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Abstract: Constructing embankments on compressible foundation soil normally requires soil improvement
measures to reduce the amount and duration of settlement. In the most difficult cases, the soil is improved by using
pile foundations. When constructing pile foundations, it is necessary to ensure efficient load transfer from the
embankment to the piles, which can be achieved using reinforced soil construction with geosynthetics as
reinforcement material. In this paper, we compare the calculations of a bearing capacity of such a platform
according to the British and the German standards on the example of a level crossing over a railway line. We
describe other calculation methods, critically reviewing the fundamental mechanisms of the reinforcement effects
in the calculations.

Keywords: embankment foundation, reinforced soil structure over piles, calculation methods

NOSIVE PLATFORME ZA PRIJENOS OPTERECENJA - USPOREDBA
PRORACUNSKIH METODA

Sazetak: |zvedba nasipa na stisljivom temeljnom tlu redovito zahtijeva mjere poboljSanja temeljnog tla kako bi se
smanjio iznos i vrijeme slijeganja. RjeSenje najteZih sluCajeva postiZe se upotrebom pilota. U slu¢aju izvedbe pilota
potrebno je osigurati djelotvoran prijenos opterecenja od nasipa na pilote, $to se moze postiéi izvedbom platforme
od armiranog tla koriste¢i geosintetike kao armaturu. U radu je prikazan proraun nosivosti ovakvih platformi i
usporedba rezultata proraCuna po dva standarda: britanskom i njemackom, na primjeru cestovnog prijelaza preko
Zeljeznicke pruge. Opisane su i ostale metode prorauna, uz kriticki osvrt na nacin na koji se bitna svojstava
koridtene armature uvaZavaju u proracunu.

Kljuéne rijeci: temeljenje nasipa, nosive platforme od armiranog tla, metode proraduna
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1 INTRODUCTION

The main characteristics of soft soil are excessive compressibility, low shear strength, insufficient bearing capacity,
and a tendency toward long-term consolidation settlement. As a consequence of these properties, embankments
built on soft soil tend to deform after many years following their construction. This is often a problem in roads and
railroads, where these issues can be alleviated using modern or some of the traditional soil improvement
techniques. Traditional techniques include mechanical, hydraulic, and physical-chemical modification, as well as
preloading of the foundation soil, the oldest technique. However, the total construction time is often not long enough
to allow for consolidation settlement, necessitating the use of a modern technique. Modern soil improvement
techniques involve the use of geosynthetics, which prevent the subsoil and embankment fill mixing, allow filtration
and drainage, and with their high tensile strength they improve the mechanical properties of the soil. When building
on a deep, soft subsoil strata, load transfer to the load-bearing layer or firmer stratum can be achieved by using a
geosynthetics-reinforced soil structure over gravel, concrete or reinforced concrete piles which form the point or
linear support for the reinforced soil structure. This load-transfer platform, located between the embankment and
the piles, is a composite of the granular material compacted between several horizontal layers of high-strength
geosynthetics. In the load-bearing platform, the geosynthetics have three functions: they increase the pressure on
the piles, restrict and annul the lateral spreading at the embankment edge, and also separate the embankment
from the foundation soil [1].

Geosynthetics-reinforced load-transfer platforms have been used often since the 1970s [2-5]. These
platforms are very effective in areas where the soil surface is prone to erosion, demolition, or degradation, which is
typical for abandoned mines and karstic landscapes. There is a danger in these areas of cavities expanding toward
the ground surface (i.e., sink holes opening), but constructing reinforced soil structures over piles significantly
reduces this risk [6].

2 REINFORCED SOIL PLATFORMS OVER POINT OR LINEAR BEARING ELEMENTS
METHODOLOGY

The main purpose of a reinforced-soil platform is to transfer all load from the embankment on a solid base at a
certain depth by point or linear bearing elements — piles, as shown in the cross-section of an embankment at Figure
1. Piles can have square or round cross-sections and can be arranged in a regular rectangular or triangular grid
(Figure 2). In a rectangular grid, the piles are arranged in a square relative to the longitudinal axis of the structure;
in a triangular grid, they are arranged in a is a square rotated for a 45° relative to the longitudinal axis of the
structure.
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Figure 1 Cross-section of a reinforced earth structure over point bearing elements [7]
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Figure 2 Arrangement of point bearing elements in rectangular and triangular grids [8]
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Reinforcing the soil platform with horizontally placed geosynthetics provides additional support to overcome
the bridging distance between piles, and it is designed to ensure load transfer to piles by redistributing internal load
and to prevent punching effects.

Load-transfer platforms can be designed using various computational and analytical methods. All analytical
methods account for the stress—strain relationship in all elements of the system; this process establishes the load
redistribution, showing which part of the total load is carried directly by the piles (pile caps) and which part is carried
by the geosynthetic reinforcement between the piles. Figure 3 shows the load transfer mechanism of such a
reinforced structure. The reinforcement is subjected to stress which comes from a vertical load between the piles.
This membrane effect decreases with arching (ps) and subgrade reaction below the reinforcement (os).
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o normal stress dus to reaction of piles below geosynthetics,
o normal stress due 1o the reaction of soil below the geosynthetic,
H 1 chear stress of soil,
Wi soil weight on geosynthetic reinforcement,
l Wz soil weight on pile cap,
~. — T tension in membrane,
B  spacing between adjacent piles,
embankment height,
o, Qo uniformly distributed load

Geosynthetic

Figure 3 Mechanism of load transfer in a reinforced earth structure over piles [9]

2.1 Load transfer in reinforced earth structure over point bearing elements

In the calculation of the reinforced soil platform, the arching effect is the key mechanism for load transfer, which
prevents formation of differential settlement in the embankment. Several calculation methods have been developed
for reinforced soil platforms, the most important being Guido [10], Swedish [11], Hewlett and Randolph [12], British
BS 8006 [13], and German EBGEO [8]. The main features of these methods listed are as follows. The Guido
method represents is a very simplified approach for load transfer [10]. It assumes that the angle of load spreading
through the geosynthetic reinforcement in the granular material is 45° (Figure 4). The height of the pyramidal formed
soil, whose load is taken by the reinforced soil fill, does not reach the surface (i.e., the full embankment height),
which is unacceptable for load from railway transport.
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0.5 (s-a Tension

Pyramid very, very corresponds Several
H modest(!7?) L to "slice’ geogrid
L e
AT 7 AN ot ow
777450 A5°[ 77777 J45° 45°07777 strength
/J". ¥ j Iy /, .
.2 s-a
| s | | The shape of the (very flat) pyramids

! | | does not depend neither on the soil
parameters, nor on (s-a): always 45°

Figure 4 The Guido method for modeling reinforced earth structure over piles [11]

The Swedish method [11] is a simplified model that accounts for the following principles: the reinforcement
must always carry the load of the soil in the shape of a truncated pyramid with a 75° inclination; the truncated
pyramid reduces the load carried by the piles and takes over the traffic surcharge (Figure 5). The Swedish method
is used in Scandinavian countries.
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Figure 5 The Swedish method for modeling reinforced earth structure over piles [11]

Hewlett and Randolph [12] found a theoretical solution for designing a reinforced earth structure on granular
drained soils. They assumed that the load of the embankment is transferred with a series of semi-circular domes
supported by pile caps (Figure 6). In this case, the critical bearing capacity zones are the crown of the dome and/or
the pile caps. Increased arch of load transfer platform reinforces the well-graded material and helps form the

interlocking mechanism.
To top of
embankment

Arched sand

'At rest’ fill

—

Infilling sand

Subsoil,insitu

A et e e

Figure 6 The Hewlett and Randolph method for modeling a reinforced earth structure over piles [13]

The first design approaches of the British Standard (BS 8006) were explained in 1987 and 1990 [13], and the
accepted standard has been used since 1995. This model makes a simplified 3D assumption that the arching in
the embankment fill always has a semi-spherical shape, regardless of material type, and it is equal for fine sand
and crushed gravel (Figure 7). The force in the geosynthetics is calculated using membrane theory from the loads
of the soil below the arch. The reinforcement is placed in one or two layers above the piles. There is no upward
counter pressure between piles i.e. tangential stresses of the soil. This standard does not account for the
participation of the soft soil in the support for the reinforced soil platform over the piles. The load on the
reinforcement (geosynthetics) is transferred as a line load on a reinforcement strip between adjacent pile caps, and
the relation between the line loads, strain, and tensile force in the geosynthetic reinforcement is given by the link
chain equation.
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reinforcement
. / layers
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type of "piles” only. Then: membrane
theory. No support by soft soil.

Figure 7 The British Standard 8006 method for modeling a reinforced soil platform over piles [11]
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The German method (EBGEO) [8] combines the load redistribution according to Hewlett and Randolph [12]
accounting for the internal friction angle of the soil near the full height of the reinforced soil platform and the
membrane theory applied in the British Standard. The shape of the load redistribution (arching) is a multi-spherical
dome, and for the calculation of tensile forces in reinforcement strains and the edometer moduli of soft soils are
relevant (Figure 8). The German method recommends one or at most two layers of the high-strength reinforcement
over the piles, rather than multiple layers of lower-strength reinforcement. The critical bearing capacity zones are
the crown of the dome and the pile caps, while the load redistribution depends on the soil characteristics and
surcharge; in essence, it depends on the embankment height and pile distance. Table 1 compares the calculation
methods.

[TTTTTTTTTTITTITTIT ]
‘ Spherical dome - —

of limtied ) One biaxial
T caveciy” =3

A uniaxial
Ii-"i—-:l‘f ==\ zones e reinforcement
. T i layers
;) A 7
/ . ’,
| a 5-3 "Dome™ and stress re-distribution acc.

to Hewlett-Randolph: they depend on
I 1 |soil parameters and Hi{s-a). Then:
membrane theory a la BS B006. Suppol
by soft soil allowed via cu.

Figure 8 The older German method for modeling a reinforced earth structure over piles [11]

Table 1 Comparison of methods according to criteria

Criteria
Method . ol - P (internal Traffic Load Number .Of SSR  (stress
Arching characteristics friction angle geosynthetic . :
; surcharge | transfer reduction ratio)
of the soil) layers
pyramid of pile does  not . .
GUIDO[10] | half distance | 40%5 MOt take | 450 take into | (ensioned >3 for the entre
. into account membrane platform
height account
pyramid of
SWEDISH height up to | does not take , tensioned for the entire
. - take into 1-2
[11] embankment into account membrane platform
account
surface
HEWLETT- on crown of
RANDOLPH domes graded soil - - arch >1 dome and pile
[12] cap
BS 8006 [13] semi-sphere Fioes not take | i tensioned 1-2 for the entire
into account membrane platform
) . - I significant , :
multi-spherical | significant  for | significant for tensioned for the entire
EBGEO [8] . . for 1-2
dome calculation calculation calculation membrane platform

2.2 Calculation of reinforced earth structure over piles according to British Standard BS 8006

In calculating the load on the geosynthetic reinforcement in a reinforced earth structure over piles, the British
standard [13] uses four assumptions: the load on the pile caps can be calculated with an adjusted equation by
Marston for pipes (1); the soft soil is not participating in the support; the load on the reinforcement (p') is transferred
to the line load (W) on the reinforcement strip between adjacent pile caps; and the relation between the line load
(Wr), strain €, and tensile force in the geosynthetic reinforcement is expressed by the chain link equation. BS 8006
simulates the load redistribution on the pile caps, p'c, and the load redistribution on the soil between the piles, p'
(Figure 9). However, the load carried by the reinforcement between the piles is not specifically elaborated in the
British standard. In Figure 9, part of the load directly transferred to the pile caps is marked as load A. Another part
of the load, load B, represents the weight of the soil below the virtual arch, which acts on the reinforcement and is
transferred to the piles. The British standard assumes there is no support from the soft subsoil; i.e., load C = 0.
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Figure 9 The load redistribution on the geosynthetic reinforcement in a load transfer platform [14, 15]
Table 2 gives partial factors from the British standard for designing reinforced earth structure over piles.

Table 2 Partial factors for designing reinforced earth structure by BS 8006 [13]

Partial factors Ultimate limit state Serviceability limit state
Soil unit mass fs=1.3 fis=1.0
Load factors External dead loads fi=1.2 f=1.0
External live loads fy=1.3 fy=1.0
o) matefia To be applied to tande’ frs=10 frs=10
Soil/reinforcement | Sliding across surface of reinforcement =13 £=1.0
interaction factors | Pull-out resistance of reinforcement =13 fb=1.0

The adjusted equation by Marston for calculating the direct load on the pile caps is:

p',  (aC.\? 1
7= (%) .
where Cq is the arching coefficient, calculated by the following equations:
For end-bearing piles: Co=1 .95% ~0.18 2)
For friction and other piles: Ce= 1.5% -0.07 (3)
The average vertical stress at the base of the embankment is expressed by o’,,= yh+ p 4)

The line load Wr carried by the reinforcement strip between two adjacent pile caps is expressed by the following
equations:

For full arching, h > 1.4+(s-a): Wy = —Sff;y_(;a) (52 —a’ (%i)) ©)

For partial arching, 0.7-(s-a) < H < 1.4+(s-a): Wiy = —S.(ffS:zH_;qWS) ' <52 —a? (%i)) ©)

The tensile load in the reinforcement is given by link chain equation: Ti,= —WT;‘:a) /1 + é (7)
8-d?

where ¢ is the strain in the geosynthetic layer, which is calculated by: € = 3o (8)

2.3 Calculation of reinforced earth structure over piles according to the German Standard EBGEO

Figure 10 shows a model of load redistribution within a reinforced soil platform and the membrane action of the
geosynthetic reinforcement.

For piles arranged in a rectangular grid, the stresses on the ground between them are calculated numerically
or read from the graphs, taking into account whether the effects are permanent or permanent and variable.
Graphically determining the stresses 0.« depends on the friction angle of the reinforced earth structure, ¢'. Figure
11 illustrates a graphical determination of normal stresses for ¢'x = 30°.
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Figure 10 Stress redistribution in a reinforced earth structure [8]
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Figure 11 Graphical determination of stresses at @'k = 30° [8]

A numerical determination of stresses on soil between the support surface considers the effects of both the
permanent and permanent and variable actions, which are expressed with the following equations:

Oroch - (yic- BE) {h (A +h2-2,) " +hy [?\1 hg AZ) —(A1+h§-x2)‘x]} (9)
X —
ool (vie 222) - Oy + 02 20) kg [+ 222) - wmga) ) o)

where pex i pe+ax are characteristic values of the permanent and the permanent and variable distributed loads on
the reinforced earth structure top with an arch height hy, x is a dimensionless coefficient, and A is the composite
friction coefficient.

The stress on the vertical bearing elements (piles) is calculated using:

Ozs6k= [(Yk *h + pgx)- Gzock] +02on (11)

Ozcsac= [(yi ~h + PG+Q,k)'0zo,G+Q,k] A—S+Uzo,G+Q,k (12)
where Agis the zone of influence of the bearing elements, and Ay is the support area (Figure 2).

3 EXAMPLE CALCULATION OF A LOAD TRANSFER PLATFORM ON AN ACCESS RAMP
EMBANKMENT

Here we show an example solution of an actual problem: designing the foundation of an access ramp on the soft
subsoil of a flyover across railroad tracks located in central Croatia, using a reinforced soil platform over piles. The
platform is supported on piles that form point bearing support for the reinforced soil structure. Two alternative
solutions were analyzed: one for reinforcement with geogrids and the other with geotextile reinforcement. Also, we
calculated the end-bearing piles and friction piles using the EBGEO and BS8006 standards.

The geotechnical composition and soil characteristics were determined with in situ investigations and
laboratory testing in a geotechnical project [16]. The parameters of the embankment fill soil were: unit weight of 20
kN/m3 and internal friction angle of 42°. Table 3 gives the subsoil parameters, which were taken from the
geotechnical investigation report.
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Table 3 Soil parameters [17]

Subsoil Interval hi (m) Yii (kN/m3) | cui(kPa) | @;(°) | Mk (kN/m?)
1 0.0-2.3 2.30 19 50 — 6500

2 2.3-4.0 1.70 9 — 26 2500

3 4.0-6.0 2.00 9 — 28 7000

4 6.0-10.4 4.40 9 — 32 14000

5 10.4-16.5 4.10 9 160 — 12000

6 16.5-19.4 2.90 9 — 31 17000

7 19.4-22.9 3.50 9 160 — 15000

8 22.9-30.0 7.10 9 140 — 11000

The geosynthetics selected for the load transfer platform were geogrids and geotextiles. The pile arrangement
formed a rectangular grid with equal spacing in both directions, with sx=s,=1.50 m. The pile diameter was 0.70 m,
and the length was 19.80 m. The biaxial geogrids and woven geotextiles selected had short-term strengths of 200
kN/m and 175 kN/m', respectively. Figure 12 shows the solution for the reinforced soil platform for the access ramp
embankment.

39,90

Q =30kN/m?

geosynthetic

9,80

Figure 12 Schematic of the access zone of the flyover (suggested solution)

We calculated reinforced soil platform over the piles according to the EBGEO and BS8006 standards using
the previously described equations; these results are shown in Table 4 and graphically in Figure 13. The calculated
load redistributions in BS 8006 were different between the friction piles and end-bearing piles. The German
standard only provides a method for calculating end-bearing piles. The results from EBGEO and BS 8006 are
similar in load transferred directly to the end-bearing piles. However, the calculated loads carried by the
geosynthetics are smaller for EBGEO than for BS 8006 (end-bearing piles). The reason for this difference is that
BS 8006 does not account for the participation of the soft subsoil.

Table 4 Load redistributions according to EBGEO and BS 8006

EBGEO | BS 8006(2D) Friction and other piles | BS 8006 (2D) End-bearing piles
Total load (kN) 508.5 508.5 508.5
Load directly on piles (kN) 464.15 | 274.30 463.89
Load carried by geosynthetic (kN) 22.18 234.20 30.78
Load carried by soft subsoil (kN) 2217 — —
Vertical line load wr (kN/m) 19.52 206.79 2712
Tensile force F in reinforcement (kN) | 29.26 271.89 35.66
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Figure 13 Comparison of load redistributions from EBGEO and BS 8006
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According to Van Eekelen, Bezuijen and Alexiew [17], who compared calculated values (from standard
calculations given in EBGEO and BS 8006) and measured values, the British standard (BS 8006) better predicted
the load transfer to the piles than did the German standard (EBGEO). This is shown in Figure 14, where the BS
8006 results (blue line) fits the measured values, while the EBGEO results (dashed red line) are about 1.5 times
greater than the measured values. Figure 15 shows that the EBGEO standard better predicts the vertical loads on
the geosynthetics than the BS 8006; the EBGEO results almost match, while the BS 8006 results are 2.5 to 3 times
higher than the measured values. This misfit exists because BS 8006 does not account for the support of subsoil

in carrying the load.

There are differences between the load redistribution in the load transfer platform of the access ramp
described here and that in previous research [17] because they have different embankment and pile geometries as

well as differences in the
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Figure 14 Vertical load transferred directly to the piles [17]
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Figure 15 Vertical load carried by the geosynthetic reinforcement [17]
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4 CRITICAL REVIEW OF THE DESIGN METHODS

The German and British standards do not differ geosynthetics by type, which is unrealistic because it ignores the
interaction between the soil and the geogrid; in other words, it ignores the interlocking effects caused by the
inclination of the soil particles in the geogrid apertures. Because the geogrid interacts with the soil particles,
depending on the composition and axial stiffness in the plane (J), the interaction should increase the soil stiffness
and thus the arching effects. To illustrate this effect, based on research related to improving geogrid reinforced soil
[18], we simulated a structure with an increased friction angle of the soil above the geogrid and gained effects of
that improvement on the forces on piles and the required tensile strength of the geosynthetics (geogrids). The
assumed soil improvement from the interaction with the geogrid was modeled as a 5° increase in the soil friction
angle, which in reality might be even higher. This analysis was conducted using the German standard EBGEO.

Table 5 and Figure 16 show the extent to which these effects changed the load redistribution. For the assumed
soil improvement achieved by accounting for the interaction between the soil and geogrid, and by increasing the
internal friction angle by 5° the force on the piles increased by 4.5%; this almost halved the load on the
geosynthetics and the ground and reduced the tensile strength of the reinforcement by 63%.

By taking into consideration the interlocking mechanism a more economical solution is provided because it
requires a geogrid with lower tensile capacity.

Table 5 Load redistributions with and without the assumption of soil improvement for the geogrid,

according to EBGEO
EBGEO ¢'k = 42° EBGEO ¢'k = 47°
Total load (kN) 508.50 508.50
Load directly transferred to piles (kN) 464.15 485.93
Load carried by geosynthetics (kN) 22.18 11.29
Load carried by soft subsoil (kN) 2217 11.28
Vertical line load wr (kN/m) 19.07 7.04
Tensile force F in reinforcement (kN) 28.61 10.56
Load directly on piles (kN) Load carried by geosynthetic (kN)
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Figure 16 Load redistributions with and without the assumption of soil improvement for the geogrid,
according to EBGEO

The differences in the calculation methods are related to the calculation assumptions for the end-bearing and
friction piles, the impact values which act on the geosynthetic reinforcement, and the selection criteria for the
geosynthetics. The German standard assumes end-bearing piles (i.e., piles embedded on stable soil) and requires
certain adjustment when calculating friction piles. In contrast, the British standard can be used to calculate both
types of piles using the arching coefficient.

Neither standard analyzes the vertical deformation (settlement) of the subsoil between the piles, necessitating
separate calculations, preferably using the finite element method in specialized computer software. Furthermore,
neither standard provides a calculation for three-layer reinforcement that does not require special adjustments,
even though such a reinforcement layer distribution is sometimes designed and constructed.
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5 CONCLUSION

Building embankment foundations on soft sails is a geotechnical problem that can be successfully solved by using
reinforced soil platforms over piles. The reinforced soil platforms over piles greatly reduce settlement, construction
time of an embankment and consolidation time. The load transfer platform can be designed by using a variety of
methods, and some of which we analyzed in this paper. To illustrate the calculation of bearing capacity of a load
transfer platform, we used the German standard (EBGEO) and British standard (BS 8006) on an actual
embankment on soft soil, and explored their limitations, differences, and similarities. The British standard does not
account for the support of soft subsoil, while the German standard does. The German standard provides a
calculation for only end-bearing piles, while the British standard assumes end-bearing piles, friction piles, and other
types of piles. Neither standard gives results that match the measured values. A source of error in these calculations
is not accounting for the type of geosynthetic (geogrid or geotextile), which neglects the very important interlocking
effect of the interaction between the soil and geogrid. Also, because these methods do not analyze vertical
deformations (settlements) of the soil, a separate calculation of the settlements is required using another method,
preferably the finite element method implemented in computer software.
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