx2(k, 1)
S50 _(I_EJ 1_\EH(2KP—3)

(s—a)Z(Kp —1)

’ V2H (2K, -3)

©)
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For the pile cap condition:

1

|4 s
(Kp“) _(1_aj(1+a1<p) ( SZJ

N N

S;p =

K, = (l+sin<p')/(l—singo')

y is the soil unit weight, s is the center-to-center pile spac-
ing, a is the pile width, Kp is the passive lateral earth pres-
sure coefficient, and H is the height of the embankment fill.

4.1.3 Low et al. Method

Low et al. [29] examined a piled embankment configu-
ration incorporating pile caps together with the contribu-
tion of the subsoil. Their work extended the approach of
Hewlett and Randolph [10] by introducing a body force
term into the plane-strain differential equation of equilib-
rium, thereby refining the analytical representation of the
system. The thickness of each arch is equal to half the pile
width. Stress reduction ratio can be calculated as:

y(s—a)(Kp —l)
2(K, -2)

K,-1 , @)
(5] oot
s 2 Kp—2

yH

where y is the soil unit weight, s is the center-to-center pile
spacing, a is the pile width, K, is the passive lateral earth
pressure coefficient, and H is the height of the embank-
ment fill.

4.1.4 Kempfert et al. Method

Another widely applied limit-state equilibrium-based
approach is detailed by Kempfert et al. [11]. This approach
was subsequently incorporated into the EBGEO [32].
This approach was established through three-dimen-
sional physical model investigations that accounted for
the influence of reinforcement and the supporting subsoil.
The arching mechanism is represented as a sequence of
non-concentric arches, or multiple shells, with the outer-
most and largest arch assumed to reach a height equivalent
to one-half of the radial spacing between piles. The cor-
responding expression for the stress-reduction ratio using
this method is presented below.
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_H(zﬂ +h)
S0 =K (1 )| (#] )

h (M)

where:

2 2
_ s, +2ds, —a

A
: 25>

x:d(Kp—l)y

28,
h,=s,/2 for H>s,/2,
h,=H for H<s,/2

In this formulation, hg is the arching height, ¢ refers
to the applied surcharge (considered as zero in the cur-
rent study, only the self-weight of the fill), H indicates the
embankment height, y is the unit weight of the embank-
ment material, and s, corresponds to the diagonal cen-
ter-to-center spacing between piles.

4.1.5 BS 8006-1 and BS 8006-modified Method
BS8006-1 [31] and BS8006-modified [33] determine the
mean vertical stress imposed on the piles using the for-
mulation for positive projecting conduits. Furthermore,
BS8006-1 [31] provides empirical relationships for esti-
mating the arching coefficient, C , as outlined below.

This model is of significant importance due to its exten-
sive use in practical design. In determining the vertical
stress at the base of the embankment, BS8006-1 [31] dis-
tinguishes between two conditions. The first applies when
the embankment height is greater than 0.7(s—a) and less
than the critical value of 1.4(s—a), under which partial
soil arching is assumed to occur within the fill. The sec-
ond condition corresponds to embankment heights equal
to or exceeding 1.4(s—a), assuming full arching (as used in
the current parametric study) is established. Beyond this
threshold, any additional vertical load resulting from fur-
ther increases in embankment height is assumed to be trans-
ferred directly to the piles. Expressions for the stress-re-
duction ratio for both conditions can be formulated using
the procedure presented by Russell and Pierpoint [30].

For full arching:

S3D:2'—8Sz Sz_az[i) ’
(s+a) H yH

P\ (CaY

vyH) \H

where C_is the arching coefficient, and P is the vertical

©)

stress acting on the pile. For the end-bearing piles used in
this embankment: C_ = 1.95 (H/a) — 0.18

5 Results and discussion

5.1 K contours for high embankments

Fig. 6 shows the color contours of the lateral earth pres-
sure coefficient (K) at the central section of the unrein-
forced piled embankments with the height of 6 m, 8 m, and
10 m and the pile spacings of 4a, 5a, and 6a. Additionally,
an isoline representing K = K is drawn in red over the
contours. The K = K isoline clearly delineated the arching
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region, separating the compressed arching zone from the
surrounding relaxation zone (K < K), providing a reli-
able method for identifying arch geometry. Unlike pre-
vious studies that inferred arch height indirectly [3, 21,
21, 25-27], this approach directly defines the compression
zone. For a constant fill height, increasing pile spacing
increases arch height, whereas increasing fill height gen-
erally reduces it. Near the pile heads, K < K, dominates
due to higher vertical stresses, producing behavior analo-
gous to an active wedge beneath a foundation. In regions
where K < K, soil behavior is governed by lateral expan-
sion above the arches and vertical compression, particu-
larly near pile heads. The arching zone comprises multiple
arches with varying degrees of compression, resembling
the multi-shell arching concept of the German model [4].
For the 4a pile spacing, the arch height is largely insensi-
tive to embankment height. As expected, wider pile spac-
ing increases arch height, with this effect being more pro-
nounced at lower embankment heights.

5.2 K contours for low-height CPS Embankments

Fig. 7 shows the color contours of the lateral earth pressure
coefficient (K) at the central section of the CPS embank-
ments with a height of 2 m and 4 m, as well as a pile spac-
ing of 4a, 5a, and 6a.

For 2 m high reinforced and non-reinforced embank-
ments, insufficient fill height prevents arch formation for
all pile spacings, causing shear bands to extend vertically
from pile edges to the surface and directly transmit sub-
soil settlement to the crest, consistent with shear-plane

Horizontal stress to vertical stress ratio
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arching. In 4 m-high non-reinforced embankments, full
arching develops for 4a and 5a spacing, whereas only par-
tial arching occurs at 6a spacing [18, 21, 22, 27].

5.3 Stress reduction ratio (SRR) - Trapdoor physical
models and piled embankments
The progressive development of the soil arching ratio with
respect to the trapdoor's relative displacement has been
identified in both theoretical and experimental studies
[14, 18, 21, 22, 27]. This evolution can be represented by a
ground reaction curve (GRC). The GRC can represent the
changes of the SRR versus trapdoor displacement normal-
ized by the trapdoor width, which typically consists of four
distinct stages: (7)) initial soil arching, (/) maximum soil
arching, corresponding to the minimum SRR, (iii) stress
recovery, and (iv) the ultimate state, corresponding to the
ultimate SRR. However, the Ground Reaction Curve (GRC)
concept cannot be directly applied to real embankments.

In a trapdoor test, the trapdoor remains fixed through-
out the construction of the fill and is only lowered gradu-
ally after the fill has been fully placed, allowing measure-
ment of the acting stresses and corresponding settlements.
In recent three-dimensional physical model studies, peat
layers or water-saturated foam rubber cushions have been
employed to simulate gradual subsoil settlement. However,
unlike actual field conditions, consolidation processes
during embankment construction and surcharge applica-
tion were not considered. In contrast, in a real embank-
ment, settlement of the underlying subsoil occurs from the
earliest stages of fill placement. Due to this fundamen-
tal difference, the shape and evolution of GRCs derived
from trapdoor experiments differ significantly from those
observed in real embankments. Moreover, while the trap-
door test begins from a fully loaded condition, embank-
ment construction occurs in stages, with the load on the
subsoil increasing progressively as each fill layer is placed.

Fig. 8 [8, 10, 29, 31-33] illustrates the comparative vari-
ation in the stress-reduction ratio (SRR) with embankment
height normalized by the clear pile spacing for FEM mod-
els and the studied piled embankment design methods,
considering each pile spacing. To the authors' knowledge,
this study is the first to present the progressive develop-
ment of soil arching and the associated redistribution of
stresses between the piles and the sub-soil at each stage of
embankment construction.

Stress reduction ratios are evaluated independently
for each design approach by varying the pile spacing
and embankment height. The results from the different
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Fig. 8 Comparative numerical and analytical SRR values variation
at the central sub-soil span versus normalized embankment height
with respect to the clear pile spacing (a) Terzaghi [8], (b) Hewlett
and Randolph [10] (arch crown), (c) Low et al. [29], (d) EBGEO [32],
(e) BS8006-1 [31], and (f) BS8006-Modified [33]

design methods are then assessed by comparing them with
stress-reduction ratios derived from two-dimensional
FEM simulations. In the graphical representation of the
S, for analytical approaches, values greater than 1 are
masked, as §;, = 1 indicates no arching. So, the arching
behavior differs significantly among the design approaches
for low embankments. This happens because of the differ-
ent assumptions and logics of each design method.

It is noteworthy that among the limit-state equilib-
rium framework approaches, three of them (Hewlett and
Randolph, BS8006-1, BS8006-Modified) provide a more
effective basis for evaluating soil arching in embankments.

Across all analytical approaches, except BS8006-
Modified, models with smaller pile spacing have lower
S, values, indicating more efficient arching. However,
FEM results show very similar behavior of the S, trend
across all pile spacings as the fill height increases. It should
be noted that across all pile spacings, the FEM models ini-
tially exhibit a sharp decrease in SRR, indicating a pro-
gressive increase in arching and a greater load transfer to
the piles. Beyond a certain point, the SRR value decreases
gradually as additional fill layers are added.

The Hewlett and Randolph approach yields the closest

behavior and §,,) trend among all design approaches com-
pared to the FEM results. The Terzaghi [2] and EBGEO [32]

methods significantly underpredict S,,, making these

3D
approaches highly conservative.

Fig. 9 [8, 10, 29, 31-33] illustrates the variation of S,
with center-to-center pile spacing normalized by the clear
pile spacing for FEM models and piled embankment design
approaches, considering each fill height. As expected in all
models, increasing fill height decreases S, values; how-
ever, the sensitivity of S, to height changes differs sig-
nificantly between models. The BS8006-1 and BS8006-
Modified methods are highly sensitive to changes in
embankment height, as there is a considerable difference
in the SRR between 10 m and 2 m-high fills across all pile
spacings. For some models, such as BS8006-1, BS8006-
Modified, and EBGEO, the S, , curves for fill heights of 2
and 3 m are not shown because they fall outside the valid
range (0-1). BS8006-1, BS8006-Modified, and the Hewlett
and Randolph models showed the best agreement with the
FEM analysis results. Also, it can be seen that after a spe-
cific value, the increase in fill height due to construction
does not significantly affect the S, value. This behavior
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is also confirmed by the FEM results, where, after initial
construction stages, the decrease in S,, with increasing
fill height occurs at a much lower rate. It could be due to
the formation of the full arch, which does not change with
further fill construction.

5.4 Arch evolution during embankment construction
Fig. 10 shows the progressive, stepwise formation and
evolution of the arches within the embankment fill for the
model with an 8 m height and 5a pile spacing. The visible
height for the study area is shown as a range from the cen-
tral pile heads to 4 m above them. There are 3 sets of iso-
lines for lateral earth pressure coefficients (K).

The isolines represented by shades of black correspond
to the relaxation zone with 0.33 < K <0.5. The compression
zone (0.5 < K < 3) or the region where arching is formed
above the subsoil due to lateral extrusion and the plugging
effect of the particles is shown in shades of red. The thick red
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Fig. 10 Arching evolution for the model with an 8 m height and 5a
pile spacing for the fill construction heights of: (a) 1 m, (b) 2 m,
(¢)3m, (d)4m, () 5m, (f) 6 m, (g) 7m, (h) 8 m, and (i) the end of
consolidation
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isoline represents K = 0.5, which is the boundary of the arch
separating the relaxation and compression zones. Using this
novel method, not only could the precise shape and geom-
etry of the arch be determined, but it also sheds light on
the mechanical explanation of the redistribution in the piled
embankments. Also, the shape of the isolines within the
arching region is well aligned with the assumptions of the
multi-shell non-concentric model by Kempfert et al. [11],
which served as the basis for German EBGEO.

Starting from a height of 1 m, each stage shows 1 m
of embankment construction, up to the final 8 m height.
The Figs. 10(a) and 10(b) show that due to the insufficient
height of the fill, the arching type is shear-plane arching,
where the deformations in the subsoil will be directly
reflected on the fill surface. However, as the fill height
increases gradually, the arch starts to form and becomes a
partial arch in Fig. 10(c), where the arch force bridges tend
to overlap above the settling subsoil. Starting from a 4 m
embankment height, the arch evolves from partial to full
arching, and its height increases to a maximum of 3.25 m
(Figs. 10(d) and 10(e)). By continuing the fill construction,
the overburden pressure on the arch structure increases, and
as the arch remains a full arch, its height decreases to a final
height of 2.8 m for the fill height of 8 m (Figs. 10(f), 10(g),
and 10(h)). In a full arching case, the subsoil settlement will
have a negligible effect on surface differential settlement in
the fill. Also, a final full consolidation phase has a negligi-
ble effect on the formed arch (Fig. 10(1)).

5.5 Critical embankment height - Comparison of the
proposed methodology with existing approaches

An important parameter in the design of piled embank-
ments is the critical embankment height, defined as the
minimum fill height required for full arch formation [18].
Various methods proposed in the literature for estimating
this height are summarized in Fig. 11 [7-11, 18, 19, 29, 31,
32, 34-46], all of which relate the critical height to the
clear pile spacing (s—a), where s is the center-to-center pile
spacing, and a is the pile width. Also, Fig. 11 [7-11, 18, 19,
29, 31, 32, 34—46] compares the critical heights obtained
in the current study with those predicted by existing ana-
lytical methods for 4a, 5a, and 6a pile spacing. Although
substantial discrepancies exist among the analytical pre-
dictions, the critical height ranges derived from the pres-
ent numerical models fall near the center of the overall dis-
tribution, as indicated by the red dashed zones.
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Fig. 11 Critical embankment height variation considering the available correlations in the literature compared to the results of the current study

5.6 Equal-settlement plane derived from the behavior
of full-scale embankments

The equal settlement plane (ESP) is the plane above which
there would be almost no differential settlement caused
by the subsoil settlement in the piled embankments.
The height of the equal settlement plane for the piled
embankment models could be evaluated by analyzing the
vertical displacements along the height of the embank-
ment at two critical locations, directly above the center
of the pile and at the mid-span between adjacent piles
(at the central section of the embankment). As expected,
in the unit-cell models available in the literature, larger
settlements occur at the mid-span between adjacent piles,
whereas the settlements at the pile heads are nearly zero
at the pile head level for embedded piles. Moving farther
from the pile's level due to arching and the reorientation of
principal stresses, the settlement and deformation patterns
will, however, differ. Consequently, settlements along the
mid-pile axis tend to increase, while those along the axis
passing through the mid-span between piles decrease.
The level at which the settlements along these two axes
equalize is defined as the equal settlement plane. This
approach is commonly adopted in literature to determine
the height of the equal-settlement plane in centrifuge and
finite element (FE) models with rigid boundary conditions
[6, 47, 48] and full-sized embankment FE models [12].

This method has been validated primarily for unit-
cell models with rigid boundaries, which neglect lateral
spreading effects. This limitation, central to the present
study, was also highlighted by Smith et al. [47].

In the current study, the use of a full-scale model with
distant side boundaries enabled the realistic modeling of
lateral deformations, resulting in a distinct vertical dis-
placement pattern, as shown in Fig. 12, compared to pat-
terns reported in the literature [6, 47, 48].

Fig. 12(a) presents settlement profiles for full-scale
CPS embankments with a height of 6 m and pile spacings
of 4a, 5a, and 6a. The rightward-leaning curves indicate
continued settlement above the curve intersection, with
settlement rates varying by pile spacing despite identical
embankment heights. This behavior agrees with full-scale
physical modeling results reported by Bian et al. [12].
For 4a spacing, the equal-settlement plane occurs at
approximately 2.65 m, 2.60 m, and 2.40 m for embank-
ment heights of 6 m, 8 m, and 10 m, respectively.

For embankments with larger pile spacings (5a and 6a),
settlement curves continue to diverge above their first
intersection, indicating the absence of a true equal set-
tlement plane. Instead, "differential settlement prediction
planes" can be defined at any elevation to quantify differen-
tial settlement. This demonstrates that the equal settlement
plane is distinct from arch height and critical embankment
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height, and that differential settlements may persist even at
critical height, particularly in more flexible systems with
wider pile spacing (Figs. 12(a), 12(b), and 12(c)).

6 Conclusions
The arching mechanism, which can be described as the
transfer of stresses from a yielding soil zone to adjacent
less yielding zones, is a crucial aspect to be considered in
the analysis and design of piled embankments constructed
on soft soils. There is considerable research aimed at under-
standing the arching mechanism; however, most studies
rely on the unit-cell approach, which fails to account for
lateral stresses and deformations. On the other hand, lateral
spreading action is a prominent feature of embankments.
This paper is based on parametric full-scale FE analyses
to gain a clear understanding of the varying stress redis-
tribution and arching mechanisms along the embankment.
CPS embankments, both high and low, with different pile
spacings, were analyzed. Arching evolution is illustrated
using K-value contours with the K isoline superimposed
to define the full arch geometry. The K isoline clearly
separates compression and extension zones, providing a
precise representation of arch shape and height. The full-
scale embankment modeling approach, combined with the
interpretation of arching evolution through K-value varia-
tion, has proven successful in revealing the complete for-
mation of arches, including their maximum height. This,
in turn, enables determination of the critical embankment
height and its relationship to clear pile spacing, which are
essential parameters for achieving a satisfactory, optimal
design from a practical engineering perspective.

In addition to these, the following conclusions drawn
from this study are also noteworthy for interpreting the
behavior of piled embankments.

The analysis demonstrates the different stages of arch-
ing evolution. For low embankment heights (H < 2 m),
shear-plane arching dominates, with subsoil deformations
transmitted directly to the fill surface.

With increasing fill height, a transition from shear-plane
arching — partial arching — full arching was observed.

At approximately H = 4 m, a full arch mechanism is
established, marking a fundamental mechanical transition
in load transfer behavior. The arch height increases pro-
gressively during formation, reaching a maximum value.
After full arch establishment, additional fill height does
not increase arch height; instead, overburden pressure
causes a moderate reduction to a stabilized height

A comprehensive parametric evaluation was under-
taken to systematically examine the performance of six
established design approaches for piled embankments
over a practical range of pile spacings and embankment
heights. The methods were benchmarked against numer-
ical finite element analyses using the three-dimensional
stress reduction ratio (S;,), providing a consistent, appli-
cation-oriented assessment framework.

The study demonstrates that soil arching in piled
embankments develops progressively during staged con-
struction, rather than following the classical Ground
Reaction Curve (GRC) derived from trapdoor experi-
ments, which the tests begin from a fully loaded condition.
Real embankments experience simultaneous loading and
subsoil settlement from the earliest construction stages,
leading to a distinct evolution of SRR.

Across all pile spacings, FEM predicts a pronounced
early reduction in SRR (rapid arching development), fol-
lowed by a gradual change with increasing height, indicat-
ing diminishing sensitivity once the arch stabilizes (full
arching establishment). Among the analytical methods,
Hewlett & Randolph best reproduces the FEM S, | trend,
while Terzaghi and EBGEO markedly underpredict S, ,
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(conservative). Within the limit-state equilibrium family,
Hewlett & Randolph, BS8006-1, and BS8006-Modified
provide the most credible basis for arching assessment.

In arching studies, a generally accepted method exists for
determining the equal settlement plane. The applicability of
this method was tested in this paper, and it was found to be
limited to the presence of closely spaced piles. For largely
spaced piles, however, differential settlements continue to
occur at much higher levels above the critical embankment
height. Based on this finding, the notion of the equal set-
tlement plane is revised in meaning and is proposed to be
defined as lines of "differential settlement prediction".

From a practical engineering perspective, the embank-
ments need to be designed so that their total height exceeds
the critical embankment height. Once this threshold is
exceeded, full arching is mobilized, ensuring optimal load
transfer to the piles and significantly mitigating differen-
tial settlement at the pavement surface. The methodol-
ogy proposed in this paper, which utilizes the K-value and
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