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 Preface
The 1997 edition of EBGEO presented the profession with recommendations for 
designing and analysing earth structures using geosynthetic reinforcements. It 
adopted the partial safety factor concept used in geotechnical standards, which 
was then still being developed, more or less in its entirety. The introduction of 
the 2005 edition of DIN 1054 as part of the body of legally binding building 
regulations and the associated European regulations made it necessary to revise 
EBGEO. In addition, unification of the various analysis approaches was neces-
sary to keep pace with fundamental product developments and new applications. 
These were implemented exhaustively by the members and guests of the German 
Geotechnical Society’s (Deutsche Gesellschaft für Geotechnik e. V. (DGGT)) 
Working Group AK 5.2 ‘Analysis and Dimensioning of Soil Structures using 
Geosynthetic Reinforcements’ in innumerable meetings comprising both small 
and large groups. We would like to take this opportunity to say many thanks to 
all involved!
In addition to a thorough revision of the existing sections, where both practical 
construction experience and the most recent national and international research 
results have been incorporated, new sections covering:
 – Reinforced Earth Structures over Point or Linear Bearing Elements,
 – Foundation Systems Using Geotextile-encased Columns,
 – Bridging Subsidence and
 – Dynamic Actions on Geosynthetic-reinforced Systems

were included.
Positive experience was gathered on a number of construction projects during 
the Recommendations’ compilation phase and their applicability confirmed – in-
cluding on international projects. The Working Group also regards this edition of 
EBGEO as an intermediate stage, because in many cases it is still only possible 
to design in terms of individual components, but not in terms of the actual ‘soil/
geosynthetic’ composite construction material. However, the latter represents the 
primary objective, which will be pursued by way of more research and monitoring 
measures on active construction projects.
EBGEO follows the tradition of similar DGGT recommendations such as the EAB 
(Recommendations on Excavations) or the Recommendations of the Working 
Group on Piles, which now represent established best practice. The user is referred 
to the Notes for the User with regard to the compulsory nature of these Recom-
mendations (see Page XXI, taken from EAB (2006), 4th edition, Ernst & Sohn).
The German Geotechnical Society’s (Deutsche Gesellschaft für Geotechnik e. V. 
(DGGT)) Working Group AK 5.2 ‘Analysis and Dimensioning of Soil Structures 
using Geosynthetic Reinforcements’ asks you to send any suggestions and cor-
respondence concerning further development of the Recommendations to the 
Chairman of AK 5.2 (see Page IV for address).

Munich, 2010 G. Bräu
Recommendations for Design and Analysis of Earth Structures using 
Geosynthetic Reinforcements (EBGEO). German Geotechnical Society.
© 2011 Ernst & Sohn GmbH & Co. KG. 
Published by Ernst & Sohn GmbH & Co. KG.
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Preface to the English edition

This edition is a translation of the 2nd edition of EBGEO published in April 2010. 
To improve understanding among the international readership the German limit 
state designations were translated using the terms employed in EN 1997 (EC7):

GZ 1A EQU
GZ 1B STR
GZ 1C GEO
GZ 2 SLS

However, this does not mean that EBGEO is now based technically on EN 1997 
– it is still based on the 2005 edition of the German DIN 1054. If any confusion 
arises as a consequence of translation, the German original is the authoritative text.

Working Group 5.2 would like to thank everybody involved in publishing the 
English-language edition, in particular Mr Alan Johnson, who did an excellent 
job of translating the German original.

Munich, March 2011 G. Bräu
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XXI

Notes for the User

1. The Recommendations of the Working Group on ‘Analysis and Dimensioning 
of Soil Structures using Geosynthetic Reinforcements’ represent technical 
regulations. They are the result of voluntary efforts within the technical-
scientific community, are based on valid and current professional principles, 
and have been tried and tested as ‘general best practice’.

2. The Recommendations of the Working Group on ‘Analysis and Dimensioning 
of Soil Structures using Geosynthetic Reinforcements’ may be freely applied 
by anyone. They represent a yardstick for flawless technical performance; this 
yardstick is also of legal relevance. A duty to apply the recommendations may 
result from legislative or administrative provisions, contractual obligations 
or other legal requirements.

3. The Recommendations of the Working Group on ‘Analysis and Dimensioning 
of Soil Structures using Geosynthetic Reinforcements’ represent an important 
source of information for professional conduct in normal design cases. They 
cannot reproduce all possible special cases in which advanced or more re-
strictive measures may be required. Note also that they can only reflect best 
practice at the time of publication of the respective edition.

4. Deviations from the suggested analysis approaches may prove necessary in 
individual cases, if founded on appropriate analyses, measurements or on 
empirical data.

5. Use of the Recommendations of the Working Group on ‘Analysis and Di-
mensioning of Soil Structures using Geosynthetic Reinforcements’ does not 
release anybody from their own professional responsibility. In this respect, 
everybody works at their own risk.

Recommendations for Design and Analysis of Earth Structures using 
Geosynthetic Reinforcements (EBGEO). German Geotechnical Society.
© 2011 Ernst & Sohn GmbH & Co. KG. 
Published by Ernst & Sohn GmbH & Co. KG.
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 1 Introduction to the Recommendations 
and their Application Principles

Note: The following paragraphs are taken in part from the EAB (2006) or are 
based on them.

1.1 National and International Regulations

In Germany the analysis and design of reinforced fill structures, as well as the 
required safety stipulations, are controlled by DIN 1054 and other relevant 
standards. These Recommendations are based on DIN 1054:2005-01 ‘Subsoil 
– Verification of the Safety of Earthworks and Foundations’ and analyses are 
performed using the partial safety factor approach. In addition, the European 
design standard EN 1997-1 (EC 7-1) ‘Eurocode 7: Draft, Geotechnical Design’ is 
also referenced; it too deals with reinforced structures. See Section 1.2 for details 
of the formal and planning control use of these two standards.

The following manufacturing standard is used for the individual reinforcement 
systems:

 – DIN EN 14475: ‘Execution of Special Geotechnical Work – Reinforced Fill’.

The following standards and regulations apply to quality assurance:

 – DIN EN 13251: ‘Geotextiles and Geotextile-related Products – Required 
Characteristics for use in Earthworks, Foundations and Retaining Structures’,

 – DIN EN 13249: ‘Geotextiles and Geotextile-related Products – Required 
Characteristics for use in the Construction of Roads and other Trafficked 
Areas’,

 – Merkblatt über die Anwendung von Geokunststoffen im Erdbau des Straßen-
baus, M-Geok E 05, FGSV 535, Forschungsgesellschaft für Straßen- und 
Verkehrswesen,

 – Technische Lieferbedingungen für Geokunststoffe im Erdbau des Straßenbaus, 
TL Geok E-StB 05, FGSV 549, Forschungsgesellschaft für Straßen- und 
Verkehrswesen,

 – Guidelines for Determining the Long-term Strength of Geosynthetics for Soil 
Reinforcement, English Edition ISO/TR 20432.

Inasmuch as no information to the contrary is given in these Recommendations, 
the respective current editions of the relevant technical regulations (e.g. standards, 
guidelines, codes of practice and recommendations) shall be observed. They are 
named in the appropriate sections.

A summary can be found at: http://www.gb.bv.tum.de/fachsektion/index.htm.

Hereinafter, references to standards are given without the publication date. If a 
certain paragraph is referred to directly the edition is also given.
Recommendations for Design and Analysis of Earth Structures using 
Geosynthetic Reinforcements (EBGEO). German Geotechnical Society.
© 2011 Ernst & Sohn GmbH & Co. KG. 
Published by Ernst & Sohn GmbH & Co. KG.

1492vch01.indd   1 12.03.2011   18:06:58



2

Details of reference literature   are given at the end of each respective section of 
these Recommendations.

1.2 Types of Analysis and Limit States 
using the Partial Safety Factor Approach

1.2.1 New Standards Generation and Transitional Regulations

A European Commission decision aims to replace the governing national build-
ing design and execution standards by European standards. Numerous European 
design and execution standards now exist for special geotechnical engineering.

The governing European execution standard for manufacturing reinforced fill 
structures is given in Section 1.1.

Analysis and design of reinforced fill structures in Europe are dealt with in 
EN 1997-1: ‘Draft, Geotechnical Design’ (Eurocode EC 7-1 (EC 7)). The German 
edition is published with the title DIN EN 1997-1:2005-10 and triggers a transition 
period within which a National Annex to Eurocode EC 7-1 shall be compiled to 
comply with European agreements. The National Annex (NA DIN EN 1997-1) 
will contain national specifications on those sections defined for this purpose in 
Eurocode EC 7-1. Simultaneously, another transition period begins, by the end 
of which Eurocode EC 7-1 will be introduced into building regulations in con-
junction with the National Annex and all contradictory national regulations are 
withdrawn. A collateral DIN 1054:2010 standard to be compiled by 2009 may then 
only include non-contradictory supplements to Eurocode EC 7-1 in conjunction 
with the National Annex. The National Annex and the DIN 1054:2010 collateral 
standard have now been compiled in NA 005-05-01-01 and will be published in 
draft form in 2009. To simplify use of the three parallel standards they will be 
published together in a standards manual accompanying DIN EN 1997-1:2005 
and DIN 1054:2009 ‘Draft, Geotechnical Design’. The regulations in the National 
Annex and the collateral standard have been adopted in the text of EC 7-1, and 
are specially marked.

Until the introduction of the Eurocodes a temporary generation of national 
standards using the partial safety factor approach meets the needs of all fields of 
structural engineering.

The following regulations, in particular, govern the construction of geosynthetic-
reinforced structures:

 – DIN 1055: ‘Actions on Structures’, in conjunction with DIN Fachbericht 
(Technical Report) 101,

 – DIN 1054:2005-01: ‘Verification of the Safety of Earthworks and Founda-
tions’.
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1.2.2 Effects and Resistances

The foundation for stability analyses is represented by the characteristic values 
for actions and resistances. The characteristic value, characterised by the index 
‘k’, is a value with an assumed probability neither exceeded nor fallen short of 
during the reference period, taking the design working life or the corresponding 
design situation of the civil engineering structure into consideration. Character-
istic values are generally specified on the basis of test results, measurements, 
analyses and/or empiricism.

The characteristic values of effects are multiplied by  partial safety factors, those 
of resistances are divided. The variables acquired in this way are known as the 
design values of effects or resistances respectively and are characterised by the 
index ‘d’. Different limit states are differentiated for stability analyses.

1.2.3 Limit States

The following limit states are differentiated in the partial safety factor ap-
proach:

 – The ultimate limit state is a condition of the structure which, if exceeded, 
immediately leads to a numerical collapse or another form of failure. It is 
known as the ultimate limit state (ULS) in DIN 1054. Three cases of ultimate 
limit state are differentiated.

 – The serviceability limit state (SLS) is a condition of the structure which, if 
exceeded, no longer fulfils the conditions specified for its use. It is known as 
the serviceability limit state (SLS) in DIN 1054.

The EQU limit state describes the loss of static equilibrium. It includes:

 – analysis of safety against overturning,
 – analysis of heave or uplift safety,
 – analysis of hydraulic heave safety.

The EQU limit state incorporates favourable and unfavourable actions only, but 
no resistances.

The governing limit state condition is:

F F G Gd kF FF F dst k stb dGt⋅FkFF ≤ Gγ γdst kG≤ GG , Eq. (1.1)

i.e. the destabilising actions Fk, multiplied by the partial safety factor �dst > 1.0, 
may only be as large as the stabilising action Gk, multiplied by the partial safety 
factor �stb < 1.0.

The STR limit state describes the failure of structures and structural elements or 
failure of the ground. It includes:

 – analysis of the bearing capacity of structures and structural elements subjected 
to ground loads or supported by the ground,
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 – analysis of the bearing capacity of the ground, e.g. provided by passive earth 
pressure or bearing resistance, to ensure it is not exceeded.

Analysis of the bearing capacity of the ground to ensure it is not exceeded is 
performed in exactly the same way as for any other construction material. The 
limit state condition is always the governing condition:

E E Rd kE F dR⋅EkE ≤γ , Eq. (1.2)

R
R

d
k

R
=

γ
, Eq. (1.3)

i.e. the characteristic action or effect Ek, multiplied by the partial safety factor 
�F, may only be as large as the characteristic resistance Rk, divided by the partial 
safety factor �R. A characteristic of the STR limit state is that the effects and 
resistances are determined using characteristic values. The partial safety factors 
do not come into play until applying the limit state equation.

The GEO limit state is peculiar to geotechnical engineering. It describes the loss 
of overall stability. It includes:

 – analysis of slope stability,
 – analysis of global stability.

The governing limit state condition is:

d dE R� , Eq. (1.4)

i.e. the design value Ed of the effects may only be as large as the design value of 
the resistances Rd. The geotechnical actions and resistances are determined using 
the design values for shear strength:

tan
tan′ =

′
′ =

′
ϕ

ϕ
γ γϕ

d
k

d
k

c
and c

c
, Eq. (1.5)

and

tan
tan

,
,

,
,ϕ

ϕ

γ γ,
ϕ

u d,
u k,

u
u d,

u k,

cu
and c

c
= =dand c  Eq. (1.6)

i.e. the friction tan 
 and cohesion c values adopted in the calculations are reduced 
from the outset using the partial safety factors �
, �
u, �c and �cu. An analogous 
procedure applies to the interface friction angle and adhesion.

The serviceability limit state describes the state of a structure or structural element 
at which the conditions specified for its use are no longer met, but without loss 
of bearing capacity. It is based on a serviceability analysis, i.e. that the antici-
pated displacements and deformations are compatible with the purpose of the 
structure. Analysis uses characteristic values, where all partial safety factors are 
generally 1.0.
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1.2.4 Applying EBGEO in Conjunction with DIN EN 1997-1

This edition of EBGEO is based on the stipulations made in DIN 1054. This in 
turn was closely harmonised with DIN EN 1997-1, Eurocode EC 7-1. DIN 1054 
is not identical to Eurocode 7-1 in all details. At the transition to Eurocode 7-1/NA 
EC 7-1 (see 1.2.1) DIN 1054:2005-01 will be replaced by the collateral standard 
DIN 1054:2010. The consequences associated with this for applying the present 
edition of the Recommendations are related below, as well as a preview will allow.

Legally binding rules in terms of the applicability of the individual regulations 
are specified by the respective controlling authorities. The controlling agencies 
are deemed to be:

 – the building regulations control authorities of the federal German states for 
building measures subject to the respective state building code; at regular inter-
vals the upper building regulations control authorities of the respective federal 
states publish a list of technical building regulations applicable to that state.

 – the departments of the Federal Ministry of Transport, Building and Urban 
Affairs responsible for inland waterways, federal roads and road bridges, and 
the Federal Railway Authority responsible for rail traffic.

Stability analyses as described in Section 1.2.3, Eurocode EC 7-1, provide three 
options in terms of the STR limit state. DIN 1054 is based on analysis procedure 2 
to Eurocode EC 7-1, inasmuch as the partial safety factors are applied to both the 
effects and the resistances. To differentiate between this and the other permitted 
scenario, in which the partial safety factors are not applied to the effects but to 
the actions, this procedure is known as analysis method 2* in the Commentary 
to Eurocode EC 7-1.

The National Annex represents the link between Eurocode EC 7-1 and national 
standards. It states which of the possible analysis methods and partial safety 
factors are applicable in the respective national domains. Remarks, clarifications 
or supplements to Eurocode EC 7-1 are not permitted. However, the applicable, 
complementary national codes may be given. The complementary national codes 
may not, however, contradict Eurocode EC 7-1. Moreover, the National Annex 
may not repeat information already given in Eurocode EC 7-1.

The revised DIN 1054 will be paramount in the complementary national code; 
it has the working title ‘DIN 1054:2010’ and is the application rule to Eurocode 
EC 7-1.

The supplements, improvements and modifications included shall be adhered to 
inasmuch as they affect the regulations of the EBGEO, if the respective geosyn-
thetic-reinforced structure is designed to Eurocode EC 7-1. However, they may 
also be utilised accordingly if design is based on DIN 1054.

In the current edition Eurocode EC 7-1 defines the following limit states instead 
of the limit states GZ 1A, GZ 1B and GZ 1C to DIN 1054:
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 – EQU: loss of equilibrium of the structure or the ground, which is regarded as 
rigid. The designation is derived from ‘equilibrium’.

 – STR: internal failure or very large deformation of the structure or its compo-
nents, where the strength of the materials governs resistance. The designation 
is derived from ‘structural failure’.

 – GEO: failure or very large deformation of the structure or the ground, where 
the strength of the soil or rock governs resistance. The designation is derived 
from ‘geotechnical failure’.

 – UPL: loss of equilibrium of the structure or ground due to buoyancy or water 
pressure. The designation is derived from ‘uplift’.

 – HYD: hydraulic failure, internal erosion or piping in the ground, caused by a 
flow gradient. The designation is derived from ‘hydraulic failure’.

In order to convey the GZ 1B und GZ 1C (STR and GEO) limit states from 
DIN 1054 to the terminology used in Eurocode EC 7-1 the GEO limit state is 
divided into GEO-2 and GEO-3:

 – GEO-2: failure or very large deformation of the ground in conjunction with 
determining the action effects and dimensions; i.e. when utilising the shear 
strength for passive earth pressure or bearing resistance. The GEO-2 limit 
state comprises analysis method 2* to Eurocode EC 7-1.

 – GEO-3: failure or very large deformation of the ground in conjunction 
with analysis of overall stability, i.e. when utilising the shear strength for 
analysis of slope stability and global stability and, generally, when analys-
ing the stability of engineered slope stabilisation measures, including that of 
structural elements. The GEO-3 limit state comprises analysis method 3 to 
Eurocode EC 7-1.

The previous limit states are replaced as follows:

 – The previous limit state GZ 1A to DIN 1054 now corresponds without restric-
tions to the EQU, UPL and HYD limit states to Eurocode EC 7-1.

 – The previous GZ 1B limit state to DIN 1054 now corresponds in all facets 
to the Eurocode EC 7-1 STR limit state. The GEO-2 limit state to Eurocode 
EC 7-1 is also used in conjunction with the design dimensions for founda-
tion elements.

 – The previous GZ 1C limit state to DIN 1054 corresponds to the GEO-3 limit 
state to Eurocode EC 7-1 in conjunction with analysis of overall stability.

Analyses of the stability of engineered slope stabilisation measures are always 
allocated to the GEO limit state. Depending on the engineering design and func-
tion (see DIN 1054) they may be dealt with either according to the previous 
GZ 1B limit state or the GEO-2 limit state, or according to the previous GZ 1C 
limit state or the GEO-3 limit state. The geosynthetic material is designed for 
the STR limit state.
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1.3 Examples of Reinforced Earth Structures

Figure 1.1  Examples of reinforced earth structures
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1.4 General Definitions

Reinforced fill or reinforced earth structures are engineered earthworks where 
the b  earing capacity is increased by introducing geosynthetics.

Reinforcement in earth structures in the terms of these Recommendations com-
prises oriented geosynthetics installed in layers, which may form either continuous 
surfaces or grids. The stiffness, limiting strain and tensile strength of isotropic 
geosynthetics are the same in both directions (machine and cross-machine direc-
tions); in anisotropic geosynthetics they are different.

Fill soil is the soil within the reinforced earth structure.

Facing is the frontage on the visible surface of a reinforced earth structure; it 
retains the fill material between the reinforcing layers and protects against erosion.

Backfill area is the ground outside the reinforced earth structure extending to 
the top of the structure.

Cover fill zone is the ground above the reinforced earth structure.
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       2 Demands on Materials

2.1 Soil

 2.1.1 Ground Investigation

 Before building a reinforced earth structure geotechnical ground investigations 
shall be carried out according to DIN 4020 as they would be for similar, con-
ventional structures.

2.1.2 Fill Soil

2.1.2.1 Soil Mechanics Demands
The soil mechanics demands on fill soil depend on the demands on the structure, 
where bearing capacity, deformation behaviour, frost hazard and drainage behav-
iour in particular are important, as well as the actions. If water is present locally 
or percolates in from outside and is not collected by other means the fill soil shall 
be sufficiently permeable, filter stable and resistant to weathering.

T he demands on the fill soil are differentiated for structures subjected to pre-
dominantly static loads and those subjected to predominantly dynamic loads (see 
DIN 1054, 6.1.4 or Section 12).

2.1.2.1.1 Predominantly Statically Loaded Structures
For predominantly statically loaded structures generally only the necessary soil 
mechanics analyses in terms of the friction angle of the soil and any possible 
cohesion are required, in addition to compactability. Depending on the applica-
tion and the soil type (in particular for mixed- and fine-grained soils) it may be 
necessary to determine the coefficient of permeability. Supplementary investiga-
tions of the composite action with the reinforcement are also necessary (also see 
Section 2.2.4.11).

In principle the following soil types classified to DIN 18196 may be used for 
predominantly static loading, inasmuch as application-specific suitability can be 
demonstrated or the soil properties are taken into consideration for the specific 
application:

 – coarse-grained soil types of groups SW, SI, SE, GW, GI and GE,
 – mixed-grain soil types of groups SU, ST, GU, GT, SU*, GT*, GU*, ST*,
 – fine-grained soil types of groups UL, UM, TL, TM,
 – maximum grain size � 2/3 of fill layer thickness (ZTV E-StB).

The suitability of other soils and materials, e.g. industrial by-products and recycled 
materials, shall be demonstrated separately.

Recommendations for Design and Analysis of Earth Structures using 
Geosynthetic Reinforcements (EBGEO). German Geotechnical Society.
© 2011 Ernst & Sohn GmbH & Co. KG. 
Published by Ernst & Sohn GmbH & Co. KG.
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The fill soils shall be adequately compactable. The demands of ZTV E-StB in 
terms of compactability shall be adhered to, inasmuch as more stringent or other 
deviating demands are not specified in the respective sections.
Note: Individual solutions such as reinforced noise abatement walls or embank-

ments built using a sandwich method, for example, where geosynthetic 
drainage layers accelerate the consolidation of saturated fill soils and 
thus increase their shear strength, may be exempt. Separate analysis is 
required in these cases.

2.1.2.1.2 Predominantly Dynamically Loaded Structures
The dynamic actions on predominantly dynamically loaded structures can be 
taken into consideration by adopting quasi-static actions to DIN 1054, 6.1.4. If 
these demands are met the demands of Section 2.1.2.1.1 also apply to the soils.
In cases in w hich the dynamic actions shall be explicitly taken into consideration, 
the demands on the materials are given in Section 12.

2.1.2.2 Soil Chemistry Demands
Fill soils shall be of uniform quality and free from harmful constituents. They 
may not attack or damage the reinforcement, the frontage of retaining structures 
and any connecting elements used. Chemicals contained in the soil can shorten 
the design working life of polymer reinforcements (also see Section 2.2.4.8). The 
soil chemistry properties may not be altered, even temporarily, e.g. due to ground-
water fluctuations or the discharge of harmful substances (also see Section 2.1.3), 
unless this unfavourable state is incorporated in the design.
The fill soils discussed in Section 2.1.2.1 can be used for permanent structures 
without additional analyses as described in Section 2.2.4.8 if the soil pH is 
4 < pH < 9. The pH of fill soils and groundwater is determined to DIN 19684.
If soils with deviating pH values or other soils (e.g. industrial by-products, re-
cycled materials) are used, or if aggressive groundwater or gases are anticipated, 
additional suitable investigations of the compatibility of the fill soil and the 
reinforcement shall be carried out (also see Section 2.2.4.8).

2.1.2.3 Execution
The ZT V E-StB regulations and the DIN EN 14475 execution standard for rein-
forced earth structures apply to the execution of earthworks, in addition to the 
notes in the respective sections of these Recommendations.

2.1.3 Back-fill and Cover-fill Soils

The demands of ZTV E-StB apply to back-fill and cover-fill soils.
The soil mechanics demands  described in Section 2.1.2.2 also apply to back-fill 
and cover-fill soils, if the reinforced earth structure is not reliably separated from 
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the back-fill and cover-fill zone by engineered means (e.g. liner, separating layer, 
drainage).

2.2 Geosynthetics

2.2.1 General Recommendations

Geosynthetics are harmonised European building products; their conformity is 
documented by the CE mark. In Germany they are controlled by the Construction 
Products Act (Bauproduktengesetz – BauPG).
Geosynthetic designations are controlled by DIN EN ISO 10318. They can be 
differentiated according to structure as follows:
 – geotextiles (GTX), e.g. woven, nonwoven and knitted products,
 – geotextile-related products (GTP)
 – geogrids (GGR, extruded, woven, Raschel-knit, bonded),
 – geocomposites (GCO).

Note: In  DIN 1054 the term ‘geotextiles’ is incorrectly used as a generic term 
in the same sense as the term ‘geosynthetics’ or, in places, ‘product’ here. 
To simplify matters only the term ‘geosynthetic’ or ‘product’ is used here 
in place of the complete formulation of ‘reinforcing geosynthetics’, ‘re-
inforcing products’, ‘geosynthetics with reinforcing function’, etc.

2.2.2 Raw Materials

The following polymers are regarded as parent materials for geosynthetics in the 
scope of these Recommendations (in alphabetical order):
 – aramid (AR),
 – polyamide (PA),
 – polyester (polyethylene terephtalate) (PET),
 – polyolefines

 � polyethylene (PE, PEHD),
 � polypropylene (PP),

 – polyvinyl alcohol (PVA).
Additional designations, acronyms and symb ols are included in DIN EN ISO 10318, 
DIN 60001 and DIN ISO 2076.

2.2.3 Product Properties and Demands

Raw materials, manufacturing method and structure have a governing impact on 
the properties of geosynthetics (also see [1]).
Geosynthetics are selected for reinforcement tasks such that the forces allocated 
can be transferred throughout the planned design working life, taking the allowed 
deformations of the overall system into consideration.
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The following demands on the geosynthetics and the corresponding properties 
are therefore relevant:

 – accept tensile forces, taking deformations into consideration, see Sec-
tions 2.2.4.4 and 2.2.4.5,

 – transfer forces between reinforcement and the soil (composite action, anchor-
ing), see Section 2.2.4.11,

 – durability against mechanical damage during transportation and installation 
(robustness), see Section 2.2.4.6,

 – adequate permeability to prevent water ponding,
 – chemical and microbiological durability, see Sections 2.2.4.7 and 2.2.4.9,
 – weather-resistant (UV-resistant), see Section 2.2.4.9.3.

The characteristic value for the short-term strength of geosynthetics (RB,k0) shall 
be verified as the 5% minimum quantile, see Section 2.2.4.

The required geosynthetic material resistance depends on the planned design 
working life of the structure or the duration of load application in cases where 
the geosynthetics are only temporarily loaded, e.g. for construction stages or in 
structures used for short periods only (see Section 1).

To allow any changes in the mechanical properties of the geosynthetics to be taken 
into consideration in design, the long-term chemical and microbiological durabil-
ity of the geosynthetics in the ground shall be demonstrated, see Section 2.2.4.7. 
Additional demands and notes are given in [1] and [2].

Plastics are not permanently UV-stable without special measures being taken or 
modifications made. UV stability shall be demonstrated for the design working 
life in the installation phase and for geosynthetics exposed to weather conditions 
during use (e.g. unprotected reinforcement in the facing, wrap-around) (see 
Section 2.2.4.9.3).

Note: Investigations of chemical durability [14] and more than     30 years of 
practical building experience show that geosynthetics currently used for 
reinforcement display high durability in the ground.

2.2.4 Testing and Reduction Factors

2.2.4.1 General Recommendations

The product properties discussed in Section 2.2.3 shall be demonstrated by testing.

Note: The product properties have previously been predominantly determined 
using ‘index tests’ without ground contact, because tests with ground 
contact (performance tests), which better model real conditions, are gen-
erally very complex.

Design values Xd are determined from the characteristic values Xk by applying 
reduction factors and a partial safety factor (see Section 3.3).
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Note: The characteristic values incorporate manufacturing scatter. Reduction 
factors incorporate known influences on product behaviour. The partial 
safety factors cover influences not otherwise taken into consideration (see 
DIN 1054).

The tests are described in the appropriate standards and in other codes of practice 
and recommendations (see Section 2.3). The principal tests and special boundary 
conditions are therefore only discussed briefly below.

In permanent applications in which the product plays a governing role in the sta-
bility of the reinforced structure, specimens may be installed in the geosynthetic/
soil system such that they can be removed for examination at extended intervals 
in order to verify parameters and adopted reduction factors (also see [1]). The 
specimens shall be exposed to the same conditions as the reinforcement, i.e. 
where possible they should also be subjected to the same tensile stresses. Both 
a factory-fresh specimen and a specimen that has been subjected to installation 
conditions shall be used as references for identifying changes (Section 2.2.4.6).

2.2.4.2 Product Identification (DIN EN ISO 10320)

Geosynthetics shall be clearly marked compliant with DIN EN ISO 10320 and 
DIN EN 13249 pp (CE marking). Every product shall carry the name of the 
manufacturer and the product type designation.

2.2.4.3 Mass Per Unit Area (DIN EN ISO 9864)

The mass per unit area influence s the properties of the geosynthetics. However, 
 numerical data do not have a direct impact on the reinforcement effect.

2.2.4.4 Short-term Load-Extenson Behaviour

2.2.4.4.1 Tensile Strength and Strain (DIN EN ISO 10319)

The tensile strain behaviour and the ultimate tensile force (short-term strength) 
are determined in tensile tests on 200 mm wide specimens.

The stresses determined from these tests at 2%, 3%, 5% and, if possible, 10% strain 
are given as mean values and not as 5% quantile values. In polymers with low yield 
strengths (e.g. AR, PVA) the test stresses are determined at three typical strains.

Note: Mean test stress values can be used for analyses of the serviceability limit 
state (SLS), for example.

A representative load-extension curve shall be provided.

The reinforcing action of nonwovens is tested in tensile tests with soil contact 
 [7].

Zones representing the various short-term load-extension curves for a selection 
of geosynthetic products are shown in Figure 2.1; however, the whole spectrum 
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Figure 2.1  Typical geosynthetic load-extension zones [6]
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Figure 2.1  (continued)
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of products commonly available on the market cannot be covered. The short-
term stresses are determined from tests to DIN EN ISO 10319 (in air) and are 
normalised, i.e., the respective short-term strength is related to 100% (‘utilisation 
factor’, also see Section 2.2.4.5.1). Allocation to design strengths is not possible 
using this method and can only be determined directly from product information 
and the corresponding reduction factor.

Table 2.1  Typical short-term strengths of geosynthetics

Raw 
mate-
rial

 Product type Typical short-term 
strength s
[kN/m]

Typical elonga-
tions at failure

[%]

from to max. from to

AR Woven and 
Raschel-knit geogrids

  40 1,200 2,200   2   4

Woven Geotextile 100 1,400 2,400   2   4

PE Woven and 
Raschel-knit geogrids

  20 150 300 15 20

Extruded geogrids   40 150 200 10 15

Woven Geotextile   30 200 400 15 20

PET Woven and 
Raschel-knit geogrids

  20 800 1,200   8 15

Bonded geogrids   20 400 500   6 10

Woven Geotextile 100 1,000 1,600   8 15

PP Woven and 
Raschel-knit geogrids

  20 200 500   8 15

Bonded geogrids   20 200 400   8 15

Extruded geogrids   20 50   8 20

Woven Geotextile   20 200 600   8 20

PVA Woven and 
Raschel-knit geogrids

  30 1,000 1,600   4   5

Woven Geotextile   30 900 1,800   4   5

Note: The values given in the table are for initial orientation only. Products may 
be manufactured with substantially deviating parameters. Composites 
comprising combinations of the products with nonwovens, for example, 
have similar reinforcing properties.
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2.2.4.4.2 Axial Stiffness
The axial stiffness of a geosynthetic reinforcement may be approximately given 
as the secant modulus J and is a measure of the load-extension behaviour of 
a reinforcement. The short-term axial stiffness is determined on the basis of 
the DIN EN ISO 10319 test procedure and the representative short-term load-
extension curve.

The following equation applies:

J
F F

a b k
b aF FF F

b a
=, ,k 0 ε εb −

 Eq. (2.1)

where:

Ja–b, k0 characteristic short-term axial stiffness for the range �a to �b [kN/m],
F stress at a given strain � [kN/m],
� given strain [–].

Isochrones are used to determine long-term axial stiffnesses Ja–b,k,t in analogy to 
the above procedure (Section 2.2.4.5.4).

Note: Long-term axial stiffnesses are lower than short-term axial stiffnesses due 
to creep (see Section 2.2.4.5).

In a simplified approach the axial stiffness Jk passing through the origin (�a = 0) 
and with a selected maximum allowable reference strain �b may be determined. 
If required, Ja–b,k can be determined for a specified strain range (Figure 2.2).

Figure 2.2  Example of the  evaluation of short-term axial stiffnesses Jk 
for two strain ranges based on a short-term load-extension curve
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Note: It may be more appropriate to use the tangent modulus for FEM analy-
ses.

2.2.4.4.3 Uniaxial and Biaxial Reinforcement

The use of planar models for analysis purposes is common for slopes, retaining 
structures and embankments. The reinforcement is primarily loaded uniaxially 
in the direction of the principal tensile force.

Biaxial stresses may also occur in some areas, in particular in the applica-
tions discussed in Sections 6, 9, 10, and 11. The tensile strength parameters in 
Section 2.2.4.4.1 are then adopted.

Note: The extent to which separately determined material parameters are 
adopted in this case remains the subject of research.

2.2.4.4.4 Serviceability Limit State/Strain Behaviour

The load-extension behaviour of the geocomposite material (geosynthetics/fill 
soil) or, simply, the individual fill soil and geosynthetic reinforcement components, 
shall be estimated and incorporated in the analysis to limit the deformations in 
reinforced earth structures.

The strain suffered by the reinforcement in the serviceability limit state can be 
determined for the anticipated utilisation factor using isochrones as described in 
Section 2.2.4.5.3.

Note: Notes on the       allowable or anticipated structural deformations and the 
demands on the geosynthetics derived from them can be found in the 
respective application sections of these Recommendations and in [15]

2.2.4.5 Long-term Load-Extension Behaviour (Creep Rupture, Creep)

2.2.4.5.1 General Recommendations

Geosynthetics consist of polymer raw materials (Section 2.2.2) displaying elasto-
plastic behaviour. Under load, not only elastic (short-term) deformations occur, 
but also viscose, time-dependent creep processes.

They have structurally relevant consequences:

 – reduced strength and/or
 – greater strain in the reinforcement compared to short-term behaviour (Sec-

tion 2.2.4.4).

The reduction in strength may lead to failure (creep rupture) and an increase in 
strain (creep strain) may lead to unacceptable deformations in the structure. When 
designing to these Recommendations creep rupture is taken into consideration 
by applying a reduction factor A1 (Section 2.2.4.5.2) and the creep strain is taken 
into consideration by isochrones (Section 2.2.4.5.4).
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Creep rupture ist relevant to analysis of the ultimate limit state (ULS) (DIN 1054) 
and creep strain for analysis of SLS (DIN 1054).

Creep and creep rupture of geosynthetics are tested to DIN EN ISO 13431 (also 
see TL Geok E-StB). The results of testing are creep and creep rupture curves.

Creep processes are a function of:

 – the polymer, the type of polymer, the raw material,
 – their processing,
 – the level of tensile stress,
 – the duration of the load and
 – the temperature.

Note: These impacts are incorporated in the corresponding EBGEO reduction 
factors/design approaches. The impact of other factors, such as embed-
ment, multiaxial stress states, loading speed and history, etc., is the subject 
of research. Any transfer of such test results to the respective practical 
construction application shall be considered on a case-by-case basis.

Creep curves (‘strains plotted over time’) are determined for a variety of utilisa-
tion factors at room temperature and in atmosphere. The utilisation factor  is 
defined as follows:

β =
tensile forceff F

short term trr ensile strength RB k, 0k
 Eq. (2.2)

Note: The tensile force F is provided by the results of long-term testing (Sec-
tion 2.2.4.5.2).

Isochrones are produced from the creep curves for practical applications (see 
Section 2.2.4.5.4).

Creep rupture curves (‘utilisation factor drawn over time until failure’) are deter-
mined for a variety of utilisation factors at room temperature and in atmosphere.

The utilisation factors adopted for test   ing are reassigned to the stresses in the 
structure (DIN 1054).

2.2.4.5.2 Determining Reduction Factor A1 from Creep Testing
The creep rupture strength of geosynthetics is tested to DIN EN ISO 13431. The 
test results are given as creep rupture curves (graph of utilisation factor over time 
until failure, see Figure 2.3). From the curves the acceptable tensile forces can 
be determined for a given duration and from these in turn a reduction factor A1.

Note: More detailed notes on determining long-term durability can also be found 
in ISO/TR 20432 [11].

As can be seen in Figure 2.3 the time to failure is measured for geosynthetic speci-
mens subjected to a variety of utilisations factors . DIN EN ISO 13431 envisages 
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load durations of at least one year (104 h). Using these test results product- and 
material-independent extrapolation to the times given in DIN EN 13249 pp. 
for permanent structures (up to � 100 years) is then possible. The procedure is 
explained in [1], [2] and [10].

Note: The following procedures are also possible:
 1) Short duration tests at higher temperatures (time/temperature shift 

method, stepped isothermal method SIM, [12]). The tests shall be 
verified by a standard test to DIN EN ISO 13431 with a duration of 
at least 1,000 hours.

 2) Tests performed on specimens taken from an at least 20 year old 
structure.

The reduction factor A1 used in ULS analyses (see Section 1.2.3 ) is determined 
from creep rupture results to DIN EN ISO 13431 using a regression curve. The 
allowable utilisation factor  for the planned design working life is given by the 
intersection with the regression curve. The reduction factor A1 is the reciprocal 
of the allowable utilisation factor.

Note: The example shown in Figure 2.3 gives � = 0.77 for a design working life 
of 6 weeks (1,000 h). A1 = 1 / � = 1 / 0.77 = 1.30.

2.2.4.5.3 Reduction Factor A1 for Creep Failure Behaviour
Product-specific values of A1 are determined in tests as described in Sec-
tion 2.2.4.5.2. If no product-specific test results are available the reduction factors 
A1 given in Table 2.2 are adopted as a function of the raw material employed:

Figure 2.3  Reading off the allowable utilisation factor    to determine the reduction 
factor A1 from creep rupture results ([6], [11], [13])
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Table 2.2  Reduction factor A1 

Material Acronym Common values for A1 
from product-specific 

analyses

Minimum 
A1 if analysis 
unavailable

from to

Aramid AR 1.5 2.0 3.5

Polyamide PA 1.5 2.0 3.5

Polyethylene PE 2.0 3.5 6.0

Polyester PET 1.5 2.5 3.5

Polypropylene PP 2.5 4.0 6.0

Polyvinyl alcohol PVA 1.5 2.5 3.5

 Note: Where analysis results are unavailable the values of A1 given in the table 
above have been increased compared to the previous edition of these 
Recommendations, because the values could not be confirmed as ‘con-
servative’ due to the great diversity of products and manufacturer’s data 
available (see additional notes in [5]).

2.2.4.5.4 Identifying Long-term Strain Behaviour 
by Evaluating Isochrones 

Isochrone evaluation may be used to take the long-term behaviour of geosyn-
thetic reinforcements in serviceability limit state analyses into consideration (see 
Section 3). It is possible to restrict the results to a defined deformation state.

Utilisation of the isochrone values for safety against failure states (ultimate limit 
states, ULS) is not permitted (see Sections 9 and 11 for exceptions).

Cr eep tests to determine isochrones are carried out at a variety of load condi-
tions. The strain and load condition value pairs are taken from the curves attained 
(Figure 2.4, left) for a given time and drawn in a graph (Figure 2.4, right). The 
‘utilisation factor’ is commonly used on the ordinate for this type of representa-
tion (see Section 2.2.4.5.1).

Note: Isochrones as shown in Figure 2.5 can be interpreted as follows:
 For a very short design working life (in this case approx. 1 minute) and a 

utilisation factor of 100% (corresponds to short-term strength) an elonga-
tion at failure of approx. 10% is anticipated. This roughly corresponds to 
the elongation at failure in a short tensile test. For a specified/allowable 
strain resulting from an estimate of the serviceability limit state, e.g. 6% in 
this case, a utilisation factor of approx. 51% may be adopted for a design 
working life of approx. 120 years.
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Figure 2.4  Deter  mining isochrones (right) from creep curves (left)

Figure 2.5  Principle  of isochrones and reading example (see note)
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Figure 2.6  Example iso chrones for a PEHD extruded geogrid

Figure 2.7  Example isoc   hrones for a PET product
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Figure 2.6 and Figure 2.7 show example isochrones for individual products. The 
product-specific curves are used for design purposes.

If these isochrone evaluations are utilised for analysis of the serviceability limit 
state, the reduction factor A1 is already incorporated and need not be addition-
ally adopted. The remaining reduction factors A2 to A5 remain untouched by this 
evaluation and are adopted as usual.

2.2.4.6 Resistance to Mechanical Damage During Installation
2.2.4.6.1 General Recommendations
The anticipated mechanical damage to geosynthetic reinforcements during in-
stallation is taken into consideration by a reduction factor based on installation 
damage testing. The geotextile robustness classes in TL-Geok E-StB are not 
adopted for this purpose.
At the beginning of a construction project installation tests under real site condi-
tions are recommended (geosynthetic, underlay, fill material, layer thickness, 
compaction equipment and compacting runs), together with inspection of any 
changes after removing the specimen [16].

Note: The result also serves as a reference for assessing specimens removed at 
intervals of several years, in order to identify any changes resulting from 
chemical attack or to determine residual strength (Section 2.2.4.7).

Inasmuch as reduction factors obtained under directly comparable site conditions 
are available from earlier projects, they may be used.

2.2.4.6.2 Reduction Factor A2 for Damage to Geosynthetics During 
Transportation, Installation and Compaction

If fine-grained soils are used for permanent structures an A2 value of at least 
1.5 shall be adopted.

If mixed-grain and coarse-grained soils with rounded grains are used for permanent 
structures an A2 value of at least 2.0 shall be adopted.

Site testing must always be carried out where broken and angular grains, stone 
fill or recycled materials (RC materials) are used if mechanical damage cannot 
be minimised by engineering measures, e.g. protective layers of fine- and coarse-
grained soils with rounded grains or protective geotextiles.

Note: The composite properties of fill soil/geosynthetics may be influenced by the 
use of protective layers. This shall be taken into consideration in design.

Lower values of A2 for a specific product shall be demonstrated by suitable field 
or site tests. Tests are also necessary if special conditions are anticipated while 
installing the geosynthetics (see Section 1, for example).
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2.2.4.6.3 In-situ Testing

During in-situ testing ([1], [2], [16]) the installation conditions are adapted as 
nearly as possible to the boundary conditions of the actual installation. Planar 
geosynthetic installations and special installations (e.g. encased columns) are 
differentiated.

Testing procedures for determining the reduction factor A2 are described below. 
The boundary conditions shall be examined for transferability to the respective 
construction project and adapted correspondingly.

 – Installation test for planar geosynthetics
A few square metres of the product are removed and kept as a reserve speci-
men. The tested product is then laid out on a defined surface, cover filled and 
the cover fill compacted. It is then excavated and removed, and care is taken 
that no additional damage is caused during removal.
Reinforcements for slopes and retaining structures have an underlay consist-
ing of a compacted layer of the fill material or the planned in-situ underlay. 
This consists of a fine-grained soil of soft consistency or the natural ground 
for separating layers and reinforcements installed in the fill base.
The cover fill consists of either the planned fill material or broken natural 
stone with 0/45 mm grading for crushed stone base courses compliant with 
ZTV SoB-StB. The layer is applied to a load-bearing, compacted, 25 cm thick 
base, or the thickness planned for installation in-situ. In soft ground the fill 
thickness is selected such that it can be traversed by the compacting equip-
ment. Compaction is carried out using a vibratory roller with approx. 10 t to 
12 t gross weight, vibrating at high amplitude (approx. 1.5 to 2.0 mm) or using 
the compaction equipment planned for use at the site until the planned relative 
compaction is achieved (inasmuch as no other requirements are specified: 
Dpr = 100% of normal Proctor density).

 – Installation testing for geosynthetic-encased columns
Where geosynthetic-encased columns are employed the specified standard 
procedure for defining the value of A2 by in-situ testing cannot be adopted. 
Appropriate specimens shall be taken from the geotextile tubes of at least 
three test columns manufactured under similar conditions.

The area of the product to be tested is specified before installation and examined 
thoroughly after removal. The minimum size of the specimen is 1 m · 1 m. It shall 
be removed immediately following the in-situ test. Care should be taken during 
removal that no additional damage is caused.

The damage caused is described, including the number of holes per m2, where 
necessary classified according to hole size, and the shape and type of damage.

The tensile strength and the strain are determined for the reserve specimens as 
described in Section 2.2.4.4.1. The reduction factor A2 is the quotient of the mean 
values from the reserve specimens and the removed in-situ specimens.
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Note: If tensile strength testing is not possible on a specimen due to damage, the 
specimen is entered into the evaluation with a tensile strength of ‘zero’.

The quotient of the elongations at failure is determined in an analogous manner, 
but does not represent a reduction factor. Manufacturer’s data may not be used 
in place of testing for reserve specimens. The reserve specimens may not display 
any previous damage (e.g. transportation or similar damage).

Note: The procedure described only applies for the short-term impact of damage. 
However, research reveals no additional impacts on the creep failure 
behaviour of the products tested [9].

2.2.4.6.4 Laboratory Testing (DIN EN ISO 10722)
The DIN EN ISO 10772 index test d   oes not provide useful A2 design values.

Note: This laboratory test cannot realistically reproduce the in-situ load condi-
tions and cannot completely replace in-situ testing. However, a modified 
test using the actual site material and a grain size with a defined upper 
limit provides useful guide values.

2.2.4.7 Joins and Connections
2.2.4.7.1 General Recommendations
DIN EN ISO 10321 is adopted for testing the tensile strength and strains of seams 
and other joining techniques.

2.2.4.7.2 Reduction Factor A3 for Junctions, Joins, Seams 
and Connections to Other Structural Elements

A3 equals 1.0 if there are no junctions, joins or seams in the force direction and 
no connections to other structural elements are required.

2.2.4.7.3 Determining the Reduction Factor A3 by Testing
Where geosynthetics are joined to each other (connectors, seams, adhesive 
bonding, etc.) an appropriate analysis of the transfer of tensile forces is required. 
The tests are carried out as specified in DIN EN ISO 10321. The factor A3 can be 
determined from the test results by comparing to the geosynthetic’s characteristic 
short-term strength. Any strain in the join deviating from the anticipated product 
strain shall be taken into consideration for design.

Special investigations based on DIN EN ISO   10321 shall be performed where 
geosynthetics connect to other structural elements.

Note: Connections to concrete revetments can be investigated compliant with 
ASTM D 6638.
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2.2.4.8 Chemical Resistance
2.2.4.8.1 Reduction Factor A4 for Environmental Chemical Impacts
For operational lives up to 5 and up to 25 years respectively the manufacturer’s 
specifications on the applicability of the geosynthetics apply in compliance with 
DIN EN 13249 pp. Annex B. DIN EN 13249 pp. does not require information on 
the reduction factor A4 to be given. The manufacturer must provide a reasoned 
reduction factor A4 for use as reinforcement in the terms of EBGEO.

The reduction factor A4 is adopted without recourse to analysis for operational 
lives greater than 25 years and up to 100 years (permanent structures), depend-
ing on the polymer used as given in Table 2.3 (also see [1]). Lesser values or 
values for applications outside of the 4 � pH � 9 pH range shall be determined by 
additional, product-specific investigations or by proof of appropriate long-term 
experience and measurements.

Table 2.3  Reduction factor A4 (without analysis, 4 � pH � 9)

Material Acronym A4

Aramid AR 3.3

Polyamide PA 3.3

Polyester PET 2.0

Polyethylene PE 3.3

Polypropylene PP 3.3

Polyvinyl alcohol PVA 2.0

Due to their alkali sensitivity, polyester and aramid products may not be used in 
building applications for extended periods when in contact with soils improved 
or strengthened using cement or lime, or in direct contact with cement concrete 
(including crushed concrete), regardless of the operational life. An exception is 
made if their suitability is determined by additional, product-specific investiga-
tions or by proof of appropriate long-term experience and measurements.

 2.2.4.8.2 Determining Chemical Resistance by Testing
The basis for determining the chemical resistance of reinforcement products by 
the manufacturer for operational lives up to 5 years and up to 25 years respec-
tively, based on DIN EN 13249 pp., is specified in [2]. In addition, a procedure 
for identifying the durability and deriving the residual strength, or an appropriate 
reduction factor, is given for an operational life up to 100 years. The Leitfaden 
zur Beurteilung der Beständigkeit von Geokunststoffen (Guidelines for Assess-
ing the Resistance of Geosynthetics) [11], DIN Fachbericht 86 [10] and recent 
developments shall be taken into consideration.
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2.2.4.9 Additional Environmental Impacts
2.2.4.9.1 Microbiological Resistance
DIN EN 12225, ‘Geotextiles and Geotextile-related Products – Method for De-
termining the Microbiological Resistance by a Soil Burial Test’ applies for the 
resistance to microbiological attack.

Empiricism indicates that common polymers are not impaired by microbiologi-
cal attack.

2.2.4.9.2 Biological Resistance and Vandalism
Geosynthetic-reinforced structures can be damaged by biological attack (e.g. 
rodents) or by vandalism.

Empiricis m indicates that this does not present a problem, but it should be inves-
tigated on a case-by-case basis and engineering measures implemented where 
necessary (e.g. facings on slopes using wrap-around methods, vole mesh).

2.2.4.9.3 Weathering Resistance (UV Resistance)
If products are not immediately cover-filled their weathering resistance shall be 
taken into consideration.

To estimate the weathering resistance to DIN EN 13249 pp. the residual strength 
for a defined degree of weathering is first determined in a laboratory test to 
DIN EN 12224. The geosynthetic is then classified according to residual strength, 
resulting in the greatest allowable exposure duration until covering (Table 2.4).

Table 2.4  Weathering and  greatest allowable exposure duration classes 
(to DIN EN 13249, Annex B.1 normative, Table B.1)

Reinforcement

Residual strength to DIN EN 12224 > 80% 60% to 80% < 60%

Greatest allowable exposure duration 1 month 2 weeks 1 day

The greatest allowable exposure duration for reinforcement products is given in the 
CE accompanying documentation (‘Cover after xx days/xx weeks/xx months’).

Not only is the strength of the product impaired by weathering, but also the resis-
tance to chemical attack. The time until protection is applied (cover-fill, facing) 
should therefore always be kept as short as possible. Where possible, consequently, 
the exposure duration given in Table 2.4 should not be completely utilised.

Note: Additional information can be found in the literature: [10] and [14].
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2.2.4.10 Effects of Predominantly Dynamic Actions

2.2.4.10.1 Reduction Factor A5 for Predominantly Dynamic Actions

In most applications dealt with by these Recommendations geosynthetics are 
subjected to predominantly static actions. A reduction factor A5 of 1.0 can there-
fore generally be adopted.

In Section 12 a variety of load cases are discussed which require that predomi-
nantly dynamic actions (dynamic/cyclic) impacting the strength of the reinforce-
ment are considered. Information on how to determine an appropriate reduction 
factor is given.

Note: Applications that may require individual analysis include reinforcements 
immediately beneath machine footings, on railway lines at shallow depths 
below the track, the uppermost reinforcement layer in the bridge abut-
ment/earthworks transition zone and reinforced structures outside seismic 
zone 0.

2.2.4.10.2 Determining the Reduction Factor A5 for Predominantly 
Dynamic Actions by Testing

The procedure for determining A5 by testing is given in Section 12 for load cases 
where the impact of dynamic actions on the design strength of the geosynthetics 
needs to be determined.

Note: I    n addition, Section 12 includes information on determining damage to 
the reinforcement by testing and the impacts from predominantly dynamic 
actions on the composite behaviour of geosynthetics/fill soil.

2.2.4.11 Friction and Composite Behaviour

2.2.4.11.1 General Recommendations

Soil reinforcement depends on the transfer of forces (stresses) from the soil to the 
geosynthetics and vice versa. This requires adequate composite action between 
the reinforcement and the soil.

Simply, composite action is described by the friction coefficient fsg,k, defined 
as follows:

fsgff k k, = λ ϕtan⋅  Eq. (2.3)

where:

� composite coefficient of friction λ δ
ϕ

=
tan
tan

,

tan � composite coefficient of the geosynthetics/soil (measured),
tan 
 composite coefficient of the soil (measured),
tan 
k characteristic friction coefficient of the soil.
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Inasmuch as cohesion is adopted for calculating composite action, the composite 
action can be described by the shear coefficient fscg,k, defined as follows:

f cscff g k c kcλ  Eq. (2.4)

where:

�c composite coefficient of cohesion λc
a
c

= ,

a adhesion of the geosynthetics/soil (measured),
c cohesion of the soil (measured),
ck characteristic cohesion of the soil.

When adopting adhesion components in particular the effect shall be guaranteed 
for the entire design working life (also see [8] and [17]).

Note: When determining the composite coefficients the ‘geosynthetic/soil’ and 
‘soil only’ shear coefficients shall be determined in the same boxes as far 
as possible (e.g. 300 mm � 300 mm, see Section 2.2.4.11.2). The ratio is 
formed on the basis of the real measured data, not the characteristic data.

The composite coefficients are generally important in two cases:

 – when analysing sliding/shear in a geosynthetic/soil (or geosynthetic/geosyn-
thetic) contact plane and

 – when analysing reinforcement pull-out stability.

These situations are illustrated as examples for a steep reinforced slope in details 
‘A’ and ‘B’ in Figure 2.8.

The composite coeffici ents may be different for the two situations. Accordingly, 
separate shear and pull-out tests are carried out with the geosynthetics and the 
ground.

Figure 2.8  Relevance of composit e behaviour for two typical situations 
(sliding/shear ‘A’ and anchoring/pull-out ‘B’), oversteep slope example
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2.2.4.11.2 Determining Composite Coefficients by Testing
Direct shear tests are carried out in shear boxes (minimum dimensions 
300 mm � 300 mm) based on DIN EN ISO 12957-1 for the failure mechanism 
as shown in Figure 2.8, Detail A, using the planned geosynthetic and fill soil. The 
entire contact surface (including any apertures, e.g. as in geogrids) between the 
geosynthetic and the soil is adopted to determine the friction coefficients. The 
result of the test is the friction coefficient in the ‘shear’ mode.

Pull-out tests in pull-out boxes are carried out based on DIN 60009 and DIN 
EN 13738 for the failure mechanism as shown in Figure 2.8, Detail B, using the 
planned geosynthetic and fill soil. Although the investigations to DIN EN 13738 
differentiate between the composite coefficients of friction and cohesion given 
in 2.2.4.11.1, DIN 60009 is oriented around the ratio of the various measured 
normal stresses to the shear stress.

The box dimensions (shear and pull-out tests) are dependent on the maximum 
soil grain size and the geometry of the geosynthetics.

Note: The box dimensions must allow load transfer in geogrids across at least 
three consecutive elements in both directions.

The same friction and pull-out coefficients may be used for draft design.

Inasmuch as no test results are available, the following minimum friction coef-
ficients may be adopted for draft design:

 – geosynthetic/fill soil: fsg,k = 0.50 tan 
�k,
 fcg,k = 0.50 c�k or 0.50 cu,

 – geosynthetic/geosynthetic: fgg,k = 0.20.

Note: To date, empiricism indicates that    the geosynthetic/fill soil friction coef-
ficient lies between 0.5 tan ��k and 1.0 tan ��k.

 Reinforcement is increasingly used in conjunction with soils with nat-
ural or ‘artificial’ cohesion (e.g. following stabilisation). The com-
posite action then consists of both friction (‘friction coefficient’, see 
above) and adhesion components. To determine the required para-
meters it is necessary to carry out shear tests (including fill soil/fill soil) 
based on DIN EN ISO 12957-1 and DIN EN 13738 or DIN 60009 in 
300 mm � 300 mm to 500 mm � 500 mm boxes under boundary conditions 
corresponding to the practical application.
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                           3 Analysis Principles

3.1 General Principles

The correct application of geosynthetics in the subsurface leads to increased 
bearing capacity and improved serviceability. These are based on the transfer of 
stresses between the ground and the geosynthetic reinforcements under tension. 
Stresses are transferred via friction, interlocking and/or adhesion between the 
reinforcement and the ground. The governing properties for analysing the inter-
action of earth structures and geosynthetic reinforcements are:

 – the effective shear resistance between the geosynthetics and the fill soil,
 – the resistance of the geosynthetics (tensile strength),
 – the axial stiffness of the geosynthetics in the ground/geosynthetics composite 

system.

The  safety of earth structures with geosynthetic reinforcement layers is analysed. 
The analysis investigates the ultimate limit state and the serviceability limit state. 
Table 3.1 shows the allocation of analyses to the limit states defined in DIN 1054.

Note: Supplementary regulations to DIN 1054 for geosynthetics are introduced as 
described in Section 6.1.3. They are obligatory for designing geosynthetic-
reinforced structures.

a) Ultimate Limit State (ULS)
The ultimate limit state is generally determined using classical limit equilibrium 
methods.

For STR limit state analyses the effects and resistances of the structural elements 
are first determined using characteristic values. They are only converted and 
compared using the partial factors for effects or resistances following structural 
analysis.

For GEO limit state analyses the design values of the actions are formed from the 
characteristic values by multiplication before structural analysis is carried out. 
The design values of the shear parameters friction and cohesion are determined 
by dividing by the partial safety factors. The design effects acquired from the 
analysis are compared to the design resistances.

b) Serviceability Limit State (SLS)
Serviceability limit state analyses are carried out using characteristic values for 
actions and resistances to DIN 1054.

Explicit analysis can be generally dispensed with in the following cases, inasmuch 
as the ultimate limit state is satisfied:

Recommendations for Design and Analysis of Earth Structures using 
Geosynthetic Reinforcements (EBGEO). German Geotechnical Society.
© 2011 Ernst & Sohn GmbH & Co. KG. 
Published by Ernst & Sohn GmbH & Co. KG.
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Table 3.1  Allocation of analyses to the limit states defined in DIN 1054

Analysis 
group

Analysis Limit 
state

Notes/standards
Remarks

Ultimate 
limit state 

Bearing capacity failure STR Regarded as quasi-mono-
lithic, cf. DIN 1054:2005-01, 
Para. 12.4.4 (2), 7.5.2

Sliding STR Regarded as quasi-mono-
lithic, cf. DIN 1054:2005-01, 
Para. 12.4.4 (2), 7.5.3

General failure/slope failure GEO Regarded as quasi-mono-
lithic, cf. DIN 1054:2005-01, 
Para. 12.3

‘Overturning’ alternatively 
via position of bearing 
pressure resultant

EQU1) Regarded as quasi-mono-
lithic, cf. DIN 1054:2005-01, 
Para. 7.5.1 (1)

General failure/slope failure GEO Reinforcement layer inter-
sected, cf. DIN 1054:2005-01, 
Para. 12.3, 12.4.3, cf. 
EBGEO, Section 3.4

Design strength 
of reinforcement 

STR cf. EBGEO, Section 3.4

Pull-out resistance 
of reinforcement

GEO/
STR2)

cf. DIN 1054:2005-01, 
Para. 12.4.3
cf. EBGEO, Section 3.4

Analysis of connection 
of the outer skin 

STR cf. EBGEO, Section 3.4

Analysis of reinforcement 
overlapping/joining 
(reinforcement junctions)

STR cf. DIN 1054:2005-01, 
Para. 7.5.3
cf. EBGEO, Section 3.4

Service-
ability 
limit state

Deformation of the structure SLS cf. EBGEO, Section 3.1

Settlement in the contact area SLS cf. EBGEO, Section 3.1

Analysis of bearing pressure 
resultant

SLS Regarded as quasi-mono-
lithic, cf. DIN 1054:2005-01, 
Para. 12.4.4 (2), 7.6.1

Notes/explanations:
1) Because these are not rigid structures the stability of supporting structures against
 ‘overturning’ is regarded as adequate if:
 a) The load resultant defined in DIN 1054, Paragraph 7.5.1 (3) does not leave the
  second kernel width (calculated using characteristic values).
 b) The position of the bearing pressure resultant (first kernel width) SLS is analysed.
2) The pull-out resistance is analysed for the limit state in which the design effects 
 where determined (deficit forces).
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 – structures in Geotechnical Category GC 1,
 – retaining structures with wide-area live loads pk � 10 kN/m2, allocated to GC 2 

and displaying a utilisation factor � � 0.75 compliant with GEO,
 – structures for which well-founded empirical or measured data are available for 

similar structures using the same construction method and in similar ground 
conditions (cf. DIN 1054).

If, for Geotechnical Category 3 structures, no well-founded empirical or mea-
sured data are available for similar structures using the same construction method 
(cf. DIN 1054), against which the deformation analyses can be calibrated, in-
strumented monitoring of the structure and/or the observational method shall 
be adopted.

3.2 Allocation of Geosynthetic-reinforced Structures 
to Geotechnical Categories

The structures discussed in these Recommendations can be allocated to geotech-
nical categories as shown in Table 3.2, inasmuch as more detailed information is 
not provided in the appropriate sections.

If DIN 1054 specifies a higher category, the higher category is always adopted.

Table 3.2  Recommendation for allocating geosynthetic-reinforced structures to 
geotechnical categories

Structure Geotechnical
Category 1

Geotechnical
Category 2

Geotechnical
Category 3

Retaining 
structures

H < 3 m 3 m � H < 9 m H � 9 m

Bridge 
abutments

– H < 2 m H � 2 m

Embank-
ments 

H < 3 m 3 m � H < 9 m H � 9 m

Doline 
stabilisation 

– – Doline stabilisation

Foundation 
pads 

5 cm � sallow. � 10 cm 2 cm � sallow. � 5 cm 1 cm � sallow. � 2 cm

Special 
geosynthetic-
reinforced 
structures

– Foundation system using geosynthetic-
encased columns

– Reinforced earth structures over point or 
linear bearing elements
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3.3 Design Resistances

3.3.1 Structural Resistance of Geosynthetics

The structural resistance of a geosynthetic refers to its tensile strength RB,d. It is 
based on the load-extension curve determined in a tensile test for the respective 
geosynthetic. The short-term strength RB,k0 determined from the maximum tensile 
force identified in the test is given relative to a width of 1 m. To take production 
tolerances into consideration the characteristic value of the short-term strength 
RB,k0 is given as the 5% quantile. The characteristic values of the short-term 
strength RB,k0 are determined as described in Section 2.2.4.4. The long-term 
strength of the geosynthetic RB,k is calculated from the short-term strength RB,k0 
by dividing by the reduction factors A1 to A5. The reduction factors take into 
consideration the impacts of creep (A1), damage to the geosynthetics during 
transportation, installation and compaction (A2), the impacts of junctions, seams 
and connections (A3), environmental impacts such as weathering, chemicals and 
microorganisms (A4), and impacts from predominantly dynamic actions (A5).

R R A A A A AB k B k, ,k B / ( )ARB k / ( ⋅A ⋅0 1A/ (A/ ( 2 3 4 5A A A⋅A ⋅  Eq. (3.1)

where:

RB,k0 characteristic value of the short-term strength of the geosynthetics 
(5% quantile),

RB,k characteristic value of the long-term strength of the geosynthetics,
A1 reduction factor for considering creep strain or creep rupture behaviour,
A2 reduction factor for considering any damage caused during installation, 

transportation and compaction,
A3 reduction factor for considering processing (seams, connections, joins),
A4 reduction factor for considering environmental impacts (weathering 

resistance, resistance against chemicals, microorganisms, animals),
A5 reduction factor for considering the impact of dynamic actions 

(cf. Section 12).

The design resistance of the geosynthetics RB,d is calculated by dividing the 
characteristic long-term strength RB,k by the partial safety factor �M for the 
structural resistance of the reinforcement (cf. Section 3.4). Among other things 
it takes into consideration any deviations in the geometry of the structure and in 
the characteristic values of the geosynthetics compared to those identified in the 
laboratory. The design resistance RB,d of the geosynthetics is calculated as follows:

R RB d k M, ,d B /= γRB kB /  Eq. (3.2)

where:

RB,d design resistance of the geosynthetic reinforcement,
�m partial safety factor for the structural resistance of flexible 

reinforcement elements as described in Section 3.4.
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3.3.2 Determining Reduction Factors

The required product parameters and the reduction factors shall be provided by 
the manufacturer, for example by:

 – test reports provided by independent institutes with appropriate personnel 
and equipment or

 – by data from technical approvals.

Alternatively, the reduction factors used in EBGEO, Section 2.2.4 shall be adopted. 
If, due to a combination of the reduction factors given above, RB,d � 0.10 · RB,k0 
for permanent structures, a variety of options are available to avoid casting doubt 
on the execution of the structures as a whole. Using appropriate engineering 
measures, and by the selection of geosynthetics and fill soils it is possible to 
achieve a technically correct and economical solution. The following points may 
be mentioned here as examples:

 – selection of raw materials (for A1),
 – configuration of protective layers (for A2),
 – use of geocomposites (for A1 and A2),
 – changing the fill soil (for A2 and A4).

The respective soluti     on shall be adopted to suit the actual application.

3.3.3 Pull-out Resistance of Geosynthetics

3.3.3.1 Characteristic Pull-out Resistance of Geosynthetics
The characteristic pull-out resistance is the integral of the shear stresses mobilised 
in the reinforcement plane. In the limit state the characteristic pull-out resistance is:

R L f nA k v k A sff g k, ,k v ⋅ ffσ  Eq. (3.3)

where:

RA,k characteristic pull-out resistance of the reinforcement relative to 1 m 
width,

�v,k characteristic value of the normal stress in the reinforcement plane,
LA anchorage length of reinforcement behind the failure plane under 

consideration,
fsg,k characteristic value of the mean friction coefficient between the fill soil 

and the plane formed by the geosynthetics and the intermediate ground 
as described in Section 2.2.4.11,

n number of adoptable friction surfaces.

3.3.3.2 GEO Pull-out Resistance Design Values
The pull-out resistance design value for GEO limit state stability analyses of 
intersected reinforcements is determined from the characteristic value of the pull-
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out resistance by dividing by the partial safety factor for the pull-out resistance 
of flexible reinforcement elements �B to DIN 1054, Table 3. The design value of 
the pull-out resistance RA,d is:

R RA d k B, ,d A /= γRA kA /  Eq. (3.4)

where:

RA,d design value of the pu ll-out resistance of the reinforcement,
�B partial safety factor for the pull-out resistance of the reinforcement.

3.3.3.3 STR Pull-out Resistance Design Value
The design value of the pull-out resistance for analysis of the required overlapping 
of the reinforcement (reinforcement junctions) in the STR limit state is determined 
from the characteristic pull-out resistance by dividing by the partial safety factor 
�GL to DIN 1054, Table 3, based on the sliding resistance to DIN 1054. The design 
value of the pull-out resistance RA,d is:

R RA d d Gl, ,d A /= γRA dA /  Eq. (3.5)

where:

RA,d design value of the pull-o ut resistance of the reinforcement,
�Gl partial safety factor for sliding resistance.

3.3.4 Axial Stiffness of Geosyn  thetics in the Serviceability Limit State

The axial stiffness of the geosynthetics is determined as a conservative char-
acteristic value from the load-extension curve of the geosynthetic or from its 
isochrones (without considering ground contact).

3.4 Partial Safety Factors – Supplementary Regulations to DIN 1054

The partial safety factors in Table 3.3 are defined as supplementary factors to 
those in DIN 1054 for flexible reinforcement elements (geosynthetics). They are 
adopted for design.

Table 3.3  Partial safety factors for resistances supplementary to DIN 1054 

Resistance Notation Load Case

LC 1 LC 2 LC 3

STR: Limit state of failure of the structure and of structural elements:

Resistances of flexible reinforcement elements

Structural resistance of reinforcement �m 1.40 1.30 1.20
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Wide equivalent loads where pk � 10 kN/m2 are always regarded as permanent 
actions for designing geosynthetic-reinforced structures in analogy to DIN 1054.
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   4 Embankments on Soft Soils

4.1 General Recommendations

The stability of embankments on soft soils can be enhanced by the use of geo-
synthetic reinforcements installed in the embankment contact zone. This does 
not prevent settlement, but generally makes it more uniform.

[1], [2], [6] and [7] report on the modus operandi, instrumented monitoring and 
experiences in terms of the long-term behaviour of geosynthetic reinforcements 
in embankment contact zones.

Only stability analyses are dealt with below. The separating function of a geosyn-
thetic layer in the embankment contact zone is analysed separately [4].

When analysing and designing the reinforcement the initial stability, any con-
struction stages and the final stability are investigated. If the calculated stability 
is inadequate, reinforcement provides an additional resisting force in the equi-
librium conditions.

If the stability in the final state is adequate without reinforcement, the operational 
life of the reinforcement corresponds to the consolidation period. If the calculated 
stability of the unreinforced embankment cannot be guaranteed in the final state, 
the reinforcement shall be designed for the operational life of the embankment.

In the following equations and figures the friction angle and cohesion are des-
ignated by the generalised symbols 
 and c. The actual application determines 
whether these refer to the shear parameters 
� and c� in the drained or the und-
rained conditions (
u and cu).

The embankment structure is designated by the index ‘1’, the softer subsoil by 
the index ‘2’.

All possible failure mechanisms shall be considered when investigating the 
stability of embankments on soft soils. They are based on the global failure de-
scribed in DIN 4084, where both circular and linearly bounded failure bodies are 
investigated. The transition zones between the ground and the upper and lower 
surfaces of the geosynthetic reinforcement respectively, on which the embank-
ment structure may slip, represent failure planes requiring special investigations.

Note: Because these failure mechanisms merely represent special variations of 
the global failure mode, they are analysed here in the GEO limit state, 
while according to DIN 1054 the ‘sliding’ analysis in the STR limit state 
may be the governing mode.

Recommendations for Design and Analysis of Earth Structures using 
Geosynthetic Reinforcements (EBGEO). German Geotechnical Society.
© 2011 Ernst & Sohn GmbH & Co. KG. 
Published by Ernst & Sohn GmbH & Co. KG.
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4.2 Analysing Global Failure

4.2.1 General Recommendations

When building an embankment on soft soil it is necessary to investigate the global 
stability of slip planes which:

 – remain within the embankment structure and do not intersect reinforcement 
layers,

 – remain within the embankment structure and intersect reinforcement layers,
 – are within the embankment structure and the ground and intersect reinforce-

ment layers (Figure 4.1).

The resistance of the reinforcement is adopted as a restraining force, where the 
smaller of the following values is adopted:

 – the design stiffness RB,d of the reinforcement layer (STR),
 – the design value (GEO) of the pull-out resistance force of the reinforcement 

layer from the surrounding fill soil at the ‘left’ (RAL,d) or ‘right’ (RAR,d) of 
the respective slip line,

 – the design value of the frictional resistance on the top of the geosynthetics 
RO,d (STR) at the ‘right’ of the respective slip line.

The line of action of this resisting force is adopted conservatively in the unde-
formed state.

The initial state, any construction stages and the final state are differentiated (see 
Section 4.1).

The safety agai   nst global failure is adequate if the following condition is met 
for all possible failure mechanisms by the values for the actions and resistances:

E R R R Rd d B d AL d AR R d d+RdR min ( ; ;RAL d ; )RO d, ,d AL , ,d OO .

Figure 4.1  Analysis of global stability with intersected reinforcement
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4.2.2 Failure Mechanisms

4.2.2.1 Failure on Circular Slip Planes
Analysis of global stability for circular slip planes is carried out to DIN 4084 for 
the GEO limit state.

4.2.2.2 Defined Slip Plane in Soft Soil
For structurally and/or geologically defined slip planes (e.g. flexible membranes 
with very low adhesion or friction coefficients below the embankment and/or 
for deeper, thin layers with very low shear strength) global stability should be 
analysed using composite failure mechanisms (e.g. as shown in Figure 4.2) (also 
see DIN 4084).

4.2.2.3 Slip Plane Between Geosynthetics and Fill Soil 
or Between Geosynthetics and Soft Soil

The boundary planes  between embankment fill material/geosynthetics and geo-
synthetics/ground represent preferential slip planes (Figure 4.3). Adequate sliding 
stability exists if the following conditions are met:

ah,d O,dE R�  Eq. (4.1)

E R Rah d U d BR d d, ,d U , ,d Amin ( ; )RAR d,A+RUR d  Eq. (4.2)

where:
Eah,d design value of the horizontal component of the active earth pressure,
RO,d design value of the friction resistance between the embankment fill 

material and the top of the geosynthetics,
RU,d design value of the friction resistance between the bottom of the 

geosynthetics and the ground,
RB,d design resistance of the reinforcement layer (STR),
RA,d design value (GEO) of the pull-out resistance force from the 

surrounding ground. 
 The smaller of the values of RB,d and RA,d is the governing value.

4.2.2.4 Adopting Reinforcement Wrap-around
Where friction resistance RO,d is inadequate empiricism [1] indicates that sliding 
stability can be substantially increased by wrapping the geosynthetic reinforce-
ment back at the embankment toe. Structures configured as in Figure 4.4 are 
analysed by testing various sections.
Analysis of the sliding stability on the bottom of the reinforcement is also carried 
out using Equation (4.2) for structures with reinforcement wrap-around.
Sections must also be inve stigated for sliding of the embankment flank above 
the wrap-around (Figure 4.4 a) and for sliding of the embankment above the 
reinforcement layer (Figure 4.4 b). The following conditions shall be met:
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Figure 4.3  Analysis of the sliding stability of an embankment 
without wrap-around of the geotextile reinforcement at the embankment toe

1492vch04.indd   47 12.03.2011   18:07:34



48

Figure 4.4  Analysis of the sliding stability of an embankment 
with wrap-around of the geotextile reinforcement at the embankment toe

ah3,d 3,dE R�  Eq. (4.3)

E R Rah d O d dR d, ,d O , ,d Bmin ( ; )RB dB+ROR d  Eq. (4.4)

where:
Eah,d design value of the horizontal component of the active earth pressure 

(relative to embankment height h),
Eah3,d design value of the horizontal component of the active earth pressure 

(relative to height h3),
RO,d design value of the friction resistance between the embankment fill 

material and the top of the geosynthetics,
R3,d design value of the friction resistance between the embankment fill 

material and the top of the geosynthetics 
(relative to the length h3 / tan ),

RB,d design resistance of the reinforcement layer (STR).
 The smaller of the values of RB,d and R3,d is the governing value.
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4.2.3 Actions

The earth pressures from soil dead weight and live loads on the embankment 
crest are adopted as actions:

E h h K p h Kah d k ah K gh Q kp aph, ,d G ( ,k ) ( )= ⋅h hhh hh Q ⋅hγGG (⋅G k h,k, h 1haK gh Q kpQ) Q hγ5  Eq. (4.5)

where:

Eah,d design value of the earth pressure for the total height,
h1 total height of the embankment,
Kagh horizontal earth pressure coefficient from dead load (DIN 4085),
Kaph horizontal earth pressure coefficient from live loads (DIN 4085),
pk characteristic live load,
�1,k characteristic value of the unit weight of the embankment fill material,
�G partial safety factor for permanent actions in the GEO limit state,
�Q partial safety factor for variable actions in the GEO limit state.

Note: Actions from earth pressures are determined analogously for other heights.

4.2.4 Resistances

4.2.4.1 Design Value of the Friction Resistance 
on Top of the Geosynthetics RO,d 

The friction resistance between the emb ankment fill material and the geosyn-
thetics is:

R h h fO d d gh f d, ,d ,/ ) ⋅)d, ffβh / tanhh / tand h,d, h  Eq. (4.6)

where:

 slope angle (tan  = 1 : n),
h1 total height of the embankment,
�1,d design value of the unit weight of th e embankment fill material 

(�1,d = �1,k),
f1g,d characteristic value of the friction coefficient between the embankment 

fill material and the geosynthetics 
(see Section 2.2.4.11.2 where tan 
d = tan 
k / �
).

4.2.4.2 Design Value of the Shear Resistance 
on the Bottom of the Geosynthetics RU,d 

The initial state and the final state are differentiated when determining the shear 
resistance between the geosynthetics and the ground.

In the initial state:

R c hU d u d, ,d u / tan⋅c d 1hd ⋅d β . Eq. (4.7)
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In the final state:

R c h h h fU d d g d, ,d ,d g/ tan )′ ⋅hh ⋅h2 d, h 1hd (dd 1 2ffβ . Eq. (4.8)

where:

 slope angle (tan  = 1 : n),
h1 total height of the embankment,
�1,d design value of the unit weight of the embankment fill material 

(�1,d = �1,k),
cu2,d design value of the shear strength of the undrained soil 

(cu2,d = cu2,k / �cu),
c�2,d design value of the shear strength of the drained soil 

(c�2,d = c�2,k / �c),
f2g,d design value of the friction coefficient between the ground and the 

geosynthetics 
(see Section 2.2.4.11.2 where 
d = 
k / �
).

4.2.4.3 Design Value of the Pull-out Resistance RA,d 
The design value of the pull-out resistance RA,d is determined as described in 
Sections 2.2.4.11 and 3.

4.2.4.4 Design Resistance of the Geosynthetic Reinforcement RB,d 
Safety against failure of the reinforcement is analysed as described in Sections 2 
and 3.

4.2.4.5 Design Value of the Friction Resistance 
on Top of the Geosynthetic R3,d 

The friction resistance between the embankment fill material and t he geosyn-
thetic is:

R h h fd g d3 d 3 3h 1ff, ,dd ) ⋅)hd 3h(d β/ tanh3 / tan  Eq. (4.9)

where:

 slope angle (tan  = 1 : n),
h3 height as in Figure 4.4,
�1,d design value of the unit weight of the embankment fill material  

(�1,d = �1,k),
f1g,d design value of the friction coefficient between the embankment fill 

material and the geosynthetics 
(see Section 2.2.4.11.2 where 
d = 
k / �
).
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4.3 Analysing the Stability of the Ground against ‘Squeezing Out’

Ground ‘squeezing’ is particularly prevalent when installing the embankment 
structure, especially in the initial state when the soil is very weak and the thick-
ness of the soft soil is limited (also see [3]) (Figure 4.5). The GEO limit state is 
analysed.

When adopting the undrained shear strength of the ground the fol lowing action 
on the soil monolith in question resulting from tipping the embankment shall be 
considered:

E h h h c hah k u k4 d 4hk
2

4hk2, ,d G 1d G , ,u4kh hk h h1 h,1 )hh −h4h ⋅cGG  Eq. (4.10)

where:

Eah4,d design valu e of the earth pressure, determined using the undrained shear 
strength of the ground,

Note: Live loads may need to be taken into consideration when determining the 
earth pressure.

 In the equation above the earth pressure coefficient Kagh = 1.0 and is not 
explicitly given because �u = 0 for the ground.

h1 total height of the embankment,
h4 height of the soil monolith (h4 � h2),
�1,k characteristic value of the unit weight of the embankment fill material,
�2,k characteristic value of the unit weight of the ground,
cu2,k characteristic value of the undrained shear strength of the ground,
�G partial safety factor for permanent actions in the GEO limit state.

Figure 4.5  Ground ‘squeezing’
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The following resistances are adopted:

 – the passive earth pressure in front of the soil monolith (passive earth pressure 
in the undrained state)

R h c hEp d u d4 d 4
2

4hd2, ,dd ,⋅ +h4
2 ⋅c , Eq. (4.11)

 – the characteristic value of the friction resistance on the bottom of the geosyn-
thetics RU,d (see 4.2.4.2),

 – the characteristic value of the friction resistance in the ground on the bottom 
of the soil monolith

R c L c hd uL c d4 2d uc 2 1hd, ,d u2d u , / tan⋅cc d2c ⋅cc d2 d β , Eq. (4.12)

where:

 slope angle (tan  = 1 : n),
h1 total height of the embankment,
h4 height of the soil monolith (h4 � h2),
�1,d design value of the unit weight of the embankment fill material 

(�1,d = �1,k),
�2,d design value of the unit weight of the ground (�2,d = �2,k),
cu2,d design value of the undrained sh ear strength of the ground 

(cu2,d = cu2,k / �cu).

In homogeneous ground the height h4 corresponds to the height h2. The height 
of any special weak zones in the ground (also see Figure 4.2) is adopted for h4.

Adequate squeezing stability of the ground exists if the following conditions 
are met:

R Rah p d U d d4 d Ep 4,d Epd Ep , ,d 4+RR p dER p  Eq. (4.13)

and

U,d B,d A,dR min (R ; R )� .  Eq. (4.14)

4.4 Analysing Bearing Capacity

Bearing capacity  to DIN 4017 is always analysed in accordance with DIN 1054 
including for embankments and fill on ground with low shear strength. The 
embankment is regarded as quasi-monolithic. Reinforcement layers are not in-
tersected. The STR limit state is analysed.An examination of whether the failure 
model based on the DIN 4017 analysis can actually form shall be carried out, in 
particular when the soft soil is not very thick. Usually the global failure analysis 
is the governing one, not the bearing capacity.
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4.5 Engineering Notes

Draft sketches for embankments on fine-grained, soft soils and engineering notes 
on the selection and processing of  reinforcements are given in [4] and [5].
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4.7 Example Embankment on Soft Soil

Figure 4.6  Embankment dimensions
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Soil 
parameter

Unit 
weight

Drained 
shear parameters

Undrained 
shear parameters

�
� c� 
u cu

Fill 
material

�1,k = 
20 kN/m3 
�1,k = 35° c�1,k = 

0 kN/m2
– –

Soft 
ground

�2,k = 
15 kN/m3 
�2,k = 20° c�2,k = 

0 kN/m2

u,2,k = 0° cu,2,k = 

20 kN/m2

min cu,2,k = 
10 kN/m2

  4.7.1 Failure on Circular Slip Planes

An embankment on soft soil can fail along a slip plane passing through the em-
bankment fill material and the ground. Global failure is analysed to DIN 4084 in 
the GEO limit state and the reinforcement resistance adopted as a restraining force.

The resistances are calculated using the design values of the shear strengths of 
the individual soil strata. The initial and the final states are differentiated. The 
design value of the permanent actions from horizontal earth pressure is given by 
the quotient of the characteristic friction angle and the characteristic unit weight 
of the soil (GEO limit state), and the partial safety factor for permanent actions 
for the GEO limit state for Load Case 1 �Gl = 1.00.

Adequate safety against failure is given if the general condition for the ultimate 
limit state

d dE R�  Eq. (4.15)

is me t. When investigating by varying slip circles no failure mechanism may 
violate the condition for the ultimate limit state, where the equation for circular 
failure planes (index ‘M’) in the notation

E RM MR/ = ≤μ 1  Eq. (4.16)

is used with � as the utilisation factor.

The design value of the pull-out resistance may be adopted to DIN 1054 as an 
additional resistance with the partial safety factor �B for favourably acting rein-
forcement layers. A software application was used to vary the circular slip planes 
using the method of slices. The tensile force in the intersected reinforcement layer 
was varied until Equation (4.16) was fulfilled for � = 1.00.
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4.7.1.1 Initial Stability
Design values of shear parameters:

 – Ground
cu,2,d = cu,2,k / �cu
cu,2,d = 20 / 1.25 = 16.0 kN/m2

min cu,2,d = 10 / 1.25 = 8.0 kN/m2.

 – Fill material

�1,d = arc tan [tan (
�1,k) / �
]

�1,d = arc tan [tan (35°) / 1.25] = 29.3°.

The actions are determined from the dimensions and characteristic soil unit 
weights as shown in Figure 4.11. The partial safety factor for permanent 
actions is �G = 1.00 for the GEO limit state LC1. The characteristic live load of 
qk = 25.0 kN/m2 is multiplied by the partial safety factor �Q = 1.30 to acquire the 
design value qd = 32.5 kN/m2.

Analysis results (initial stability):
Equation (4.16) (� = 1.0) is fulfilled for a tensile force in the geosynthetics layer 
of 42 kN/m. The governing slip circle results in a maximum possible effective 
bond length of LAi = 12.5 m within the circular failure mechanism as far as the 
toe of the slope (see Figure 4.7). Outside of this zone the geosynthetic layer has 
a possible anchorage length of around 15 m.

Figure 4.7  Global stability – initial state
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4.7.1.2 Final Stability
Design values of shear parameters:

 – Ground

�2,d = arc tan [tan (
�2,k) / �
]

�2,d = arc tan [tan (20°) / 1.25] = 16.2°.

 – Fill material

�1,d = arc tan [tan (
�1,k) / �
]

�1,d = arc tan [tan (35°) / 1.25] = 29.3°.

Dimensions and soil unit weights correspond to Figure 4.11, the partial safety 
factor for permanent actions (horizontal earth pressure) �G = 1.00 for LC1 and 
the GEO limit state. The characteristic live load of qk = 25.0 kN/m2 is multiplied 
by the partial safety factor �Q = 1.30 to get the design value qd = 32.5 kN/m2. The 
analysis is carried out as described above with a search for the tensile force in 
the geosynthetics which fulfils Equation (4.16) (� = 1.00).

Analysis results (final stability):
Equation (4.16) is fulfilled for a design force of 5 kN/m transferred by the rein-
forcement layer. The governing slip circle results in a maximum possible effective 
bond length of LAi = 6.5 m within the circular failure mechanism as far as the 
toe of the slope (see Figure 4.8). Outside of this zone the geosynthetic layer has 
a possible anchorage length of around 20 m.

Figure 4.8  Global stability – final state
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4.7.2 Defined Slip Plane in Soft Soil

4.7.2.1 Initial Stability
A   separate analysis shall be carr ied out for the initial state of a geotechnically 
predefined slip plane in ground with very low undrained shear strength (see 
Figure 4.11), for example using general wedge mechanisms with planar slip 
planes. A graphical structural analysis is carried out here as an example for a pos-
sible mechanism (see Figure 4.9). The GEO limit state, Load Case 1, is analysed.

The governing design values for the shear parameters 
�1,d, cu,2,d and min cu,2,d for 
the initial state are determined analogous to the analyses for circular slip planes.

The geometry of the failure mechanism is dictated by the following boundary 
conditions:

 – the base of the failure mass lies within the soft soil strata –2.00 m below 
ground level,

 – the failure angle in the undrained soil strata is always 45°,
 – the failure angle through the embankment fill material is:

45° + (
�1,d / 2) = 45° + (29.3° / 2) = 60°.

The given boundary conditions produce the failure model shown in Figure 4.9.

Depending on the geometry, it can be useful to introduce the following auxiliary 
variables as a function of wedges 1, 2, 3 and 4:

Slice number Width of slice Length of shear plane

1 b1 = 2.3 m l1 = 4.6 m

2 b2 = 2.0 m l2 = 2.8 m

3 b3 = 8.0 m l3 = 8.0 m

4 b4 = 2.0 m l4 = 2.8 m

First, the adopted actions from soil dead weight and live loads are identified (cf. 
Figure 4.9). The partial safety factors for permanent and unfavourable, variable 
actions for the GEO limit state, LC1 are required:

�G = 1.00

�Q = 1.30

The actions from soil dead weight are then given by:

EG,1,d = 1/2 · b1 · h1 · �1,k · �G
 = 1/2 · 2.3 · 4.0 · 20 · 1.00 = 92.0 kN/m

EG,2,d = b2 · h1 · �1,k · �G + 1/2 · b2 · h4 · �2,k · �G
 = 2.0 · 4.0 · 20 · 1.00 + 1/2 · 2.0 · 2.0 · 15 · 1.00 = 190.0 kN/m
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EG,3,d = 1/2 · b3· h1 · �1,k · �G + b3 · h4 · �2,k · �G
 = 1/2 · 8.0 · 4.0 · 20 · 1.00 + 8.0 · 2.0 · 15 · 1.00 = 560.0 kN/m

EG,4,d = 1/2 · b4 · h4 · �2,k · �G
 = 1/2 · 2.0 · 2.0 · 15 · 1.00 = 30.0 kN/m. Eq. (4.17)

The action from the live load is given by:

EQ,1,d = b1 · qk · �Q = 2.3 · 25 · 1.30 = 74.8 kN/m
EQ,2,d = b2 · qk · �Q = 2.0 · 25 · 1.30 = 65.0 kN/m.

The resistances to wedge sliding of the embankment section on the geological 
weak zone are given by the undrained cohesion of the soft ground and the friction 
angle of the embankment fill material.

The design values of the cohesive forces are given by:

C1,d = 0.0 kN/m
C2,d = l2 · cu,2,d = 2.8 · 16 = 44.8 kN/m
C3,d = l3 · min cu,2,d = 8.00 · 8 = 64.0 kN/m
C4,d = l4 · cu,2,d = 2.8 · 16 = 44.8 kN/m

Using the forces of the actions EG,i,d, EQ,i,d and the forces of Ci,d (i = 1 to 4) a 
resultant horizontal force can be calculated for each slice. Calculation of this 
horizontal force requires that the directions of the forces Qi,d (i = 1 to 4) be 
defined. The directions of the forces Qi,d are given by 
u,2,k = 0° for slip planes 
in undrained, soft soil, because they are normal to the slip plane. The slip plane 
in slice 1 passes through the gravel fill, which has a friction angle 
�1,d. The force 
Q1,d is at an angle of 90° – 
�1,d to the slip plane.

When the directions of all forces acting on the soil wedge are known the hori-
zontal force can be calculated for each slice. This can also be visualised using a 
graphical equilibrium diagram based on a scaled drawing of the force vectors.

H1,d = (EG,1,d + EQ,1,d) sin (45° – 
�1,d / 2) / sin (45° + 
�1,d / 2)
 = (92.0 + 74.8) sin (45° – 29.3° / 2) / sin (45° + 29.3° / 2) = 97.6 kN/m

H2,d = EG,2,d + EQ,2,d – 2 C2,d 2
–0.5 = 190.0 + 65.0 – 2 44.8 2–0.5 = 191.6 kN/m

H3,d = –C3,d = –64.0 kN/m

H4,d = –EG,4,d – 2 C4,d 2
–0.5 = – 30.0 – 2 44.8 2–0.5 = –93.4 kN/m

The resultant mobilising horizontal force is:

res H = H1,d + H2,d + H3,d + H4,d = 97.6 + 191.6 – 64.0 – 93.4 = 131.9 kN/m

In order for the soil wedge to remain in equilibrium a geosynthetic design strength 
of RB,d = 132 kN/m is required for the slip mechanism shown in LC 1 and the GEO 
limit state. Analysis of the pull-out resistance must show that RA,d = 132 kN/m. 
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A governing anchorage length LAi of approx. 9.5 m shall be demonstrated, without 
consideration of the action of the reinforcement wrap-around.

4.7.2.2 Final Stability
There are no geologically predefined slip planes in the soft ground in the final 
state. The final stability of this state therefore does not require investigation.

4.7.3 Slip Pl ane Between Geosynthetics and Fill Soil 
or Between Geosynthetics and Soft Soil 
taking the Reinforcement Wrap-around into Consideration

4.7.3.1 General Recommendations
If the reinforcement is wrapped-around, the slip planes in Figure 4.10 shall be 
investigated for sliding of soil wedges on the preferential slip planes between the 
ground and the geosynthetics in the initial and the final states.

The following three unequations shall be fulfilled  for the GEO limit state:

Eah3,d � R3,d

Eah,d � RO,d + min (R3,d; RB,d)
Eah,d � RU,d + min (RB,d; RA,d)

In this example the actions from soil dead weight and live loads are calculated 
independently of the initial and final stability and are given by:

Eah3,d = �G · (�1,k · 0.5 · h3 · h3 · Kagh) + �Q · (pk · h3 · Kaph)
 = 1.00 · (20 · 0.5 · 3.2 · 3.2 · 0.27) + 1.30 · (25 · 3.2 · 0.27) 
 = 55.7 kN/m

Eah,d = �G · (�1,k · 0.5 · h1 · h1 · Kagh) + �Q · (pk · h1 · Kaph)
 = 1.00 · (20 · 0.5 · 4.0 · 4.0 · 0.27) + 1.30 · (25 · 4.0 · 0.27) 
 = 78.3 kN/m

with the active horizontal earth pressure coefficients:

Kagh = tan2 (45° – 
�1,k / 2) = tan2 (45° – 35° / 2) = 0.27
Kaph = Kagh = 0.27.

4.7.3.2 Initial Stability
The resistances required for the analyses are given by:

R3,d = 1/2 · �1,d · (h3 / tan ) · h3 · f1g,d
 = 1/2 · 20 · (3.2 / 0.5) · 3.2 · 0.28 = 57.3 kN/m

where:
f1g,d = 0.5 · tan 
�1,d = 0.5 · tan (29.3°) = 0.28
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RO,d = 1/2 · �1,d ·(h1 / tan ) · h1 · f1g,d
 = 1/2 · 20 · (4.0 / 0.5) · 4.0 · 0.28 = 89.6 kN/m

RU,d = cu2,d · h1 / tan  = 16 · 4.0 / 0.5 = 128.0 kN/m.

Figure 4.10  Possible slip planes between geosynthetics and fill soil or between 
geosynthetics and soft soil taking the reinforcement wrap-around into consideration

1492vch04.indd   61 12.03.2011   18:07:37



62

Analysis of the sliding of a soil wedge above the wrap-around:

Eah3,d � R3,d

55.7 � 57.3

is thus complete.

Sliding above and below the reinforcement layer is also analysed. The earth pres-
sure Eah,d is adopted as an action. The forces RO,d, R3,d and RB,d act as resistances 
against sliding above the reinforcement layer:

Eah,d � RO,d + min (R3,d; RB,d)

78.3 � 89.6 + min (R3,d; RB,d).

Because the force RO,d is greater than the action Eah,d, no additional geosynthetic 
reinforcement resistance is required for this analysis.

The forces RU,d, RB,d und RA,d are required for analysis of sliding below the 
reinforcement layer (geosynthetics intersected):

Eah,d � RU,d + min (RB,d; RA,d)

78.3 � 128 + min (RB,d; RA,d).

The force RO,d is also greater than the action Eah,d for this failure mechanism. 
No additional geosynthetic reinforcement resistance is therefore required for 
this analysis.

4.7.3.3 Final Stability
The soft soil is characterised by its drained shear parameters for analysis of the 
final stability. This alters the analysis of sliding of a soil wedge  below the rein-
forcement layer. The resistance RU,d is:

RU,d = c�2,d · h1 / tan  + 1/2 · �1,d · (h1 / tan ) · h1 · f2g,d
 = 0 · (4.0 / 0.5) + 1/2 · 20 · (4.0 / 0.5) · 4 · 0.15 = 48.0 kN/m

where:
f2g,d = 0.5 · tan 
�2,d = 0.5 · tan (16.2°) = 0.15.

Analysis can now be carried out giving:

Eah,d � RU,d + min (RB,d; RA,d)

78.3 � 48 + min (RB,d; RA,d)

min (RB,d; RA,d) > 78.3 – 48 = 30.3 kN/m.

This means that a geosynthetics design strength of RB,d = 30.3 kN/m is required in 
LC 1 and the GEO limit state. The pull-out resistance RA,d of at least 30.3 kN/m 
must also be demonstrated. The governing anchorage length without reinforce-
ment wrap-around is LAi = 7.5 m.
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4.7.4 Analysing the Stability of the Ground against ‘Squeezing Out’

Section 4.3 notes how ground ‘squeezing’ is  particularly prevalent in the initial 
state, in particular in very weak soil and where the soft soil is of only limited 
thickness. The conditions of Equation (4.13) shall be adhered to for the GEO 
limit state:

Eah4,d � REp4,d + RU,d + R4,d

and

RU,d � min (RB,d; RA,d).

If particularly weak zones are present in the ground the base of the soil wedge 
being considered shall be located within the weak zone.

The action is given by:

Eah4,d = �G · (�1,k · h1 · h4 + 0,5 · �2,k · h4
2 – 2 · cu,2,k · h4) + �Q · (qk · h4).

Using the numbers from the example:

Eah4,d = 1.00 · (20 · 4 · 2 + 0.5 · 15 · 22 – 2 · 17 · 2) + 1.30 · (25 · 2) 
 = 187.0 kN/m.

Soil strength parameter design values are required to analyse the resistances in 
the GEO limit state. In the example these are:

cu,2,d = cu,2,k / �cu = 20 / 1.25 = 16 kN/m2

min cu,2 ,d = min cu,2,k / �cu = 10 / 1.25 = 8 kN/m2.

In addition, the unit weight of the soft soil is adopted for determining the hori-
zontal resisting force. 

Figure 4.11  Geometry of the soil wedge
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Where:
�2,d = �2,k.

The passive earth pressure design value in front of the soil wedge R3,d is:

REp4,d = 0.5 · �2,d · h4
2 + 2 · cu,2,d · h4

 = 0.5 · 15 · 22 + 2 · 16 · 2 = 94.0 kN/m.

The design value of the friction resistance on top of the soil wedge RU,d is:

RU,d = cu,2,d · h1 / tan 
 = 16 · 4 / 0.5 = 128 kN/m.

The design value of the friction resistance on the bottom of the soil wedge RU,d is:

R4,d = min cu,2,d · h1 / tan 
 = 8 · 4 / 0.5 = 64.0 kN/m.

The conditions of Equation (4.13):

Ea4,d � REp4,d + RU,d + R4,d

187 � 94 + 128 + 64 = 286.0 kN/m

are thus adhered to.

The design strength or the pull-out resistance of the geosynthetics shall also be 
analysed in analogy to equation (4.14)

RU,d � min (RB,d; RA,d)
RB,d or RA,d � 128 kN/m

A governing anchorage length of LAi of approx. 7.5 m shall be demonstrated, 
without considering the action of the reinforcement wrap-around.

4.7.5 Analysing Bearing Capacity

The deep-seated stability of fill slopes on soft soil is always investigated to 
DIN 1054. Either the bearing capacity is analysed as for shallow foundations to 
DIN 4017 or the global stability to DIN 4084, depending on soil strata and other 
boundary conditions (e.g. geosynthetics in the base plane of embankments). In 
this examp  le bearing capacity is not the governing factor, because the soft ground 
is only 4 m thick and the ground below this is regarded as stable. The soft layer 
is therefore several times less thick than the embankment contact area.

4.7 .6 Selecting the Geosynthetics

4.7.6.1 Analysing Reinforcement Failure
The following minimum geosynthetics design resistance values result from the 
analyses as described in Sections 4.7.1 to 4.7.5:
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Table 4.1  Required design resistances RB,d 

Design resistance from Section Initial state Final state

4.7.1 42.0 kN/m    5.0 kN/m

4.7.2 132.0 kN/m –

4.7.3 – 30.3 kN/m

4.7.4 128.0 kN/m –

This gives the required short-term strength of geosynthetics using the following 
equation:

RB,k0 = max. RB,d · (A1 · A2 · A3 · A4 · A5 · �M)

a) Initial state
The maximum design resistance value of the geosynthetics based on the resis-
tance deficit in the overall stability analysis (here: general wedge method) for 
the initial state is RB,d = 132.0 kN/m (see Section 4.7.2). The initial state is 
temporary inasmuch as the geotechnical boundary conditions may be enhanced 
by consolidation of the soft strata.

Using geosynthetics produced from a polyester raw material as an example, situ-
ated on soft soil and with soil group SE embankment fill material, and assuming 
A1 = 1.4 (low value due to approx. 1.5 years consolidation duration), A2 = 1.2 and 
A3 = A4 = 1.0 (manufacturer’s data, �M = 1.3 due to assumed LC2), the following 
required characteristic short-term strength is acquired:

RB,k0 = 132 · (1.4 · 1.2 · 1 · 1 · 1.3) = 288.3 kN/m.

b) Final state
The maximum design strength (reinforcement tensile force design value) re-
sulting from the analysis of sliding below the geosynthetics in the final state is 
RB,d = 30.3 kN/m in the GEO limit state as described in Section 4.7.3.3.

Using geosynthetics produced from a polyester raw material as an example, situ-
ated on soft soil and with soil group SE embankment fill material, and assuming 
extensive investigation results provide lower coefficients than the minimum 
values, A1 = 2.5, A2 = 1.2, A3 = 1.0 and A4 = 1.4 provide the following required 
characteristic short-term strength for permanent structures, for example:

RB,k0 = 30.3 · (2.5 · 1.2 · 1 · 1.4 · 1.4) = 178.2 kN/m. 

In this case, then, the required, governing short-term strength in the temporary 
state is 288.3 kN/m.
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4.7.6.2 Analysing Reinforcement Pull-out
The pull-out resistance of the reinforcement layer shall be analysed on the active 
(sliding) and the passive side (facing the embankment) of the embankment. In 
this example the governing anchorage length LAi is always located on the active, 
sliding side.

The following minimum values for the pull-out resistance RA,d and anchorage 
lengths LAiof the geosynthetics, without consideration of reinforcement wrap-
around, are given by the analyses described in 4.7.1 to 4.7.5:

Table 4.2  Required pull-out resistances req. RA,d and governing anchorage lengths LAi 

Analysis 
in Section

Initial state Final state

Pull-out 
resistance 

working RA,d

Anchorage 
length 

LAi

Pull-out 
resistance 

working RA,d

Anchorage 
length 

LAi

4.7.1   42.0 kN/m 12.5 m   5.0 kN/m 6.5 m

4.7.2 132.0 kN/m   9.5 m – –

4.7.3 – – 30.3 kN/m 7.5 m

4.7.4 128.0 kN/m   9.5 m – –

The pull-out resistance is a function of the limit state shear stresses mobilised 
between the reinforcement element and the fill soil. Shear stresses on both the 
top RA,1g,d and the bottom RA,2g,d can be activated as resistances. In addition, a 
pull-out resistance RA,Um,d provided by the reinforcement wrap-around acts. The 
following condition shall be met at all times:

RA,1g,d + RA,2g,d + RA,Um,d � RA,d.

Reinforcement pull-out shall be analysed for both the initial and the final state. 
The pull-out resistance provided by the reinforcement wrap-around is always the 
same and is calculated using:

RA,Um,d = (2 · GUm,k · f1g,k) / �B,
where:
GUm,k the soil dead weight acting on the reinforcement wrap-around,
f1g,k the characteristic value of the friction coefficient between the 

embankment fill material and the geosynthetics,
�B the partial safety factor for the pull-out resistances of flexible 

reinforcement elements in the GEO limit state.

In this example RA,Um,d is:

RA,Um,d = (2 · 204.8 · 0.35) / 1.4 = 102.4 kN/m

1492vch04.indd   66 12.03.2011   18:07:37



67

where:

GUm,k = 0.5 · h3 · l3 · �1,k = 0.5 · 3.2 · 6.4 · 20 = 204.8 kN/m,
f1g,k = 0.5 · tan 
�1,k = 0.5 · tan (35°) = 0.35.

In the GEO limit state the following applies for the upper side of the geosynthetics 
facing the embankment fill material (granular soil) in the initial state:
RA,1g,d = (GLAi,k · f1g,k) / �B

and for the lower side of the geosynthetics, facing the ground (cohesive soil):

RA,2g,d = (ak · LAi) / �B,
where:

GLAi,k the soil dead weight acting on the anchorage length LAi,
f1g,k the characteristic value of the friction coefficient between the 

embankment fill material and the geosynthetics,
ak the characteristic value of the adhesion between the soft, cohesive 

ground and the geosynthetics (here: ak = cu,k),
�B the partial safety factor for the pull-out resistances of flexible 

reinforcement elements in the GEO limit state.

The effective pull-out resistances for the individual analyses are given below:

Analysis
for Section

LAi = For LAi > tan () · h1:
GLAi,k = 0.5 · (LAi + LAi – 8) · h1 · �1,k

4.7.1 12.5 m 0.5 · (12.5 + 12.5 – 8) · 4 · 20 = 680 kN/m

4.7.2   9.5 m 0.5 · (9.5 + 9.5 – 8) · 4 · 20 = 440 kN/m

4.7.3   – –

4.7.4   9.5 m 0.5 · (9.5 + 9.5 – 8) · 4 · 20 = 440 kN/m

Analysis
for Section

RA,1g,d = RA,2g,d = RA,Um,d =

4.7.1 (680 · 0.35) / 1.4
= 170.0 kN/m

(20 · 12.5) / 1.4
= 178.6 kN/m

102.4 kN/m

4.7.2 (440 · 0.35) / 1.4
= 110.0 kN/m

(20 · 9.5) / 1.4
= 135.7 kN/m

102.4 kN/m

4.7.3 – – –

4.7.4 (440 · 0.35) / 1.4
= 110.0 kN/m

(20 · 9.5) / 1.4
= 135.7 kN/m

102.4 kN/m
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Analysis
for Section

RA,1g,d + RA,2g,d + 
RA,Um,d

req. RA,d

4.7.1 451.0 kN/m   42.0 kN/m Analysis verified

4.7.2 348.1 kN/m 132.0 kN/m Analysis verified

4.7.3 – – –

4.7.4 348.1 kN/m 128 kN/m Analysis verified

For the final state the expressions for the pull-out resistance above the geosyn-
thetics RA,1g,d and the resistances from reinforcement wrap-around RA,Um,d remain 
unaltered compared to the initial state. For the resistance RA,2g,d:

RA,2g,d = (GLAi,k · f2g,k) / �B

applies with the characteristic value of the friction coefficient between the em-
bankment fill material and the geosynthetics f2g,k. This coefficient is given by:

f1g,k = 0.5 · tan 
�2,k = 0.5 · tan (20°) = 0.18.

In analogy to the calculations for the initial state this gives:

Analysis
for Section

LAi = For LAi � tan () · h1:
GLAi,k = 0.5 · tan () · LAi · LAi · �1,k

4.7.1 6.5 m 0.5 · 0.5 · 6.5 · 6.5 · 20 = 211.2 kN/m

4.7.2 – –

4.7.3 7.5 m 0.5 · 0.5 · 7.5 · 7.5 · 20 = 281.2 kN/m

4.7.4 – –

Analysis
for Section

RA,1g,d = RA,2g,d = RA,Um,d =

4.7.1 (211.2 · 0.35) / 1.4
= 52.8 kN/m

(211.2 · 0.18) / 1.4
= 27.1 kN/m

102.4 kN/m

4.7.2 – – –

4.7.3 (281.2 · 0.35) / 1.4
= 70.3 kN/m

(281.2 · 0.18) / 1.4
= 36.1 kN/m

102.4 kN/m

4.7.4 – – –
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Analysis
for Section

RA,1g,d + RA,2g,d + 
RA,Um,d

req. RA,d

4.7.1 182.3 kN/m   5.0 kN/m Analysis verified

4.7.2 – – –

4.7.3 208.8 kN/m 30.3 kN/m Analysis verified

4.7.4 – – –
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5 Reinforced Foundation Pads

5.1 Definitions

A reinforced foundation pad refers to a reinforced earth structure (see Figure 5.1), 
replacing a soft soil to a given depth and with an upper surface forming the sub-
grade surface for a rigid foundation with a flat, horizontal base.

Figure 5.1  R einforced foundation pad with foundation and cover fill

5. 2 Application and Modus Operandi

A foundation pad in the terms of these Recommendations is created by inserting 
geosynthetics into the fill soil below footing and strip foundations. It displays 
enhanced bearing capacity and lower deformations compared to unreinforced 
soil replacement.

5.3 Design and Engineering Notes

5. 3.1 Construction Principle

Reinforced foundation pads are generally installed in areas where soil replacement 
is planned. These areas are filled in layers with the fill soil and the reinforcement 
installed as described in Section 5.3.2.
Recommendations for Design and Analysis of Earth Structures using 
Geosynthetic Reinforcements (EBGEO). German Geotechnical Society.
© 2011 Ernst & Sohn GmbH & Co. KG. 
Published by Ernst & Sohn GmbH & Co. KG.
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5.3.2 Reinforcement Configuration

The number nB of reinforcement layers arranged within the foundation pad 
depends on structural requirements. However, at least 2 reinforcement layers shall 
be used (nB � 2). For foundations with b / a � 0.2 the analyses in Section 5.5 shall 
be carried out for the smaller foundation side b. For foundations with b / a > 0.2 
they shall be carried out separately for each side of the foundation. When using 
geosynthetics with different design strengths in the longitudinal and transverse 
directions the reinforcement design strengths are aligned as dictated by structural 
requirements. The vertical distance �h between individual reinforcement layers 
should be equal (�h = const). The following limits should also be observed. The 
governing value is the smaller of the two:

0 15 0 40. .15 0h m  Eq. (5.1)

Δh b  Eq. (5.2)

5.3.3 Reinforcement Lengths

The length of all reinforcement layers installed in each direction should be the 
same. The following minimum dimensions apply:

 – parallel to the foundation width b:

 ( ) l bb) l< l  Eq. (5.3)

 – parallel to the foundation length a:

 ( ) ( / . )l b (a 0) /l a b ( aa< l + >/b ( a  Eq. (5.4)

 l a b aa ≤aa ( /b(bb . )0.  Eq. (5.5)

Where la and lb are the dimensions of the foundation pad parallel to the longer 
side a and shorter side b of the foundation (also see Figure 5.3).

5.3.4 Foundation Pad Dimensions

The dimensions in plan are selected as described in Section 5.3.3. The pad depth 
tp in accordance with the Recommendations is given by:

t hp B ⋅( .Bn +nBn )5. Δ  Eq. (5.6)

where:

nB number of reinforcement layers.

Here, too, minimum and maximum dimensions shall be observed:

min .t hp 5..  Eq. (5.7)

max ( / ) ( / )b(p k( / ) tan ( ,b( /b( /b( ° ′4) tan () tan (⋅)) 5 /k° + ′  Eq. (5.8)
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Based on Equation (5.8) the maximum recommended depth of the foundation pad 
max. tp is dependent on the characteristic friction angle of the fill material 
�2,k.

5.3.5 Building Materials

Refer to Section 2 for details of the materials used (fill soil/geosynthetic rein-
forcement). The fill soils of foundations pads are installed with Dpr � 100% to 
reduce intrinsic deformations.

5.4 Actions and Resistances

Action s include permanent and variable loads as defined in DIN 1054 and 
Section 1.2. Resistances include the shear strength and stiffness of the foundation 
pad and the ground, the tensile strength and axial stiffness of the geosynthetics 
and the shear behaviour between the geosynthetics and the ground, taking the 
described application into particular consideration.

5.5 Analysing the Reinforced Foundation Pad

5.5.1 General Recommendations

The bearing capacity of reinforced foundation pads is calculated to DIN 1054 
and DIN 4017 and the settlement to DIN 4019 in conjunction with these Recom-
mendations. Design generally follows the descriptions in Section 5.3.

Note: The analysis is based on the idea that the stability of reinforced founda-
tion pads can be analysed using the same failure model as conventional 
foundations. This theory is supported by observations on small-scale tests 
([1], [2]).The effect of the stronger fill soil compared to the existing ground 
is taken into consideration using corrected bearing capacity coefficients 
in the bearing capacity analysis [3]. The analysis described here applies 
to reinforcement installed from sheets only. If strip reinforcements are 
employed the design shall be modified accordingly [2].

5.5.2 Effects

The characteristic effects are determined for all governing construction conditions 
and the system’s final state. The final state of the system includes consideration of 
the completed structure with the planned actions for the design working life. The 
time-dependence of the behaviour of the reinforcement material and the ground 
shall be taken into consideration where appropriate.

In systems predominantly subjected to dy  namic effects, e.g. foundation pads 
below machine footings, the dynamic effects are adopted for design as described 
in Section 12 of these Recommendations.
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5.6 Analysis and Design

5.6.1 Analysing Bearing Capacity

Bearing capacity analyses are performed to DIN 1054 and DIN 4017.

In an initial step the analysis is performed for a situation without foundation pad. 
The bearing capacity analyses are first performed for the unreinforced founda-
tion pad and then for the reinforced pad. In the latter case it is assumed that any 
possible failure mechanisms intersect both the reinforced earth structure and the 
reinforcement layers.

The following bearing capacity analyses are performed:

 – analysis of sliding safety to DIN 1054 (STR),
 – analysis of the location of the bearing pressure resultant to DIN 1054 (EQU 

and SLS),
 – analysis of bearing capacity to DIN 4017 (STR).

Note: Inclined, eccentric loads, layered ground, etc., are taken into consideration 
compliant with this standard.

 – Analysis of global stability for foundations on or in slopes or on terraces to 
DIN 4084 (GEO).

5.6.1.1 Analysing Sliding Safety (STR)
Analysis of sliding safety on top of the foundation pad is performed to DIN 1054.

5.6.1.2 Analysing Bearing Capacity (STR)
The bearing capacity of the reinforced foundation pad is analysed in analogy to 
DIN 4017, where the dimensionless bearing capacity coefficients Nb, Nd and Nc 
of the ground are multiplied by the correction factors kb, kd and kc. The correction 
factors kb, kd and kc are given by:

k C kb bC k⋅CC +,δ 1  Eq. (5.9)

k C kd dC k⋅CC +,δ 1  Eq. (5.10)

k C kc cC k⋅C +,δ 1 Eq. (5.11)

The coefficient C, which is a function of the friction angle of the ground 
�1,k and 
the fill soil 
�2,k, is given by:

C
k

k
k

k
=

′
⋅ ° − ′ ⋅

′

′
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⎝
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⎛⎛
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⎞

⎠
⎟
⎞⎞
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⎟⎟ +

⎡

⎣

⎢
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⎢
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⎤

⎦

⎥
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⎥
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−

2 40 1
1

2
2

1

0 7 1

ϕ
ϕ

ϕ

ϕ,
,

,

,

,

 Eq. (5.12)

C = 1.0 is adopted for fill soils with friction angles 
�F,k � 40°. The correction 
factors kb,�, kd,� and kc,� are taken from Figures 5.2 and 5.3.
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75 Figure 5.2  Correction factor kb%� as a function of 
�1,k / 
�2,k and load in clination angle � in &°'
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Figure 5.3  Correction factors kd%� and kc%� as functions of 
�k / 
�F,k and load  inclination angle � in &°'
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Note: The correction factors k take into consideration that the governing slip 
plane to DIN 4017 does not pass through homogeneous ground, but instead 
through the foundation pad with high shear strength values on the one 
hand and through the underlying and adjacent ground with lower shear 
strengths on the other. The data was identified in comparative analyses 
using slip planes consisting of linear and logarithmic spirals. In contrast to 
DIN 4017 the strength values for the ground and the foundation pad were 
differentiated and adopted for the slip plane sections within and outside of 
the foundation pad. The calculated bearing capacity data produce suitable 
correction factors in terms of the bearing capacity factors in DIN 4017.

They apply for:

t bp
a

k
,

,

sin ( )k

cosδ
aϑa ca os (cos (

ϕ

cos (cos ( ′

′2
 Eq. (5.13)

where:

ϑ
ϕ δ

ϕ δa kkkk
kk

k
, ,δ ϕδ ,,

,,

,
)ϕ kϕ kkkϕ

tanϕ

tanϕ
′ ⋅

′

′
−2 22

2
tatt n ,,′

⎡

⎣
⎢
⎡⎡

⎣⎣

⎤

⎦
⎥
⎤⎤

⎥⎦⎦
⎥⎥ϕ2 k,,22 kk  Eq. (5.14)

where:

)a,� slip plane angle of failure wedge (Figure 5.4)),
tp,� theoretical pad thickness for a load inclination � � 0,
tp theoretical pad thickness for a load inclination � = 0,

�2,k characteristic value of the friction angle of the foundation pad fill soil,
� load inclination in [°].

For working tp < tp,� the correction factors k�b, k�d and k�c are used instead of kb, kd 
and kc. The k and k� relationships are:
′ ⋅k k′ = tb b= p p++ )kb 1−kbk ( .work / )tpt ,δ  Eq. (5.15)
′ ⋅k k′ = td d= p p++ )kd 1−kdk ( .work / )tpt ,δ  Eq. (5.16)
′ ⋅k k′ = tc c p p++ )kc 1−kck ( .work / )tpt ,δ . Eq. (5.17)

The bearing resistance R�n,k of the foundation can now be calculated using the cor-
rection factors k�b, k�d and k�c or kb, kd and kc taking the fill soil into consideration:

′ ′ ⋅ ′ ′ ′R a′ = b b′ ⋅n k b b k c c, ,k , ,k d d )′ ⋅+ ⋅ ⋅( ′b N k d N⋅ k c+ N k⋅k d d⋅k k c⋅ N c,k d d+′ ⋅b⋅ N k⋅⋅b⋅ b +k b b,k b b, k⋅k b⋅b⋅ N b +,  Eq. (5.18)

or:
′ ′ ⋅ ′ ′ ′ ′ ′ ′R a′ = b b′ ⋅n k k b b k c c, ,k , ,k d d )′ ⋅′ + ⋅ ⋅( ′ ′b N k d N⋅ k c′ + N k⋅k d d⋅k k c⋅ N c,k d d′ +′ ⋅b⋅ N k⋅⋅b⋅ b +k b b,k b b, k⋅k b⋅b⋅ N b +,  Eq. (5.19)

where:

a� and b� reduced foundation dimensions,
d embedment depth.
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Figure 5.4  Reinforced foundation pad – failure wedges for vertical (top) 
and inclined loads (bottom)
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The bearing capacity factors Nb, Nd and Nc are given by the bearing capacity 
analysis to DIN 4017 without consideration of the fill soil.

In addition to increasing the bearing capacity of the compacted fill soil, which 
displays better shear parameters than the natural ground, additional resistances 
occur as a result of the reinforcing action of the geosynthetic layers. The increased 
bearing capacity component �Rn,k resulting from the reinforcement forces is 
given by:

ΔR Rn k
a

i k
i

n

,
,

,
cos
cos ( )

′

=
∑

δkkϕϕ ckk os′

ϑ δa −δ 1
, Eq. (5.20)

where Ri,k is described either by the characteristic resistance RBi,k or the charac-
teristic pull-out resistance RAi,k.

The bearing capacity of the reinforced foundation pad working Rn,k is then:

work R R Rn k n k n k. , ,k n ,′ + Δ . Eq. (5.21)

The following are analysed to DIN 4017:

work R work Rrn d k Gr. R /, ,d n= γwork Rr n k.workrr /n  Eq. (5.22)

work R En d d. ,  Eq. (5.23)

5.6.1.3 Analysing Global Stability (GEO)
The global stability of foundations on or in slopes or on terraces is analysed in 
the GEO limit state to DIN 4084. Observe the notes in Section 3 for slip planes 
intersecting the reinforcement. The reinforcement’s resisting forces can be taken 
into consideration, as described in the respective sections.

5.6.1.4 Analysing Reinforcement Failure (STR)
The design strength of a reinforcement layer is given by the specifications in 
Section 3.3.1 and is determined in the STR limit state as described there.

5.6.1.5 Analysing Reinforcement Pull-out Resistance (STR)
The possible reinforcement pull-out resistance design value RAi,k in any reinforce-
ment layer i resulting from friction against the fill soil for a planar reinforcement 
parallel to the foundation width b is:

N b l lAi k sff g k k ib l n i v i u b,k sg , ,i v ,(Nk )⋅ ⋅bb(N σ  Eq. (5.24)

where:

Nk characteristic vertical force,
fsg,k see Section 3.3.3.1,
lin,i length between failure wedge and foundation footprint edge in the nth 

layer (see Figure 5.5):
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l h iin n a, ,n a ) ⋅a taδ  Eq. (5.25)

where:

)a,� slip plane angle of failure wedge,
� inclination of the foundation load,
�h vertical distance between reinforcement layers,
n number of reinforcement layer under consideration and
�v,n stress from ground surcharge in the nth layer.

σ γ γv kγh i d, ,γi ,⋅γ k +i ⋅2 1k γ,k Δ  Eq. (5.26)

where:

�2,k unit weight of fill soil,
�1,k unit weight of ground,
d embedment depth,
lü,b length of reinforcement for foundation width b protruding over the 

foundation footprint.

l l bu b b, / ( )−lb  Eq. (5.27)

where:

lb overall reinforcement length parallel to foundation side b.

For analysis parallel to foundation side a, a and b are swapped and lü,a adopted 
in place of lü,b.

5.6.2 Serviceability Limit State Analysis

The serviceability analyses are performed to DIN 1054 for the serviceability 
limit state:

 – deformations to DIN 4019 (SLS),
 – analysis of bearing pressure resultant (SLS),
 – if necessary, horizontal displacement (SLS).

Settlements are analysed to DIN 4019 for the foundation bottom-foundation 
top-foundation pad interface. Serviceability analyses are generally carried out 
to DIN 1054 in the serviceability limit state. Settlement and any tilting of the 
foundation are generally determined using suitable settlement modelling applica-
tions. Under the condition that no further interfaces exist in the foundation’s stress 
influence zone, an approximate average stiffness for the foundation pad and the 
ground can be identified using the following approach. Settlement modelling for 
a monolayer system can then be carried out to DIN 4019. With reference to [1]:
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Note: Settlement modelling within the reinforced foundation pad can generally 
be dispensed with. During further analysis the foundation pad is assumed 
to be a solid body and the reinforcing effect is not adopted in conventional 
analyses.

5.7 Notes on Execution

When installing and compacting the fill soil in layers and installing the reinforce-
ment the water table shall be at least   0.50 m below the excavation level. Relative 
compactions of Dpr � 100% are demanded for the fill soil compliant with ZTV 
E-StB, similar to made ground.

5.8 Bibliography

[1] Vogler, R. (1981): Beitrag zur Ermittlung des Tragverhaltens bewehrter Gründungen 
bei Variation von Erdstoff, Lastart, La  stgeometrie und Geometrie der Bewehrung, 
Dissertation Universität Rostock.

[2] Strate, R. (1986): Untersuchungen zur Verwendung von schwachbindigen Erdstof-
fen im Rahmen der Bauweise der bewehrten Erde, Dissertation at the University of 
Rostock.

[3] Wendt, D. (1990): Berechnung bewehrter und unbewehrter Gründungspolster nach 
TGL 11 464/01 und/02, Bauplanung-Bautechnik, 444. Jg. pp. 274–277, Heft 6.

5.9 Example of a Reinforced Foundation Pad 
below a Strip Foundation

5.9.1 Geometry, Loads and Soil Mechanics Parameters

Geometry:
 – strip foundation (see Figure 5.5),
 – width: b = 1.50 m,
 – embedment depth: d = 1.00 m.

Figure 5.5  Geometry/load
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Load:
 – normal

 � permanent load Fgv,k = 250 kN/m
 � variable load Fpv,k = 75 kN/m

 – horizontal
 � permanent load Fgh,k = 40 kN/m 

Ground:
Flood plain loam (TM/UM) from 0.00 to 10.0 m below ground level

Es1,k = 8.0 MN/m2

�1,k = 18.0 kN/m3


�1,k = 25.0°

c�1,k = 5.0 kN/m2

No groundwater or perched water.

Fill Soil:
Broken gravel wit the following properties is planned for the foundation pad:

Soil group: GW with U > 15

�2,k = 20.0 kN/m3


�2,k = 40.0°

c�2,k = 0.0 kN/m2

Analyses:
The following analyses shall be performed as part of the dimensioning process:

 – bearing capacity failure, unreinforced case STR,
 – bearing capacity failure, reinforced case STR,
 – sliding failure, reinforced case STR,
 – position of resultant (eccentricity) SLS/EQU,
 – settlements SLS,
 – tilting SLS,
 – failure of the geosynthetic reinforcement STR.

Only the analyses discussed above are introduced in this example.
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5.9.2 Analysing Bearing Capacity

5.9.2.1 Design without Foundation Pad
a) Load/effect:
N FG k gvFF k, ,k gv ,F k 250 kN/m

N FQ k pvFF k,k pv ,F k 75 kN/m

T FG kTT ghFF k, ,k gh ,F hF k 40 kN/m

E N Nd GN k Q k Q⋅NGN k + N,k G Qγ γNG Q k+ ⋅NQ kG Q  Eq. (5.29)

Note: �G or �Q from DIN 1054, Table 2
Ed = ⋅ =250 1 35 7+ 5 1⋅ 50 450..35 7+ 5 1 kN/m  Eq. (5.30)

b) Determini ng the equivalent width of the foundation:
e M N NG k Q kNM / ( ),k Q  Eq. (5.31)
ΣM TG kTT Q k⋅TG kT

= ⋅ ⋅ ⋅ ° ° ⋅ =

,k Q. /E hQ k+ E

. /+ tan ( / ) /

1. 3

40 1. 2/ 18 1 4⋅ tan ( 5 2° − 5° / 1 3/2 2tan 4144 . k22 Nm/mkk

e , ,41 325 0 13. /22 . m13
′ − ⋅b b′ = e2 1⋅ =e 5 2− 0 13 1= 25. .5 2 0 . m25

c) Load inclination:
tan / ( ), ,(δ / (G k, k, Q k,  Eq. (5.32)

N N b ck GN Q k k k+NGN Q k ′ ′ ⋅ ′+ ,k ,cot1 1k, ϕ  Eq. (5.33)

Nk = + ° =325 1 24 5 25 338. c⋅24 5⋅ ot . k3 N/kk m  Eq. (5.34)

tan . / ( ) .δ = + )40 0 250 75 123  Eq. (5.35)

δ = °7 02  Eq. (5.36)

d) Bearing capacity factors Nd, Nc, Nb (also see DIN 4017):
N Nd dN d d d d⋅NdN ⋅0 ν λid di⋅ ⋅idi ξ  Eq. (5.37)

N Nc cN c c c c⋅N ⋅0 ν λic ci⋅ ⋅i ξ  Eq. (5.38)

N Nb bN b b b b⋅NbN ⋅0 ν λib bi⋅ ⋅ibi ξ  Eq. (5.39)

Influence of foundation depth:

N ed ke k 21 45⋅ee ° + ′′π ϕ⋅ ϕt
,

, tan (2 / )2  Eq. (5.40)

Influence of cohesion c:

Nc d k0d 1′( )N 0dN 1−NdN 0dN / tan ,ϕ  Eq. (5.41)
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Influence of foundation width:

Nb d k0d 1⋅ ′( )N 0dN 1−NdN 0dN tan ,ϕ  Eq. (5.42)

N ed0
25 2 45 25 10 66⋅e ° + ° =⋅π tan tan (2 / )22 .  Eq. (5.43)

Nc0 66 1 25 20 72−66= °( .10(1010 ) / tan 25 20  Eq. (5.44)

Nb0 66 1 25 4 50−66= °25( .10(1010 ) ta .  Eq. (5.45)

Shape factors 1:

ν ν νd bν c=νbν =1. (00 strip)  Eq. (5.46)

Load inclination factors:

m ,1 56.    (cf. DIN 4017, Section 7.2.4) Eq. (5.47)

id E
m= ( t− an )δ  Eq. (5.48)

i ic d d d)i Ndi d⋅idi / ( )0dN 1NdN −N) / ( 0dN  Eq. (5.49)

ib E
m= +( t− an ) 1δ  Eq. (5.50)

id = ( . ) .=− 123 8151 56  Eq. (5.51)

ic = ⋅ =( . . )− / ( . ) .870 10 1) / ( 0. − 0 796  Eq. (5.52)

ib = ( . ) .=− 123 7151 56 1++  Eq. (5.53)

Ground and base inclination factors � and 2 all equal 1.0, therefore:

Nd = ⋅ ⋅ =10 66 1 0⋅ 815 1 1⋅ 8 691. .66 1 0 .  Eq. (5.54)

Nc = ⋅ ⋅ =20 72 1 0⋅ 796 1 1⋅ 16 494. .72 1 0 .  Eq. (5.55)

Nb = ⋅ ⋅ =4 50 1⋅ 0 715 1 1⋅ 3 221. .50 1 0 .  Eq. (5.56)

e) Analysing bearing capacity:
Analysis of the STR limit state is performed with the characteristic values of the 
shear parameters (to DIN 1054, Table 3):

R bn k c k b, ,k , ,k d( )c N d N b Nk bb N,′ ⋅ ′ NN k ′1k c,k cN, cN ,k dd Nk dd N,k ddd1  Eq. (5.57)

Rn k, . ( . . . . . )

.

⋅= + ⋅ ⋅ +. ⋅

=

1.1 5(5(( 16 494 18 1 0. 8 691 18 1 2. 4 3⋅

390 69 kN/m  Eq. (5.58)

R Rn d k Gr, ,d n /= γRn kn /  Eq. (5.59)

R En d d, .279 06 450 kN/m  Eq. (5.60)

Rn d d, / .Ed 6.6. 2 1<      Analysis not verified! Eq. (5.61)
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5.9.2.2 Design with Foundation Pad – Foundation Pad Geometry

 

Figure 5.6  Foundation pad geometry

Depth of foundation pad:

min . . .t hp = ⋅ =5.. 2 5.2 5 0 3. 0 7. m  Eq. (5.62)

max ( / ) ( / )

( . / ) tan ( / ) .

b(p k( / ) tan ( ,b( /b( /b( ° ′

⋅)= ( ° + ° =/ )

4) tan () tan (⋅)) 5 /k° + ′

5.50 /0 // 45 40 1) =) 61 m  Eq. (5.63)

tp B =( .B +nBn ) (h⋅ =h . ) . .5. 4 0+ 0⋅) 30 1 3. 5 m  Eq. (5.64)

min . max .t tp p p≤. =0 7.... 5 1tpt = 35 1 6. 1 m  Eq. (5.65)

Determining )a,� and tp,�:

ϑ
ϕ δ

ϕ δka kkk
k

kk
, ,δ ϕδ ,,

,
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)ϕ kϕ kkkϕ

tanϕ

tanϕ
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−2 2

22
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cot ( tan ) tan tan
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⎣
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⎤

⎦
⎥
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⎥⎦⎦
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(= cot ⋅) ° °
° +

ϕ22

21 tan+
40 7
40

kk

arc
tatt n

tan
7

40 74
°
− °tan 40

⎡

⎣
⎢
⎡⎡

⎣⎣

⎤

⎦
⎥
⎤⎤

⎦⎦
= °74  Eq. (5.66)

t bp
a

kk
,

,,

sin ( )kk

cos

sin cos (

δ
aϑa ca os (cos (

ϕ

cos (cos ( ′

′

=
°

22

74 74° −°° °
°

⋅ =
40

40
1 5 1 56)

cos
. .5 1 m  Eq. (5.67)
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Possible reinforcement configuration:

0 15 0 30 0 4. .15 0 .m0 30.0 (planned: 4 layers) m<Δh

Δh b = ⋅0 5 1 50 0= 75. .b 0 . .50 0 m

Possible reinforcement lengths:

1 5 4 0 30 2 1 50. .5 4 0 .2 1+ 44 < = 2l b3 00 2.00 2= ⋅22b

5.9.2.3 Analysing Bearing Capacity of the Unreinforced Foundation 
Pad

In an initial step, analysis (STR for Load Case 1) is performed at the top edge of 
an unreinforced foundation pad below the foundation, similar to Section 5.9.2.1.

a) Load:
as for Section 5.9.2.1 a),

b) Determining eccentricity:
as for Section 5.9.2.1 b),

c) Load inclination:
tan / . / .δ

δ

= =

= °

N/ N//g k, k 40 325 0 123

7 0. 9  Eq. (5.68)

d) Bearing capacity factors Nd, Nc, Nb:
See Section 5.9.2.1 d) for

Calculating the correction factors for the foundation pad:

The bearing capacity factors Nc, Nd and Nb are multiplied by correction factors, 
which reflect the impact of the foundation pad on the bearing capacity.

The correction factors kc,�, kd,� and kb,� are taken from Figure 5.2 and Figure 5.3 
for � = 7° and for:
′ ′ ° =ϕ′1 40 0 625, , /′ = °ϕ 25 .k2ϕ ,2ϕϕ2ϕ  Eq. (5.69)

where:
k kd, ,δck ,c  Eq. (5.70)

kb, .δ = 0 6. 6 . Eq. (5.71)

The correction factors then give:

k C k kd dC k c⋅CC , . . .δ  Eq. (5.72)

k C kb dC k⋅CC + +, . . .δ 1 1= 0 0⋅ 66 1 1= 66 , Eq. (5.73)
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where the factor
C ,1 00.  Eq. (5.74)
is adopted.

Because tp,� = 1.56 > tp = 1.35, the k� correction factors are adopted in the cal-
culation in place of k.

The correction factors k�c, k�b and k�d are:
′ ⋅ =k k′ = tc c p pt++ 42 1 1 56 1 36)kc 1−kck ( /tp ) .=1 0+ . /35 . .56 1,δ  Eq. (5.75)
′ ⋅ =k k′ = td d= p pt++ 42 1 1 56 1 36)kd 1−kdk ( /tp ) .=1 0+ . /35 . .56 1,δ  Eq. (5.76)
′ ⋅ =k k′ = tb b= p pt++ 66 1 1 56 1 57)kb 1−kbk ( /tp ) .=1 0+ . /35 . .56 1,δ . Eq. (5.77)

e) Analysing bearing capacity:
Analysis of the STR limit state is performed with the characteristic values of the 
shear parameters (to DIN 1054, Table 3). Taking the k� correction factors into 
consideration the modified bearing capacity equation is then:

′ ′ ⋅ ′ ′ ′ ′ ′R b′ =n k c c k b b, ,k , ,k d d )⋅ ′′ + ⋅( ′c N′ ⋅ k d′ + ⋅ N k b N′ ⋅ kN⋅ + k b⋅b N⋅ b,k c c, kk cN⋅ c +, k d d′ +⋅d⋅ N k⋅k d dk⋅k d d  Eq. (5.78)
′ = ⋅ ⋅ ⋅

+ ⋅ ⋅

Rn k, . ( . . . . .

. .

1. 5( 16 497 1 3. 6 2+ 0 1⋅ 0 8⋅ 693 1 3. 6

18 1 2. 4 3⋅ 221 1. ).. .544 07= kN/m  Eq. (5.79)
′ ′ =R R′ =n d n k Gr, ,d n / .=Gr / . .γ 07 4. 388 62 kN/m  Eq. (5.80)
′R E′ = < =n d d, .388 62 450kN/m kN/m  Eq. (5.81)
′R′n d d, / .=Ed 8. 6 1<      Analysis not verified! Eq. (5.82)

Taking only the soil replacement into consideration, the bearing capacity increases 
stability, but does not yet satisfy the limiting conditions. The bearing capacity-
increasing effect of the geosynthetics is now considered.

5.9.2.4 Design with Reinforced Foundation Pad
Analysis for LC 1 in the STR limit state

a) Geometry:
The geometry of the foundation pad is taken from Section 5.9.2.2 and Figure 5.6

b) to d):
See Section 5.9.2.3

Selection of Geosynthetics:
Note: To achieve optimum reinforcement utilisation even during preliminary 

design we recommend operating with product-specific parameters.
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An imaginary geosynthetic with design strength FB,k and subsequent imaginary 
coefficients Ai are selected for foundation pad reinforcement:

FB kFF , , 200 kN/m

A A A A A1 2A 3 4 5A A1 5 1 0,A2A ,A4A ,. ;5 .

The elongation at failure is � = 8% and the characteristic friction coefficient 
between reinforcement and fill soil is adopted as fsg,k = 0.50 · tan 
�2,k = 0.42.

Design Strength of a Reinforcement Layer:
The design strength of the geosynthetics is then calculated using the partial safety 
factor for geosynthetics �B = 1.40 in Load Case 1:

R F A A A A AB d B kF B, ,d B / ( )AFB kFF / ( ⋅A ⋅ ⋅A1 2 3 4 5A A A⋅A ⋅A γ  Eq. (5.83)

RB d, / ( . . . . . . ) .⋅/ (= ⋅ ⋅ ⋅ ⋅200 2 5.2 5 1 5. 1 0.1 0 1 0..1 0 1 0..1 0 1 4. 1 kN/kk m  Eq. (5.84)

Design Value of the Pull-out Resistance of a Reinforcement Layer:
Calculation of the design value of the pull-out resistance of a reinforcement layer 
is carried out to Section 3.3.3, where the characteristic pull-out resistance is first 
determined for the STR limit state:

R f N b l lAi k sff g k k ib l n i v i u b,k sg , ,i v ,(Nk )⋅ ⋅bb(N σ  Eq. (5.85)

The overburden stress �v,i is determined from the permanent characteristic normal 
force Nk (here: 250 kN/m) and the soil unit weights �1,k and �2,k:

k / /b . .,/1 5. 166 7 kN/kk m  Eq. (5.86)

l h i i iin i a, n ) ( . . ) . .⋅h ⋅a tan 292 0 0. 0ii = 1236  Eq. (5.87)

σ γ γv kγh i d i i, ,γi , . .i⋅γ k +i ⋅d ⋅ +2 1k γ,k 1ii + 8 1⋅ 0 6= 18Δ  Eq. (5.88)

l l bu b b, . ( ) . ( . . ) .− b) ⋅ (0. 5. 0. 1.1 0) = 75m −1. m  Eq. (5.89)

This then gives:

R lAi k in i v i, ,k in ,. )⋅0lin iin i +lil iil n i 75 σ  Eq. (5.90)

R RBi k BR i d B, ,k Bi . . .⋅RBR i d = =γ 38 1 1⋅ 40 53 34 kN/m  (for each layer i). Eq. (5.91)

The analysis results are shown in the table below for the individual reinforce-
ment layers.

Layer i lin,i ��v,n RAi,k RBi,k

[–] [m] [kN/m2] [kN/m] [kN/m]
1 0.123 24.0 32.31 53.34
2 0.246 30.0 53.29 53.34
3 0.369 36.0 74.27 53.34
4 0.492 42.0 95.25 53.34
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In this case the pull-out resistance of layers 1 and 2 and the failure strength of the 
reinforcement for layers 3 and 4 are the governing factors. The total force 3 RBi,k 
is therefore adopted for the following analyses:

ΣRBi k, . . . . .= + + +. .. =32 31 53 29 53 34 53 34 192 27 kN/m  Eq. (5.92)

Note: If failure wedges are activated by other �a,�, which no longer intersect 
certain reinforcement layers, this shall be taken into consideration in the 
calculation of 3 RBi,k.

e) See Section 5.9.2.3 for analysis of the bearing capacity 
 of the foundation pad and also:
Analysis of the increase in bearing capacity due to the reinforcement:

R Rn k
a

Bi k
i

n

,
,

,
cos
cos ( )

′

=
∑

ϕ δkk ckk os′

ϑ δa −δ 1
 Eq. (5.93)

ΔRn k, . .= ⋅ =1 9. 4 192 27 373 65 kN/m  Eq. (5.94)

f) Analysing bearing capacity:
work R R Rn k n k n k. , ,k n ,′ + Δ  Eq. (5.95)
work Rn k. .Rn k . ., = +. =544 07 373 65 917 72 kN/m  Eq. (5.96)
R work Rrrn d n k Gr, ,d n. /Rn k /R . / . .=Gworkr /R k =γ 917 7 1 4. 655 51 kN/m  Eq. (5.97)
R En d d, . .655 51 450 0kN/ kN/m  Eq. (5.98)
and Ed n d/ .RnR d, 6.6. 8 1<      Analysis satisfied! Eq. (5.99)

5.9.3 Analysing Sliding Stability

Analysis of sliding stability is performed to DIN 1054. The analysis requires that 
both the plane below the foundation and the plane at the base of the foundation pad 
or intermediate slip planes are investigated at the level of the geosynthetic layers.

5.9.4 Serviceability Limit State Analysis

Serviceability analyses are generally carried out to DIN 1054 in the serviceability 
limit state. Settlement analyses are carried out to DIN 4019. Settlement/tilting 
estimates are generally carried out using the methods described above. Under 
the condition that no further stratum exists in the foundation’s stress influence 
zone, an approximate average stiffness for the foundation pad and the ground 
can be determined using the following approach. Settlement modelling can then 
be carried out for a monolayer system to DIN 4019.

The stiffness of the foundation pad is adopted for consideration in the analysis 
as described in Section 5.6.1. The following applies:
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⎜
⎛⎛
⎜
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⎞

⎠
⎟
⎞⎞
⎟
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⎟⎟ ⋅

′
E E′ =

N
work R

work R
Rs k s k

k

n k

n k

n k
, ,k s

,

,

,.
.

1  Eq. (5.100)

′ = −Es 8000 1 917 917 7 544. [0 ⋅ ( /325 . )72 ] (⋅ . /72 . )07  Eq. (5.101)
′ =Es 8524 2kN/m  Eq. (5.102)

Note: The characteristic values for ground stiffness may be adopted to DIN 1054. 
Alternatively, analysis can be performed conventionally for a multi-layer 
system.
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6 Transport Routes

6.1 General Recommendations

Geosynthetics contribute to improved load-bearing behaviour in a variety of 
functions in non-stabilised base and protective courses, both on transport routes 
and in their subgrades. The complexity of the various overlapping functions and 
mechanisms of geosynthetics plays a governing role when assessing the modus 
operandi of the geosynthetics in the non-stabilised layers of transport routes.
These functions or modes can include:
 – the reinforcement function, by means of which load-bearing behaviour is 

improved and – depending on the specific application – the depth of ruts 
limited, driveability improved or the required thickness of a soil replacement 
layer lessened; local weak zones can be bridged and differential settlements 
or variable bearing capacities compensated,

 – the stabilising function, which lessens or prevents grain redistribution or dis-
placement caused by the dynamic actions of vehicles in the base and protective 
courses by means of friction or interlocking between the geosynthetics and 
the ground, thus stabilising the base and protective courses,

 – the separating function, which prevents different soils mixing in the long-term 
and thus retains their individual properties,

 – the filter function, which retains the structure of the load-bearing ground and 
simultaneously allows the passage of water when the interface is subjected 
to hydraulic pressure, and grain mobility in one or both contact soils is given 
(including in both directions),

 – the drainage function, which preserves bearing capacity by accepting and 
discharging groundwater or precipitation and which may ease accelerated 
consolidation without causing erosion.

No general regulations yet exist for product independent design of superstructure 
on base courses for roads and trafficked areas with low allowable deformations 
such as working levels, storage and assembly areas and soil replacement layers 
below the subgrade in accordance with ZTV E-StB [1], either for reinforced or 
unreinforced systems.
The manufacturers possess empirical data for various geosynthetics products. 
They are reflected in specific design procedures and in publications. Their ap-
plicability shall be examined on a case-by-case basis.
The stability of working levels and storage areas with non-stabilised pavements 
only occasionally trafficked and subjected to high static distributed loads can be 
analysed approximately with the aid of global stability analyses as described in 
Section 4 (Embankments on Soft Soils) (DIN 4084).
The recommendations in this section deal solely with the use of geosynthetics 
in combination with non-stabilised fill materials for trafficked areas with large 
Recommendations for Design and Analysis of Earth Structures using 
Geosynthetic Reinforcements (EBGEO). German Geotechnical Society.
© 2011 Ernst & Sohn GmbH & Co. KG. 
Published by Ernst & Sohn GmbH & Co. KG.
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allowable deformations (e.g. construction roads, access routes, forestry routes, 
etc.), which are directly trafficked.
Geosynthetics used as separating layers without reinforcement function are se-
lected in accordance with the ‘Merkblatt über die Anwendung von Geokunststoffen 
im Erdbau des Straßenbaus’ [5].

6.2 Trafficked Areas with Non-stabilised Pavement 
and Large Allowable Deformations

6.2.1 Applications

The serviceability of trafficked areas is improved with the aid of geosynthetics, 
where the primary aims are as follows:
 – reducing the thickness of the trafficked fill [3], [6],
 – reducing deformations (e.g. rut depth) for the same load transfer index,
 – extending design working life (number of passages) [3],
 – increasing possible axle loads.

In certain cases driveability is only made possible at all by the use of geosynthetic 
reinforcements [4].

6.2.2 Design Concept

The following design example is based on the Giroud/Noiray method [3] (geosyn-
thetic membrane function). The required unreinforced layer thickness is first deter-
mined as a function of the anticipated bearing capacity of the ground under a given 
load (typical application range for this design method 30 kN/m2 < cu < 90 kN/m2) 
and the number of traverses with an axle load of 100 kN.
The allowable reduction in fill thickness resulting from the geosynthetic reinforce-
ment is then determined and from this the required reinforced layer thickness. 
Diagrams are given below as a function of the mineral aggregate used for rut 
depths of 7.5 cm to 10.0 cm. A maximum strain of 2% for a geosynthetic resis-
tance RB,d,� = 2% = 8 kN/m was assumed to determine the fill layer thickness for 
reinforced structures.
The geosynthetic resistance RB,d,� = 2% given above is given by the force transmitted 
in the short tensile tests at 2% strain, taking the reduction factors and the partial 
safety factor discussed in Section 3.3 into consideration.
Note: A reduced reduction factor A1, which relates to the true duration of 

actions from traffic, may be adopted in contrast to the recommendations 
in Section 2.2.4.5 for temporary works roads subjected to live loads.

A safety factor for unfavourable, variable actions was taken into consideration to 
compile the diagrams, which was adopted as �Q = 1.2 for Load Case 2, construc-
tion stage based on DIN 1054.
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The following diagrams are based on publications by Giroud/Noiray [3] and Holtz/
Sivakugan [7] and apply to crushed stone base course material compliant with 
ZTV SoB-StB [2] (Figure 6.1) or to gravel base course material (Figure 6.2).

Figure 6.1  Required fill layer thicknesses as a fu nction of the number of traverses 
(100 kN axle load) and the undrained shear strength of the ground for a rut depth of 
7.5 cm to 10 cm and using crushed stone base course material

Figure 6.2  Required fill layer thicknesses as a functi on of the number of traverses 
(100 kN axle load) and the undrained shear strength of the ground for a rut depth of 
7.5 cm to 10 cm and using gravel stone base course material
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It may be expedient to install a second geosynthetic layer or to form a pad with 
complete wrap-around of the reinforcement layers where the required fill thick-
ness is greater than 50 cm, depending on the fill material used and the strength 
of the ground.

This design approach conservatively ignores product-specific favourable effects 
leading to a reduction in the layer thicknesses given in the diagrams. If appropriate 
empirical data for similar boundary conditions are available they can be evaluated 
on a project-specific basis and taken into consideration for design.

6.3 Trafficked Areas in Railways Engineering

Geosynthetics are used in a variety of functions in railway engineering on routes 
with ballast beds. Nonwovens or composites, and occasionally wovens, may be 
considered for improving separating and filter stability below protective layers of 
granular soils above soft, cohesive soils. In many cases this alone considerably 
improves the service behaviour of railways lines on soft ground. Additionally, 
the use of geosynthetics with reinforcement functions may prove practicable as 
bridging structures above local weak points [8].

Geogrids are also used for higher dynamic actions and on weak, soft ground to 
stabilise the ground by their interlocking properties in or below unstabilised base 
courses or in soil replacement applications. A similar effect can also be provided 
by wovens, but to a lesser extent and only utilising friction with the ground, 
due to the closed structure. The stabilising effect leads to stiffer load-bearing 
behaviour in the protective layers and a reduction in the transfer of shear stresses 
to the ground, with the result that deformations and vibrations in the track are 
reduced. The improvement is generally taken into consideration by an increased 
static modulus of deformation or a surcharge to the thickness of the thickness 
of the protective layers. This has been confirmed by field testing in a number 
of cases [8].

The relevant rail operator’s regulations control the design of the various functions 
of geosynthetics used to reinforce the base course of railways with ballast beds, 
generally from an engineering perspective and on an empirical-pragmatic basis.

ELTB [11] and EBRL [12] published by the Federal Railway Authority (EBA) 
apply in the case of federal railways, as well as Deutsche Bahn AG regulations, 
Guideline Ril 836 for the conditions for using geosynthetics in the base courses 
below ballast beds [9], with product requirements compliant with EBA testing 
requirements for geosynthetics [10]. The applicability of these regulations to 
non-federal railways shall be examined on a case-by-case basis.

The above notes apply to slab tracks in the same way as for trafficked areas with 
low allowable deformations. No well-founded, general application conditions 
or design methods using geosynthetics to improve the load-bearing or service 
behaviour of slab tracks are available.
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6.4 Installation and Emplacement Notes

In terms of highways engineering the requirements of ZTV E-StB [1] and the 
notes in the bulletin [5] regarding fill material, compaction, emplacement and 
installation of the geosynthetics shall be observed.

To ensure that the reinforcement effect of the geosynthetics is given the products 
shall be wrapped around at the edges where necessary or an embedded width of 
at least 0.5 m to 1.0 m provided adjacent to the trafficked area.

The appropriate technical regulations shall be obs erved for other transport routes.
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7 Retaining Structures

A retaining structure in terms of these Recommendations is an earth structure 
reinforced by geosynthetics for temporary or permanent stabilisation of a terrace, 
slope or hillside. The reinforced earth structure is required if the ground alone 
cannot guarantee the required stability.

Figure 7.1   Retaining structure: designations and geometry

7.1 Definitions

Global failure in terms of these Recommendations is partial or complete slipping 
of a terrace stabilised by a retaining structure. Failure occurs because the shear 
strength of the ground, the interlock bond between the reinforcement and the 
ground or the resistance of the reinforcement layers to tensile stress are exceeded. 
The shear plane passes through the backfill zone, the ground and/or the structure.

Figure 7.2  Active and passive zones of a reinforced earth structure (example)

Recommendations for Design and Analysis of Earth Structures using 
Geosynthetic Reinforcements (EBGEO). German Geotechnical Society.
© 2011 Ernst & Sohn GmbH & Co. KG. 
Published by Ernst & Sohn GmbH & Co. KG.
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The active zone of a reinforced earth structure is the sliding component.
The passive zone of a reinforced earth structure is the undeformed or only very 
slightly deformed resisting component.
Re inforcement layers in terms of these Recommendations are non-prestressed 
tension elements according to the definition given in DIN 4084 and DIN 1054.

7.2 Design Notes

7.2.1 Demands and Boundary Conditions

The following boundary conditions shall be observed during draft design and 
preliminary investigations for a reinforced retaining structure. They impact the 
geometry, dimensioning and engineering design:
 – ground conditions below and behind the retaining structure,
 – location of the groundwater table,
 – impacts from perched water,
 – any excavation battering angle or existing slopes,
 – height and inclination of the reinforced retaining structure,
 – design and requirements of facing,
 – planned design working life,
 – actions on the structure (e.g. live loads),
 – allowable def  ormations,
 – properties of the intended materials.

7.2.2 Geometry

A reinforcement length of 70% of the structure height H may be adopted for 
preliminary drafts. The vertical distance between reinforcement layers is usually 
between 0.3 m and 0.6 m.
These rules of t humb have proved reliable for normal ground conditions and 
approximately horizontal terrain. Substantial deviations in the design may occur 
under different boundary conditions.

7.3 Analysis Principles

7.3.1 General Principles

Load transfer mechanisms for geosynthetics in the ground are described in 
Section 3.1. In the Ultimate Limit State (ULS) all possible failure mechanisms 
and slip planes intersecting reinforcement layers (previously: analysis of internal 
stability), not intersecting reinforcement layers (previously: analysis of external 
stability) and where the sliding body moves directly on a reinforcement layer 
are investigated.
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The resistance in intersected reinforcement layers is the smaller of the two fol-
lowing resistances:

 – the design resistance of each reinforcement layer (reinforcement failure: STR),
 – the design value of the pull-out resistance of each reinforcement layer from the 

surrounding fill soil on both sides of the respective slip plane (pull-out: GEO).

The resistances of reinforcement connections, junctions, seams and any con-
nections to structural elements compared to effects shall be considered (STR).

The analyses for the serviceability limit state (SLS) are performed to DIN 1054, 
12.5, e.g.:

 – analysis of compatible structural deformations: the deformation of the structure 
as a consequence of characteristic, permanent and variable actions is estimated 
using characteristic values of the soil parameters. The compatibility of these 
deformations with installed elements/facing structures, etc. shall be analysed,

 – settlement modelling b ased on DIN 4019,
 – position of the bearing pressure resultant to DIN 1054, Section 7.6.1 (position 

of the bearing pressure resultant in the first kernel width).

7.3.2 Slip Planes and Failure Mechanisms

All possible slip planes shall be considered and the most unfavourable failure 
mechanism identified.

Slip planes completely enclosing the reinforced retaining structure, intersecting 
the reinforcement layers or passing through the geosynthetics/ground contact 
planes are investigated. Additionally, slip planes passing through the reinforced 
earth structure without intersecting a reinforcement layer are considered (cf. 
Figure 7.3 and Figure 7.4, for example).

For geosynthetic-reinforced retaining structures it is common to investigate the 
following failure mechanisms (also see DIN 4084):

 – for geosynthetic-reinforced retaining structures it is common to investigate 
the following failure mechanisms (also see DIN 4084):

Figure 7.3  Possible slip planes through  a retaining structure
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 – failure masses with circular slip planes,
 – failure bodies with logarithmic spirals as slip planes,
 – composite failure mechanisms with at least two failure masses and planar 

slip planes.

7.3.3 Analysis Overview

The analyses are performed for the limit states defined in DIN 1054, also see 
Section 3.1. Analyses of the limit equilibrium (Section 7.4) and the connection 
to the facing (Section 7.6) are performed for the ultimate limit state (ULS).

Analyses of the prevalent deformations and settlements are performed (Sec-
tion 7.5) for the serviceability limit state (SLS).

The analyses described in this section are only relevant to retaining structures 
allowing a planar boundary at the end of the reinforcement element, such that a 
geometrically defined rear wall occurs. They can be regarded as quasi-monoliths 
for the analyses described in Section 7.4. Refer to the notes in Section 7.4.8 for 
structures deviating from this principle.

For illustration one possible procedure for iterative design of a reinforced retain-
ing structure with uniform reinforcement length is presented here:

 – define the geometry as described in Section 7.2 (reinforcement length and 
layer spacing),

 – select the reinforcement elements (based on empirical data or approximate 
calculations),

 – analyse in the ultimate limit state (ULS),
 – design the connections/facing (as described in Section 7.6),
 – analyse the serviceability limit state (SLS as described i n Section 7.5),
 – examine the geometry and the reinforcement elements.

Figure 7.4  Possible slip planes around a retaining structure
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Figure 7.5  Example of a quasi-
monolithic equivalent ma ss

Figure 7.6  ULS limit state analyses: 
reinforcement failure (example)

Figure 7.7  ULS limit state analyses: 
reinforcement pull-out (example)

Figure 7.8  ULS limit state analyses: 
analysis of connections/facing (example)
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Figure 7.12  ULS limit state analyses: 
General failure/slope fa ilure (example)

Figure 7.9  ULS limit state analyses: 
sliding (example)

Figure 7.10  ULS limit state analyses: 
allowable eccentricity (example)

Figure 7.11  ULS limit state analyses: 
bearing capacity (examp le)

1492vch07.indd   102 12.03.2011   18:08:29



103

Table 7.1  Analysis overview

Analysis LS Section

Ultimate limit state

General failure/slope failure GEO 7.4.4

Bearing capacity failure STR 7.4.5

Sliding STR 7.4.6

Position of bearing pressure resultant EQU 7.4.7

Failure on slip planes penetrating the retaining structure GEO 7.4.4

Design strength of reinforcement STR 7.4.3

Pull-out resistance of reinforcement GEO 7.4.3

Analysis of connections STR 7.6

Analysis of reinforcement overlapping/joining 
(reinforcement junctions)

STR 7.6

Serviceability limit state

Position of bearing pressure resultant SLS 7.5.2

Deformation of the structure SLS 7.5

Settlement in the contact zone SLS 7.5

7.4 Analyses in the Ultimate Limit State (ULS)

7.4.1 General Recommendations

If the reinforced retaining structure fails on a slip plane passing through the 
reinforced soil mass and intersects or at least touches the reinforcement, the 
sliding earth structure (Figure 7.13, prism 1) shall be held in equilibrium. This 
is achieved by shear forces in the slip plane or forces from an anchorage in the 
passive zone. A failure mass forms behind the sliding earth structure (prism 2), 
which moves relative to prism 1. In this simplified model approach it is assumed 
that the relative movements between prism 1 and prism 2 are adequate to justify 
adopting a maximum earth pressure angle �a = 2 / 3 · 
� for determining the active 
earth pressure Ea.

The following limit state condition shall be met for all failure mechanisms for 
analysis of the ultimate limit state (ULS):

E Rd dR  Eq. (7.1)
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where:

3 Rd sum of the resistances in all intersected reinforcement layers, governing 
per layer min Rd either

 – pull-out resistance Rd = RAi,d (GEO)
    or
 – material strength of the reinforcement element Rd = RBi,d (STR).

7.4.2 Actions and Effects

Geosynthetic-reinforced retaining structures can be impacted by actions such as 
dead weight, and vertical and horizontal loads. The design effects on the tension 
elements are determined to DIN 1054, 12.4.2:

 – from the force equilibriu   m deficit of sliding masses bounded by failure 
mechanisms with planar or curved slip planes,

 – to DIN 4084 in the GEO limit state, where the slip planes intersect some of 
the tension elements when varied (cf. Section 7.4.4).

7.4.3 Resistances

On the resistance side, reinforcement failure or pull-out in the reinforcement 
zone shall be analysed.

The design strength is the design tensile strength value of a reinforcement layer 
RBi,d as described in Section 3.3

The design pull-out resistanc e value RAi,d results from the interaction between 
the reinforcement elements and the fill soil, see Section 3.3.

Figure 7.13  Distributio n of forces in a reinforced retaining structure (example)
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7.4.4 Analysing General Failure/Slope Failure (GEO)

Adequate safety against general failure/slope failure shall be demonstrated. This 
is done by demonstrating that the DIN 4084 limit state conditions are adhered 
to adopting the GEO limit state partial safety factors (see section 7.3.2) for the 
failure mechanisms involved (DIN 1054, 12.3 and DIN 4084) in the construction 
and final states.

d dE R�  Eq. (7.2)

where:
Ed design value of the resultant e ffect parallel to the slip surface or the 

design value of the moment of actions around the centre of rotation,
Rd design value of the resistance parallel to the slip surface or the design 

value of the moment of the resistance around the centre of rotation.

7.4.5 Analysing Bearing Capacity (STR)

Adequate bearing capacity in the STR limit state shall be demonstrated based 
on DIN 4017 for a quasi-monolith to DIN 1054, 12.4.4 and 7.5.2. All governing 
combinations of permanent and variable actions are investigated (Figure 7.11).

The following DIN 1054 limit state condition shall be met:

d n,dN R�  Eq. (7.3)

where:
Nd design value of the effect normal to  the foundation base,
Rn,d design value of the bearing resistance.

7.4.6 Analysing Sliding Safety (STR)

Adequate sliding safety in the STR limit state shall be demonstrated for a quasi-
monolith to DIN 1054, 7.5.3. All governing combinations of permanent and 
variable actions are investigated.

The following DIN 1054 limit state condition shall be met:

T R Ed tTT d pE d+RtR d, ,d p  Eq. (7.4)

where:
Td design value of the effect normal to the foundation base,
Rt,d design value of the sliding resistance,
Ep,d design value of the pull-out resistance.

Note: Passive earth pressure in front of the reinforced earth structure may only 
be taken into consideration in the analysis if excavation in front of the 
structure can be ruled out.
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The characteristic value of the base friction angle �S,k is determined to DIN 1054, 
Section 5.2.3.5 by:

tan tan, ,δ λ ϕS k, sg k ktanλ ϕ′  Eq. (7.5)

7.4.7 Position of Bearing Pressure Resultant

The position of the bearing pressure resultant shall be analysed analogous to 
DIN 1054, 7.5/7.6. The second kernel width (maximum foundation gap to the 
centroid) is analysed in the EQU limit state (DIN 1054, 7.5.1). This analysis is 
performed for a quasi-monolithic structure. All governing combinations of per-
manent and variable actions are investigated.

Analysis of the position of the bearing pressure resultant is performed for both 
the air and the ground sides.

Figure 7.14  Forces adopted for sliding analysis

Figure 7.15  Forces adopted for analysis of the position of the resultant
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Note: If the resultant on the earth side lies out side the allowable range this means 
the retaining structure leans into the backfill and exerts an additional 
load on it. This is allowable if it is shown that the reaction forces can be 
transferred with an appropriate factor of safety. Where appropriate the 
adopted earth pressure angle �a or the angle � of the calculated rear face 
of the structure shall be examined.

Analysis of the first kernel width (no foundation gap) is performed to DIN 1054, 
7.6.1 in the serviceability limit state in the course of serviceability analyses, see 
Section 7.5.

7.4.8 Special Regulations

The analyses described in Sections 7.4.4 to 7.4.7 cannot be applied directly to 
a geosynthetic-reinforced retaining structure if it cannot be regarded as a quasi-
monolithic mass in terms of Section 7.3.3. Such a retaining structure can be 
modelled as a combination of several quasi-monolithic masses. The stability of 
the respective individual masses and the composite mass shall be investigated 
(cf. Figure 7.16, for example).

Figure 7.16  Example of a combination of several quasi-monolithic m  asses

7.5 Serviceability Limit State (SLS) Analyses

7.5.1 General Recommendations

Serviceability analyses comprise analysis of the position of the bearing pressure 
resultant analogous to DIN 1054, Section 7.6.1 and analysis of the compatibility 
of deformations and displacements of the retaining structure. Ground settlement, 
intrinsic settlement of the fill material, frontal displacement of the retaining 
structure and the resulting surface displacement (shear deformations) are all 
taken into consideration.

The magnitude of the allowable deformations is determined by the structure’s 
use and the engineering design, for example at the front of the structure (rigid 
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or flexible facing). Reinforced retaining structures themselves are regarded as 
structures insensitive to settlement.

The results of extensive laboratory testing (e.g. [1], [2], [3], [7], [8], [9], [16], [17]), 
and instrument-monitored temporary (e.g. [3], [8, [9]) and permanent retaining 
structures (e.g. [5], [6], [10], [14], [17], [18]) are now available to help estimate 
the deformation behaviour of reinforced retaining structures. In [4] an empirical 
value for the horizontal movements of the front of a reinforced retaining structure 
is given as a maximum of approx. 1% to 2% of the wall height H.

Note: The interaction of fill soil and geosynthetics can affect the deformation 
behaviour of geosynthetic-reinforced retaining earth structures. The 
ensuing composite material displays substantially smaller deformations 
than would be anticipated based solely on the load-extension behaviour 
of the geosynthetics.

Allocation to Geotechnical Categories (GC 1–3) follows Table 3.2.

If, in straightforward cases (e.g. GC 1), its use places no particular demands on 
deformation behaviour and empirical data ([4]) on deformations in the service-
ability limit state are acceptable, precise numerical analysis of the deformations 
of the reinforced retaining structure may be dispensed with.

If particular demands are made on deformation behaviour as a result of the use 
of reinforced retaining structures, or if no specific empirical data is available 
for the planned materials, the deformations of the retaining structure and the 
overall system, including the ground, shall be determined. In cases allocated to 
GC 3 the deformation behaviour of the retaining wall should be monitored by 
instruments (observational method analogous to DIN 1054) in addition to using 
deformation forecasts.

The following  deformation components on a retaining structure shall be con-
sidered:

vU ground settlement,
vE intrinsic settlement of the fill material,
vhi horizontal displacement of the slope front at the level of reinforcement 

layer i,
vS shear deformation.

If the demands placed on the structure are great or large surcharges are applied 
more detailed analysis of the deformation components during and after manu-
facture is required.

The individual deformation components can be estimated using the simple ap-
proaches described below of the deformation behaviour of the overall system be 
numerically determined using the finite element method (FEM), for example. It 
is extremely important that the results of a numerical analysis are checked for 
plausibility.

1492vch07.indd   108 12.03.2011   18:08:30



109

7.5.2 Analysing the Position of the Bearing Pressure Resultant

In analogy to DIN 1054, 7.6.1 it shall be demonstrated that no foundation gap 
occurs in the foundation base plane as a result of permanent actions (resultant 
remains within the first kernel width).

Figure 7.18  Forces adopted for analysis of the position of the resultant

7.5.3 Displacements in the Base Plane

The displacement in the base plane is determined to DIN 1054, 7.6.2.

7.5.4 Ground Settlement vU 

Ground settlement is determined to DIN 1054, 7.6.3 and DIN 4019.

Figure 7.17  Deformation components on a retaining structure

1492vch07.indd   109 12.03.2011   18:08:30



110

The regulations of DIN 4019 and the DGGT ‘Recommendations; Deformation 
of the subsoil below structures’ – EVB, apply when determining ground settle-
ments vU (Figure 7.17) resulting from the dead weight of the reinforced earth 
structure and any surcharges. The reinforced retaining structure may be adopted 
as a flexible load area.

These settlements may be a governing factor on soft ground. Special attention 
shall be paid to the evolution of the settlements with time (consolidation).

Note: A reinforced retaining structure offers the advantage that it is itself insensi-
tive to settlement. Differential settlements can generally be compensated by 
the structure. This construction method is therefore particularly favoured 
on soft ground, given an appropriate facing.

7.5.5 Intrinsic Settlement of Fill Soil vE 

It is necessary to adequately compact the fill soil when dealing with reinforced 
retaining structures. Empirical data indicates that intrinsic settlements of 0.2% 
to 1.0% of the structure height are normal [4]. Intrinsic settlement vE of the fill 
soil predominantly occurs during the construction period.

Fill soil settlement as a result of surcharges on the reinforced earth structure can 
be approximately determined using elastic analysis methods.

7.5.6 Horizontal Displacements of the Slope Front vHi 

The deformation behaviour of the composite structure consisting of soil and 
reinforcement is complex and can only be described approximately.

The fill soil itself is deformed as a result of the manufacturing process and by 
actions. The reinforcement is installed flexibly, such that it undergoes strain until 
an equilibrium is achieved between the effect and the tensile force.

Note: Load testing to failure (e.g. [7], [8], [9]) and numerical post analysis 
of these tests (e.g. [1]) have shown that reinforced retaining structures 
display approximately linear load-deformation behaviour in the service 
load range. Pronounced plastic deformation of the soil and sliding between 
the ground and the reinforcement were not identified in the service load 
range, at least for well compacted, granular fill soil. Strain in the rein-
forcement increases approximately linearly with load. From this it was 
derived that that the facing displacements of the retaining structure can 
be determined in the service load range from the changes in length of the 
individual reinforcement layers [1]. In addition to the tensile force on the 
reinforcement (determined as described in Section 7.5) knowledge of the 
load-extension behaviour of the reinforcement materials in the ground 
is also required to determine the changes in length of the reinforcement 
layers.
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The following analysis steps are necessary to estimate the horizontal facing 
displacements vhi:

 – analysis of the tensile forces and their distribution in all reinforcement layers 
for the serviceability limit state,

 – determine the associated axial stiffness of the reinforcement layers,
 – determine the strains/strain distributions for all reinforcement layers,
 – integrate the strains in all reinforcement layers to determine the change in 

length of each layer.

The failure mechanism governing the equilibrium of each reinforcement layer 
described in Section 7.4.4 is determined iteratively for analysis of the tensile 
forces in all reinforcement layers, taking the SLS partial safety factors into con-
sideration. This gives a tensile force necessary for equilibrium for each failure 
mechanism and intersected reinforcement layer. The strains involved are then 
identified on this basis.

Note: This maximum value can be conservatively adopted as a constant for 
the entire length of the reinforcement. See [3], [8] for example, for other 
tensile force distributions.

For reinforcement materials with low structural strains, such as wovens or 
geogrids, the load-extension behaviour (axial stiffness) for these tensile forces 
can be approximately adopted from tensile testing to DIN EN ISO 10310. Linear 
behaviour is generally adequate for wovens/geogrids.

Note: The load-extension behaviour of nonwovens is altered by the soil. The 
results of tensile testing to DIN EN ISO 10319 generally provide conserva-
tive axial strengths, thereby overestimating the strains on the reinforce-
ment and thus the deformations in the reinforced retaining structure. 
Investigations have shown that the load-extension behaviour of nonwovens 
depends on the soil and the surcharge ([1], [3]) and that the axial stiff-
ness increases with the surcharge. More recent investigations report that 
similar behaviour is also observed in wovens and geogrids [9].

The changes in length are acquired by integrating the strains along the reinforce-
ment layers. These correspond approximately to the frontal displacement vhi at 
the level of layer i.

Note: Highly variable changes in length in the reinforcement layers indicate an 
unfavourable reinforcement configuration.

If product-typical isochrones are adopted for the design service life of the struc-
ture (see Section 2.2.4.5) to determine deformations as described above, instead 
of the load-extension curves in DIN EN ISO 10319 (short-term test), long-term 
deformations can also be determined.
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7.5.7 Shear Deformation in the Retaining Structure vS 

Shear deformations vS result predominantly from the strains in the reinforcement 
layers necessary to achieve an equilibrium condition in the reinforced retaining 
structure. These horizontal displacements cause vertical displacements on the 
surface.

Comparative analyses have shown that in the case of a uniform surcharge and 
uniform reinforcement distribution shear deformation causes an additional settle-
ment component in the reinforced earth structure at a magnitude of approx. 30% 
to 50% of the frontal displacement vhi,max.

7.5.8 Vertical Displacements at the Surface vO 

The vertical, surface displacements vO of a retaining structure result from the 
settlement of the ground vU, the intrinsic settlement of the fill material vE and 
the shear deformation vS of the reinforced earth structure.

7.5.9 Numerical Methods

The deformation behaviour of the overall system can be determined using numeri-
cal analysis methods (e.g. the finite element method (FEM)). Because inadequate 
data is available on the composite material it is usual to model the ground and 
the reinforcement separately. Direct shear tests are suitable for identifying the 
behaviour of the composite. Modelling can be performed with spring elements 
parallel to the reinforcement similar to the methods developed for use in rock 
mechanics. These models should simulate the elastic-plastic shear force transfer, 
as determined in direct shear tests.

The reinforcement itself can be modelled using elastic spring or rod elements. 
Linear-elastic material laws may be adequate, or others may be necessary, depend-
ing on the load-extension behaviour of the reinforcement materials.

When checking analysis results care shall be taken that no unrealistic tensile 
stresses  occur in the ground as a result of differential stiffnesses in the ground-
reinforcement contact zone. Analysis results should always be examined for 
plausibility using simple comparative analyses (e.g. equilibrium of vertical and 
horizontal forces).

7.6 Facing Analyses

The following facing options are currently used (DIN EN 14475, Appendix C):

 – non-deformable (rigid) facing elements:
panels or blocks, usually of precast concrete, with low vertical compressibility 
and high flexural stiffness,
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 – partially deformable facing elements:
preformed steel wire mesh section, preformed steel element or gabions filled 
with rock material with higher vertical compressibility and low flexural 
stiffness,

 – deformable (flexible) facing elements:
facing with no flexural stiffness, where the fill material is enclosed by a geogrid 
or geotextile, such as padded walls of wrap-around geosynthetics (temporary 
formwork may be required); lightweight, abandoned formwork, for example 
using sandbags; an external frame with no structural function for the retaining 
structure may be used as protection and additional design element.

Figure 7.19  Facing elements

1492vch07.indd   113 12.03.2011   18:08:30



114

Figure 7.19  (continued)
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The various facing designs are connected to the reinforcement layers using 
a variety of connection methods and systems, which are product- or system-
specific. The demands placed on the connections depend on the facing design 
(non-deformable, partially deformable, deformable).

It is not generally possible to precisely determine the horizontal stress on the 
facing. The active earth pressure to DIN 4085 is used as the reference variable 
for effects in the following notes.

It is not always necessary to adopt the active earth pressure for the full height 
of a geosynthetic-reinforced structure when analysing the geosynthetic connec-
tion to the facing elements. The magnitude of the horizontal stresses is critically 
influenced by the properties of the composite reinforced earth structure and the 
deformability of the facing.

An examination of whether the deformations are acceptable for both the structure 
and the surrounding ground shall be performed. Vertical differential deformations 
between the facing elements and the reinforced earth structure, in particular, shall 
be avoided (e.g. differences in the facing and the reinforced earth structure sup-
ports, inadequate compaction behind the facing). The horizontal movement of 
the facing which the design is based on shall be guaranteed for the entire height 
(including the toe).

Calibration factors for reducing the connected forces are given for various systems 
in Table 7.2.

The geosynthetic force to be transmitted at the facing is calculated as the active 
earth pressure with a layer thickness lv at the depth Hi.

Figure 7.20  Earth pressure

Analysis:
Efacing characteristic earth pressure to DIN 4085

The earth pressure on the external skin is:

H K qfacing g agh k i q aK qh k Qq⋅k ⋅K h k ⋅η γKg aK gh k ⋅ ηG γ, ,k k i G q aqhk ηG  Eq. (7.6)

E e lfacing facing v⋅ef i  Eq. (7.7)

Analysis of STR for facing connection:

R or R EBi d Aor R i d facing, ,d Ai 5  Eq. (7.8)

1492vch07.indd   115 12.03.2011   18:08:31



116

where:

RBi,d design value of the long-term tensile strength of the geosynthetics in the 
nth reinforcement layer,

RAi,d design value of the entire pull-out resistance provided by friction or as a 
connection force (design value determined using �B),

6g, 6q calibration factor as given in Table 7.2

Note: If adequate pull-out resistance of the wrap-around can be demonstrated 
for a facing using the wrap-around method, the earth pressure Efacing can 
be distributed equally on the reinforcement layer and the wrap-around.

Table 7.2  Ca libration factor 

Calibration factor Earth pressure 
angle

6g 6q �

0 < h � 0.4 H 0.4 H < h � H

Non-deformable 
facing elements

1.0 1.0 1.0 Analogous to 
DIN 4085

Partially deformable 
facing elements

1.0 0.7 1.0 1/3 
� to 1.0 
�
(see [11])

Deformable facing 
elements

1.0 0.5 1.0 0

Notes: 1) In the contact zone h = H.
 2) The calibration factors are derived from literature evaluations and 

large-scale tests [18].
 Earth pressures from bounded surcharges are also considered without redistribu-
tion. Compaction earth pressures to DIN 4085 are adopted additionally for design 
(also see [17]).
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7.8 Retaining Structure Design Example

A design example will be used for illustration. It will demonstrate possible design 
procedure for a reinforced retaining structure with equal reinforcement lengths.

7.8.1 Geometry, Soil Properties and Load Assumptions

Figure 7.21  Geometry and soil properties of the retaining structure

Table 7.3  Soil properties

Layer
x

Unit weight
�x,k

[kN/m3]

Friction angle

x,k
[°]

Cohesion
cx,k

[kN/m2]
Fill material 1 20 35 0
Ground 2 18 30 0
Backfill material 3 19 30 0

Design of reinforced earth structures to EBGEO, Section 7.2.2 is based on a 
reinforcement length of 70% of the structure height:

B = 0.7 · 5 m = 3.5 m.
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The following analyses are performed using this dimension.

Note: Initial investigation of the bearing capacity and general stability using 
the preliminary draft geometry is recommended.

The analysis example is based on Load Case 1.

7.8.2 Determining the Characteristic Actions

Earth pressure is determined to DIN 4085:


3,k = 30°; �3,k = 2 / 3 · 
3,k = 20°; 7 = 0°;  = 0°
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Characteristic earth pressure from soil dead weight:

Eagh,k = 0.5 · Kah,k · �3,k · H
2 = 0.5 · 0.279 · 19 · 52 = 66.26 kN/m

Eagv,k = Eagh,k · tan (� – 7) = 66.26 · tan 20° = 24.12 kN/m

Characteristic earth pressure from variable load:

Eaph,k = Kah,k · pk · H = 0.279 · 12 · 5 = 16.74 kN/m

Eapv,k = Eaph,k · tan (� – 7) = 16.74 · tan 20° = 6.09 kN/m

Characteristic action from dead weight:

Gk = H · B · �1,k = 5 · 3.5 · 20 = 350 kN/m

Characteristic variable action:

Pk = B · pk = 3.5 · 12 = 42 kN/m

7.8.3 Analysis in the Ultimate Limit State (ULS)

7.8.3.1 Analysing Sliding Safety
It is assumed for analysis of sliding safety that the lowest reinforcement layer 
is placed at the base of the earth structure. That is, the lowest value for the fric-
tion angle above (
1,k above) and below (
2,k below) the reinforcement is adopted 
as 
k, governing.

The characteristic frictional coefficient between the reinforcement and the ground 
is determined by fsg,k = tan �s,k = � · tan 
k, governing. � = 0.8 is assumed for this 
example. The value is confirmed by testing.

The variable action is adopted conservatively behind the retaining structure for 
analysis of sliding safety only.
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To ensure adequate sliding safety it shall be demonstrated to DIN 1054, Sec-
tion 7.5.3 for the STR limit state that the

Td � Rt,d + E p,d

condition is met. Where:

Td design value of the effect parallel to the foundation base,
Rt,d design value of the sliding resistance,
Ep,d design value of the passive earth pressure parallel to the base, is ignored 

here.

Figure 7.22  Distribution of forces for analysis of sliding safety

Determining the design values of effects:

NG,k = Eagv,k + Gk = 24.12 + 350 = 374.12 kN/m

NQ,k = Eapv,k = 6.09 kN/m

TG,k = Eagh,,k = 66.26 kN/m

TQ,k = Eaph,k = 16.74 kN/m

Note: �G, �Q, �GL from DIN 1054, Tables 2 and 3
Td = 66.26 · 1.35 + 16.74 · 1.5 = 114.56 kN/m

Rt,d = (NG,k + NQ,k) · tan �s,k / �GL = 380.21 · (0.8 · tan 30°) / 1.1 = 159.65 kN/m

Td = 114.56 � Rt,d = 159.65 kN/m

Analysis verified.

Utilisation factor μ = = =
T

R
dTT

t d,

.

.
114 56
159 65

0 7. 2
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7.8.3.2 Position of Bearing Pressure Resultant
(to DIN 1054, 7.5.1)

The forces relevant to determining the position of the bearing pressure resultant 
are shown in the figure below:

Figure 7.23  Distribution of forces for the position of the bearing pressure resultant

Determining the characteristic effect in the base plane

 – with variable action:
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Characteristic effect normal to the base:

N NG k Q k,k Q . . .=NQ k + + + =350 42 24 12 0.6 0. 9 422 21 kN/m

 – without variable action:
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Analysis of the position of the bearing pressure resultant (DIN 1054, Section 7.5.1: 
all actions) EQU, allowable: foundation gap as far as centre of foundation (second 
kernel width).
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e bM
N

k

k
= =k = < = =99 42

422 21
0 235

3
3 5
3

1 16.
.

. . . m16      Analysis verified!

Note: See analysis of the serviceability limit state (SLS) for analysis of the first 
kernel width.

7.8.3.3 Analysing Bearing Capacity
Adequate bearing capacity failure safety is given if the following condition is met:

N R Rd nR d nR k Gr=RnR d, ,d n / γ

Analysis of the STR limit state is performed to DIN 1054 and DIN 4017.

Nd design value of the effect normal to the foundation base,
Rn,d bearing resistance design value,
Rn,k characteristic bearing resistance,
�Gr bearing resistance, see DIN 1054, Table 3.

Characteristic bearing resistance Rn,k:

R a b c N i
d N i

n k k cN c c c c

d d di d d

, ,k

,

(′ ⋅ ′ ⋅c k ⋅
+ ⋅ ⋅ ⋅idi
+

2 0k cN,k

2 0k d,

2

ν λic ci ⋅ ξ
γ νd Nd⋅k ⋅NdN2 0k dd N,k dN λ ξd ⋅
γ ,, )k b b b b bb N⋅ ′ ⋅bN ⋅0 ν λb bi ⋅b⋅ i ξ

Because no cohesion, depth, ground or base inclination need be adopted for the 
example and the structure is regarded as strips, all shape coefficients are adopted 
as equal to 1; this simplifies the equation to:

R bn k b b, ,k ( )b N ib b(′ ⋅ k( ′ NbN 0k b,k bb N,k bN

Determining bearing capacity coefficients:

N e ed
kk
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⋅ ⋅Π Πtan tan, tan tek2 2 3045+⎜ ⎟ = ⋅e ⋅Π, tan anϕ ϕ
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⎞⎞⎞⎞
⎠⎠⎠⎠
=18 4.

Nb d k0d 2 18 10 05°30( )N 0dN 1−NdN 0dN tan (k2 k2 k2 . )4 1−1 n .30 1030,ϕ

Determining load inclination coefficients:

m = 2.0 (cf. DIN 4017, Section 7.2.4)

ib = (1 – tan �)m + 1

tan . .
.

.δ = =
+

=
T
N

kTT

k

66 26 16 74
422 21

0 196

ib = (1 – 0.196)2.0 + 1 = 0.519

Nb = Nb0· ib = 10.05 · 0.519 = 5.22
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Equivalent width:

b� = B – 2 · e = 3.5 – 2 · 0.235 = 3.03 m

Rn,k = 3.03 · 18 · 3.03 ·10.05 · 0.519 = 861.97 kN/m

Rn,d = Rn,k / � Gr = 861.97 / 1.4 = 615.70 kN/m

Nd = NG,k · � G + NQ,k · �Q= 374.12 · 1.35 + 48.09 · 1.5 = 577.20 kN/m

Analysis:

Nd = 577,20 < Rn,d = 615.70 Analysis verified.

Utilisation factor μ = = =
N

R
d

n d,

.

.
577 20
615 70

0 9. 4

7.8.3.4 Analysing General Failure
Partial safety factors for the GEO limit state, LC 1:
Actions:
Permanent actions: �G = 1.0
Unfavourable variable actions: �Q = 1.3

Resistances:
Friction coefficient tan 
� �
 = 1.25
Cohesion c� �c = 1.25
Flexible reinforcement elements
(pull-out resistance) �B = 1.4

Design values:

Design value of the variable action:

pd = pk · �Q = 12 · 1.3 = 15.6 kN/m2

Design values of the shear strength:

Angle of friction

tan 
i,d = (tan 
i,k) / �


i,d = arc tan [(tan 
i,k) / �
]

Cohesion

ci,d = ci,k / �c

Design values of unit weights

�i,d = �i,k · �G

The design values of the soil properties can be taken from the following table:
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Table 7.4  Design values of soil properties (GEO)


ì,d [°] cì,d [kN/m2] �ì,d [kN/m3]

1 Fill Soil 29.25 0 20

2 Ground 24.79 0 18

3 Backfill material 24.79 0 19

All possible slip planes shall be considered in an analysis of the bearing ca-
pacity and the most unfavourable failure mechanism investigated. Slip planes 
completely enveloping reinforcement layers and those intersecting or at least 
touching the reinforcement layers are all investigated. Additionally, slip planes 
passing through the reinforced earth structure without intersecting a reinforce-
ment layer are considered.

Various slip planes are investigated for the example. The slip planes are analysed 
using several angles ), starting at the toe of the retaining structure. The slip planes 
penetrate the entire reinforced structure as far as the rear face of the reinforcement 
and then move to the surface. All (acting) mobilising forces are compared to the 
(resisting) restraining force of the reinforcement.

Figure 7.25  Example of slip planes

Figure 7.24  Possible slip planes 
through a structure
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The following failure systems, which penetrate the structure at its foot, are con-
sidered as examples for ) = 40° and ) = 45° + 
 / 2, in both cases with permanent 
and variable actions.

Figure 7.26  Distribution of forces for slip planes

The effect is:

3 Fd()) = (Gd()) + Pv,d()) + Ev,d())) · tan () – 
1,d) + Eh,d()),

where:
Gd()) = ½ · �1,d · B()) · H()) + �1,d · B()) · (H – H))
Pv,d()) = pv,d · B())

Egh,d()) = ½ · �v,d · kah,g,d · (H – H))2

Egv,d()) = Egh,d()) · tan (� – 7)
Eph,d()) = kah,p,d · (H – H)) · pv,d
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Epvd()) = Ephd()) · tan (� – 7)

Eh,d()) = Egh,d()) + Eph,d())

Ev,d()) = Egv,d()) + Epv,d()).

Design assumptions for geosynthetics:

An imaginary geosynthetic with the required, characteristic, short-term strength 
and the following imaginary coefficients is selected per reinforcement layer i for 
the reinforcement of the retaining structure’s reinforced earth structure:

A1 = 2.5; A2 = 1.2 and A3 = A4 = A5 = 1.0.

Note: The reduction factors are product-specific and shall be analysed.
Determining the design strength of a reinforcement layer i:

(with partial safety factor �M = 1.4)

R
R R

B d
B k k

,
, ,k

. . . . . . .
=

⋅ ⋅ ⋅ ⋅ ⋅
=0 0RB k,B

2 5. 1 2. 1 0.. 1 0.. 1 0.. 1 4. 4 2.
Eight layers of geosynthetic reinforcement with constant vertical spacing as 
described in Section 7.2.2 where 0.3 � lv = 0.6 m � 0.6 m are selected for the 
planned earth structure.

The following types of geosynthetics are used:

 – 4 layers of geosynthetics at 80 kN/m (bottom) 
and design strength RB,d = 19.04 kN/m,

 – 4 layers of geosynthetics at 50 kN/m (top) 
and design strength RB,d = 11.9 kN/m.

The configuration and the types of reinforcement are shown below:

Figure 7.27  Reinforcement configuration
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Case 1: )) = 40°

The earth pressure coefficient is first determined.

For the GEO limit state:


1,d = 29.25°; �1,d = 2 / 3 · 
1,d = 19.5°; 7 = 0°;  = 0°

kah,d = 0.29

Gd(40°) = 0.5 · 20 · 3.5 · 2.94 + 20 · 3.5 · 2.06 = 247.1 kN/m

Pv,d(40°) = 15.6 · 3.5 = 54.6 kN/m

Egh,d(40°) = 0.5 · 20 · 0.29 · (2.06)2 = 12.31 kN/m

Egv,d(40°) = 12.31 · tan 19.5° = 4.36 kN/m

Eph,d(40°) = 0.29 · 2.06 · 15.6 = 9.32 kN/m

Epv,d(40°) = 9.32 · tan 19.5° = 3.3 kN/m

Eh,d(40°) = 12.31 + 9.32 = 21.63 kN/m

Ev,d(40°) = 4.36 + 3.3 = 7.66 kN/m

3 F(40°) = (247.1 + 54.6 + 7.66) · tan (40° – 29.25°) + 21.63 = 80.36 kN/m

The magnitude of the resisting reinforcement forces is determined by the sum of 
the design values of the intersected reinforcement layers (resistance), taking the 
pull-out resistances into consideration.

Failure by rupture and pull-out of the reinforcement elements shall be examined 
on the resistance side.

Equilibrium is generally given if the following limit state condition is met:

3 Ei,d()) � min (3 RBi,d; 3 RAi,d).

The governing value for each layer is the smaller one,

where:

RAi,d = 2 · �v,di · LAi · (fsg,k / �B) with weighted fsg,k = 0.8 · tan 
v,k
 = 2 · �v,di · LAi · (0.8 · tan 35° / 1.4)
 = 2 · 20 · hi · LAi · (0.8 · tan 35° / 1.4)
 = 16 · hi · LAi

or

R
R

B d
B k

,
,

.
, 0

4 2.
.
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Table 7.5  Analysis for ) = 40°

)) = 40° Analysis of rupture 
RB,d
[kN/m]

Analysis of pull-out 
RAi,d
[kN/m]

Governing

[kN/m]

1st layer 19.04 280 19.04

2nd layer 19.04 195.7 19.04

3rd layer 19.04 125.85 19.04

4th layer 19.04   69.376 19.04

5th layer 11.90   26.62 11.90

3 Rd,I = 88.06 kN/m

Analysis:

3 Fi = 80.36 kN/m < 3 Rd,i = 88.06 kN/m.

Case 2: ) = 45° + 
/2

) = 45° + 29.25° / 2 = 59.62°

Gd(59.62°) = 0.5 · 20 · 5 · 2.931 = 146.55 kN/m

P()) = 15.6 · 2.931 = 45.72 kN/m

Fd()) = (G())+ P())) · tan · () – 
�) = (146.55 + 45.72) · tan (59.62° – 29.25°) 
 = 112.67 kN/m

Table 7.6  Analysis for ) = 59.62°

)) = 59.62° Analysis of rupture 
RB
[kN/m]

Analysis of pull-
out RAi
[kN/m]

Governing

[kN/m]

1st layer 19.04 280.0   19.04

2nd layer 19.04 221.76   19.04

3rd layer 19.04 170.24   19.04

4th layer 19.04 125   19.04

5th layer 11.90   87   11.90

6th layer 11.90   55.68   11.90

7th layer 11.90   31.14   11.90

8th layer 11.9   13.31   11.9

3 Rdi = 123.76 kN/m
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Analysis:

3 Fi = 112.67 kN/m < 3 Rd,i = 123.76 kN/m.

7.8.2.5 Analysing Facing for Partially Deformable Facing Elements

The final state (LC 1) is analysed.

The earth pressure coefficient is first determined for the STR limit state:

where:


1,k = 35°; �1,k = 2 / 3 · 
1,k = 23.33°, assuming that: 7 = 0°;  = 0°,

we get:

Kagh,k = Kaqh,k = 0.224.

The earth pressure on the facing is:

H K qfacing g agh k i q aK qh k Qq⋅k ⋅K h k ⋅η γKg aK gh k ⋅ ηG γ, ,k k i G q aqhk ηG

E e lfacing facing v⋅ef i

Table 7.7  Facing analysis

Zi 
[m]

Hi 
[m]

66g 6q lv
[m]

Efacing
[kN/m]

RBi,d or RAi,d
� Efacing

Layer 1 5.0 4.7 0.7 1.0 0.6 14.38 19.04

Layer 2 4.4 4.1 0.7 1.0 0.6 12.86 19.04

Layer 3 3.8 3.5 0.7 1.0 0.6 11.33 19.04

Layer 4 3.2 2.9 0.7 1.0 0.6   9.80 19.04

Layer 5 2.6 2.3 0.7 1.0 0.6   8.28 11.90

Layer 6 2.0 1.7 1.0 1.0 0.6   8.60 11.90

Layer 7 1.4 1.1 1.0 1.0 0.6   6.42 11.90

Layer 8 0.8 0.4 1.0 1.0 0.8   5.20 11.90

Note: Only the design strength (RBi,d) has been adopted for this example. RAi,d 
is dependent on the system (various facing design options) and cannot 
therefore be specified as a generic value.

7.8.4 Serviceability Limit State (SLS) Analysis

(allowable position of the bearing pressure resultant to DIN 1054, 7.6.1)
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7.8.4.1 Analysing the Position of the Bearing Pressure Resultant
(to DIN 1054, 7.6.1: permanent actions)

e
M

N
bk

k
=

∑
= = < = =

68 22
374 12

0 182
6

3 5
6

0 583.
.

. . . m583

7.8.4.2 Displacements in the Base Plane
(to DIN 1054, 7.6.2)

The passive earth pressure in front of the reinforced retaining structure was not 
taken into consideration for the analysis of sliding safety. However, the analysis 
is verified even without taking the passive earth pressure into consideration.

7.8.4.3 Settlements
(to DIN 1054, 7.6.3)

Settlement modelling is necessary, but is not carried out for this example.
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8 Landfill Engineering – 
Reinforcement of Surface-parallel Stratified Systems

8.1 General Recommendations

This section was originally developed for landfill engineering purposes. Because 
these Recommendations are also used in other fields and are transferable, they 
also apply to liner systems used to protect groundwater and to installations for 
collecting, storing and discharging water and other fluids and substances where 
such surface-parallel, stratified systems require reinforcement to improve their 
stability.
Accordingly, they can be applied to multi-layered systems with interfaces parallel 
to the slope and without a liner function.
In terms of landfill engineering only regulations relevant to the drafting and design 
of geosynthetic reinforcement layers in reinforced earth and waste structures 
are provided in these Recommendations. Otherwise, the relevant regulations 
apply (among others: Technical Instructions on Waste (TA-Abfall) [1], Technical 
Instructions on Domestic Waste (TA-Siedlungsabfall) [2], DGGT recommenda-
tions: ‘Geotechnical Aspects of Landfill and Brownfield Sites’ (Geotechnik der 
Deponien und Altlasten) GDA E2 to E5 [3], [8]), Landfill Regulations (Depo-
nieverordnung) [4]).
Load conditions requiring the use of geosynthetic reinforcement layers may 
predominantly occur in liner systems during construction and operation of waste 
landfills. Reinforcements with temporary functions and those with permanent 
functions are differentiated. Under certain landfill engineering boundary condi-
tions an environment harmful to the durability of geosynthetics is anticipated in 
cases where the reinforcement is located within the landfill area enclosed by the 
liner system. Reduction factors for chemical and/or biological actions are there-
fore adopted for the reinforcement within the zone enclosed by the liner system.
Considerably increased temperatures may occur within the body of the landfill as a 
result of chemical-biological processes. They affect the load-bearing behaviour of 
the reinforcement and reduce its durability. This shall be taken into consideration 
in reinforcement dimensioning. GDA E2-14 assumes long-term temperatures 
of 15 °C to 40 °C at the base of domestic landfills without waste pre-treatment. 
Temperatures of 60 °C and more have been recorded over several years in waste 
incinerator residue landfill.
In terms of permanent applications geosynthetic reinforcements are predominantly 
used in landfill capping systems (Application 1 in Figure 8.1). If the calculated 
stability of an unreinforced slope in the final state cannot be guaranteed, the re-
inforcement shall be designed for the operational life of the liner system. A more 
detailed description is given below, the necessary stability analyses introduced 
and general design and engineering notes provided.
Recommendations for Design and Analysis of Earth Structures using 
Geosynthetic Reinforcements (EBGEO). German Geotechnical Society.
© 2011 Ernst & Sohn GmbH & Co. KG. 
Published by Ernst & Sohn GmbH & Co. KG.
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 Typical applications are shown in Figure 8.1. Design is governed by the appropri-
ate sections of EBGEO. These Recommendations can be applied accordingly for 
use with base or intermediate liner systems.
As described in GDA E2-3 and E2-4 liner systems used in landfill engineering 
are composed of several functional layers. In addition to regular liner systems the 
Landfill Regulations (Deponieverordnung) also allow alternative liner systems. 
Geosynthetic liners, which may not normally be subjected to tensile forces, rep-
resent a primary sealing element in regular liner systems used in landfill class II 
(domestic waste as classified by the waste disposal regulations (Abfallablager-
ungsverordnung) [5]) and landfill class III (hazardous wastes as classified by 
the waste disposal regulations [5]). The same applies to geosynthetic clay liners, 
which are often used as alternative liner components.

8.2 Design and Engineering Notes

The reinforcement is usually located at the base or in the lower zone of a recul-
tivation layer, a topsoil, or the mineral aggregate drainage layer. If geosynthetic 
drainage elements are used, the reinforcement is located above this drainage layer.
For technical reasons only a single layer of reinforcement should be planned here. 
Special attention shall be paid to uninterrupted interlocking and adequate perme-
ability of the soil and the geogrid where adjacent reinforcement webs overlap. 

Figure 8.1  Possible applications of geosynthetic reinforcement layers 
in landfill engineering
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Where necessary, enhanced demands shall be placed on geometrical aspects of 
the geogrid mesh size.

Because of the primarily uniaxial load, reinforcements with anisotropic tensile 
strength properties (longitudinal axis equals principal load axis) are used. The 
reinforcements are unrolled according to a laying plan and overlap by approx. 
20 cm for engineering reasons. Longitudinal joints shall be avoided. Where 
necessary, hidden anchoring planes are provided on the slope.

The reinforcement in the anchor trench is generally located as shown in Figure 8.3. 
Ponding in the anchor trench shall be avoided. A liner element, e.g. a geosynthetic 
liner including protective layer, generally ends before the trench base; a drainage 
mat ends before the anchor trench if the water cannot be discharged.

If the slope is heavily rounded in plan, the slope forces may be concentrated. In 
this case the trench geometry shall be designed for the higher effect.

Rein  forcement on slopes interrupted by berms should be dimensioned separately 
for each slope section, including anchorage. The reinforcement is anchored in the 
berms. Installing reinforcement across berms to the next highest slope section 
shall be avoided (uplift forces).

8.3 Analyses

8.3.1 Principles

Multi-layer systems, predominantly parallel to the slope or ground surface, e.g. 
liner systems of soil and/or geosynthetics, may posses governing shear strength 
properties in any layer boundary or within elements (e.g. in bentonite and drain-
age mats). This means that stability analyses shall be carried out, in principle, 
for every layer boundary.

The overall stability in the GEO limit state is also analysed for potential failure 
planes within a layered system. If a layer boundary does not have the required 
stability or an element the required shear strength, they can be increased by using 
reinforcement layers. The overall stability is then analysed adopting the design 
value of the shear strength and the design resistance of the reinforcement layer 
as a load-bearing structural element. Geosynthetic reinforcement layers can be 
used to transfer slope pull-down forces, either wholly or partially.

The minimum required design resistance of a reinforcement layer is determined 
by rearranging the limit state equation. An application-specific correction factor 
6M is introduced to modify the safety level for determining the characteristic 
value of the short-term strength of the reinforcement. This is:

 – LC 1: 6M = 1.10,
 – LC 2: 6M = 1.05,
 – LC 3: 6M = 1.00.
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R RB k B k M M, ,k B0 ⋅RB k γ ηM ⋅  Eq. (8.1)

In addition, adequate overall stability of the slope or ground upon which the 
layered system rests shall be demonstrated in the GEO limit state to DIN 1054, 
or is assumed for the following deliberations.

The forces acting on the reinforcement layers are determined from the analysis 
of sliding in the construction state, taking construction equipment loads into 
consideration, and in the final state (see Section 8.3).

See Section 3.1 for details of estimating deformations in the serviceability limit 
state (SLS). The ability of the overall system to perform under the given defor-
mations shall be considered when selecting the geosynthetic reinforcements.

Analysis of adequate anchorage of the geosynthetic reinforcement in the GEO 
limit state then follows.

Note: Generall   y, analyses of stability in the layer boundaries (system planes) of a 
liner system are performed using the shear parameters at failure obtained 
from direct shear tests compliant with GDA E3-8. However, the values 
of the shear parameters depend on the displacement. The displacement 
necessary to activate the maximum shear resistances shall be compatible 
with the system (cf. GDA E3-8). The geosynthetic/ground adhesion or 
the geosynthetic/geosynthetic adhesion may be adopted in certain cases 
(cf. GDA E3-8) when determining the force deficit to be transferred by a 
geogrid.

8.3.2 Analysing the Stability of the Inclined Liner System

GDA E2-7 requi res numerical analysis to be carried out for all relevant load 
combinations in the construction and final states for liner systems on slopes. If 
the allowable utilisation factor is exceeded and there are no plans to adequately 
level off the slope angle, a reinforcement layer may be used. Its bearing capac-
ity is adopted in the analysis. The stability analysis is then based on the limit 
equilibrium in the most unfavourable slip plane (Figure 8.2 a):

R R Et d B d d, ,d B+ −RB d ≥ 0  Eq. (8.2)

where:

Rt,d design value of the friction resistance,
Ed design value of the actions,
RB,d design resistance of the reinforcement.

Note: To determine the required tensile strength of the reinforcement all actions 
over the entire slope length are usually cumulated from the slope toe 
upwards, compared to the resistances, and the required reinforcement 
design strength calculated from this.
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 When using this equilibrium method live loads – e.g. from construction 
equipment traversing the landfill slope in the construction state load 
case, but also traversing berms during servicing and inspection work in 
the final state after the capping liner is complete – are regarded as local 
force actions. Snow loads are also taken into consideration in the final 
state. The most unfavourable load case combination governs reinforcement 
design.

 The force deficit to be transferred can be determined on the basis of the 
equations described below. See Section 8.3.2.1 c) for details of adopting 
braking and accelerating forces from live loads.

The most unfavourable slip plane is determined using comparative analyses. For 
example, it may lie in the layer boundary between a geosynthetic liner and an 
aggregate sealing layer, in particular if the sealing layer is saturated and the und-
rained shear strength of the soil is low. It may lie between a protective geotextile 
layer or a geosynthetic drainage system and a geosynthetic liner, if only minor 
friction forces are activated between the two layers.

The actions are determined using the design values of the permanent and variable 
loads (using the partial safety factors in DIN 1054, Table 2).

The resistances are given by the design values of the shear parameters to 
DIN 1054, Table 3:

Figure 8.2  Section through t he reinforced drainage layer in the slope
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γ γφ δγ  Eq. (8.3)

γ γc aγ  Eq. (8.4)

where:
�a partial safety factor for the adhesion of the ground,
�� partial safety factor for the contact friction angle.

The actions Ed and the res istances Rt,d are analysed as described below. All analy-
ses are in terms of the entire slope length and a unit width of 1 m.

8.3.2.1 Actions and Effects
Actions (Figure 8.2 b) incl ude the design values of the weight component Gd 
parallel to the slope of the layers above the governing slip plane, the component 
of any lateral load Pd parallel to the slope, braking and accelerating forces Pdt, 
seepage force Sd and the active earth pressure Ea,d on the sliding body. The design 
value of the actions Ed is then calculated as follows:

E G P S Ed d d dt dS a d⋅Gd +PdP tsin ,β βPdd+ Pd+ PdP i  Eq. (8.5)

where:
Gd design value of the weight,
Sd design value of the seepage,
Pdt design value of the braking and acceleration forces,
Pd design value of the vertical loads,
 slope angle,
Ea,d design value of the active earth pressure.

a) Design value of the weight Gd

Where slopes are partially percolated by water, buoyancy shall be taken into 
consideration to calculate the characteristic value of the weight Gk of the soil 
layer above the liner. In addition, the weight of the water above the liner shall 
be taken into consideration for slip planes below the liner. For the phreatic line 
shown in Figure 8.2 b and a slip plane above the liner:

G d h h Ld G k wd k w−dd ′ ⋅γG γkγ / )hw⋅hwh ]hwh1/  Eq. (8.6)

where:
hw thickness of layer below phreatic line,
L slope length.

b) Design value of vertical force Pk from live loads
The vertical force Pk acting in the slip plane on a unit width of 1 m is:

P G bd QPP R ib/  Eq. (8.7)
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where:
GR dead weight of construction equipment [kN],
bi imaginary width of the contact z  one, relative to the slip plane and taking 

a load distribution angle 7 = 30° to the vertical into consideration.

b bi R i tb dRb i⋅ ⋅2bRb + an )α  Eq. (8.8)

where:
bR track width,
di thickness of the trafficked fill layer above the slip plane 

(thickness of emplaced layer).

c) Design value of the braking and accelerating forces Pdt 
 from construction equipment for the construction state
DIN 1054, Section 6.1.4 states that dynamic actions from site operations are gen-
erally covered by static equivalent loads. We recommend calculating the actions 
from braking and accelerating forces using a dynamic coefficient E as follows:

PdtP Q k −γ βPQ kPP ⋅ (⋅β )Φ 1  Eq. (8.9)

where:
Pdt design value of the braking and accelerating forces from construction 

equipment for the construction state,
Pk vertical load,
E dynamic coefficient E = 1.4 – 0.1 · di.

Using this approach the effective live load is taken into consideration by the 
dynamic coefficient on one side and increased using the partial safety factor from 
DIN 1054 on the other.

Building procedures are specified in work instructions and monitored to ensure 
that adequate stability is given at all times. In terms of the selection of suitable 
construction equipment and procedures critical construction conditions are ex-
amined by establishing in-situ test sites.

Note: In terms of the analysis of horizontal actions from braking and accelerating 
forces, [6] requires that the prevalent shear forces be calculated taking 
the true service weight and the actual braking delay – determined as the 
quotient of travelling or shear velocity and braking duration – into con-
sideration. Theoretically, this procedure promises greater accuracy than 
the simplified and approximate dynamic coefficient method introduced 
in EBGEO in 1997. However, its implementation is difficult, because the 
necessary equipment data is either unknown (in the planning and invita-
tion to tender stages) or the corresponding specifications, e.g. on travel 
speeds or braking durations, either are not or cannot be monitored during 
construction (implementation phase).
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 Because no incidents which can be traced back to poor dimensioning of 
braking forces have been documented since publication of the EBGEO 
1997, the Working Group has decided to retain this simplified analysis 
method.

 Proposals for detailed analysis, in particular of local load concentration 
in the construction state, are given in [6], for example, or can be approxi-
mated on the basis of DIN 4084 using planar slip surfaces.

d) Design value of seepage Sd

For the phreatic line shown in Figure 8.2 b:

S i h Ld G w wi h⋅hγG  Eq. (8.10)

where:

i hydraulic gradient (i = sin  on slopes with the angle  and phreatic line 
parallel to the slope).

Note: DIN 1054, Tab. 2 classifies the seepage force as a permanent action. The 
ponding height hw in the drainage layer can be calculated using the GDA 
E2-20 specifications, for example. In practice, half of the thickness of the 
drainage layer is often adopted as a constant ponding height in aggregate 
drainage layers.

e) Design value of earth pressure Ea,d

Earth pressure at the top of the slope has little impact on long slopes with only 
thin layers and can therefore generally be ignored. If it is necessary to adopt the 
earth pressure the requirements of DIN 4085 apply.

8.3.2.2 Resistances
The friction resistance (Figure 8.2 b) is given by the ground reaction forces 
resulting from dead weight and live loads and the passive earth pressure on the 
sliding body. The weight and live loads are calculated as characteristic values in 
analogy to Section 8.3.2.1.

R G P a Et d k kPP k a pE d, ,d k k k k a p[([( ) cos ) / / ]La La+Gk a / aβ δ(tan kak /aka /  Eq. (8.11)

where:

ak characteristic value of the adhesion between the ground and the 
geosynthetics, and between the geosynthetics and geosynthetics.

The passive earth pressure at the slope toe has only a minor impact on long 
slopes with only thin layers. It is therefore generally ignored. If it is adopted, 
the usual rules of DIN 4085 apply. Buoyancy shall be considered where neces-
sary.
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Different governing failure mechanisms for the support force at the toe of the 
slope or the berm must also be investigated, e.g. failure wedge shear at the lower 
end of the slope.

Note: Adopting Pk assumes that the vertical load acts as an effective stress and 
is not transferred via excess porewater pressures. It can be assumed that 
this is predominantly correct for the material demands and installation 
notes for the mineral layers in capping systems discussed in the Landfill 
Regulations. Critical excess porewater pressures can only occur in liner 
layers comprising clay minerals if they are installed on the wet branch of 
the proctor curve and with low air void levels.

 The braking and accelerating forces are not adopted on the resistance 
side of the stability analysis.

The following values are adopted for the characteristic values of the shear param-
eters �k or 
k and ak or ck, depending on the location of the investigated slip plane:

 – for the contact zone between geosynthetic layers (see GDA E3-8):
 � friction angle �k (e.g. protective layer/geosynthetic liner �gg,k or ground/

geosynthetics �sg,k),
 � adhesion ak (only adopted in exceptional cases, cf. GDA E3-8).

 – for soil layers in drained conditions:
 � friction angle of the drained soil 
�k,
 � cohesion of the drained soil c�k.

 – for saturated, cohesive soil layers in undrained conditions:
 � friction angle of the undrained soil 
u,k = 0,
 � cohesion of the undrained so il cu,k.

8.3.3 Structural Resistance of Reinforcement

The following minimum load combinations shall be investigated for designing 
the tensile strength of the reinforcement layers in capping systems:

 – for the construction state:
liner system complete, up to and including the drainage layer,
construction equipment loads,
seepage force due to heavy rain event.

 – for the final state:
liner system complete, additional live load (e.g. snow load) and seepage force. 
When determining the phreatic line the storage and retention capacities of 
the soil strata above the drainage layers can be taken into consideration (also 
see GDA E2-20).
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8.3.4 Anchorage

The standard cases with the reinforcement anchored on the top of the slope envis-
age the use of a trench or the reinforcement rolled out with appropriate cover fill. 
The analyses are performed for the GEO limit state to DIN 1054.

a) Safety against failure of the anchor trench
Failure of the anchor trench via the friction resistance along the nth section of 
the trench is analysed for adequate load transfer through the reinforcement 
(Figure 8.3). The limit state equation is:

R R Et d B d a d, ,d B ,−R ≥ 0  Eq. (8.12)

where:

R R G a

G
t d ti d iG d i d i d i

i d i

, ,d ti , ,d i i ,

,

[( ) ]Li

[( cos

ai d )

⋅Gi d+ [(

Σ ΣRti d =Rti d β δii

β λi ⋅ ⋅⋅ ′ ′tan )′ + ′ ]., ,ϕi, d, iL⋅)′
 Eq. (8.13)

Figure 8.3  Analysis of failure of the anchor trench

Note: Thrust forces are ignored for this anal ysis. The thrust forces may lead to 
the soil in the anchor trench being lifted.

b) Analysing failure of the top of the slope
In addition, analysis of failure of the top of the slope along a potential shear plane 
as shown in Figure 8.4 shall be carried out. This is governed by the failure on 
internal slip planes GEO limit state. It is described by:

Et d B d a d, ,d B ,cos⋅RB d − ≥Ea dβ 0  Eq. (8.14)

where:

R R R G a L

G
t d t d t d d k a

d

, ,d t , ,d , ,k

,

[( (tan / ) ]

[( (

= +Rt d ⋅G d + a

⋅G d+ [(

Rd t+d 1 d,d 1 1Lk a, )a

2

δ γkk ) / δ

tatt n ) / / ].′ ′ϕ ) / γϕk kγ) / ϕ c L/ ⋅γc 2
 Eq. (8.15)
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Figure 8.4  Analysis of failure of the slope top
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8.5 Example of Landfill Capping using Geosynthetic Reinforcement 

Geosynthetic reinforcements are required in landfill capping systems using flex-
ible membranes. Analyses are performed as described in Section 8.3.

8.5.1 Geometry, Soil Mechanics Parameters, Geosynthetic Properties 
and Data for a Selected Construction Vehicle

8.5.1.1 Geometry of the Liner System in the Slope
Length of slope: L = 30 m

Slope angle (1 : n = 1 : 2):  = 26,6G

Thickness of recultivation layer: d1 = 1.0 m

Thickness of drainage layer: d2 = 0.3 m

8.5.1.2 Characteristic Soil Mechanics Input Values
Drainage layer:

Gravel (16/32) Angle of friction: 
�k = 32.5G
 Unit weight: �k / ��k = 20/10 kN/m3

 Cohesion: c�k = 0 kN/m2

Recultivation soil:

UL Angle of friction: 
�k = 27.5G
 Unit weight: �k / ��k = 19/10 kN/m3

 Cohesion: c�k = 2.5 kN/m2

8.5.1.3 Geosynthetics
Types:

 – flexible membranes structured on both sides,
 – needle punched nonwoven as protective geotextile layer for flexible mem-

brane,
 – geogrid as reinforcement.

Friction properties [8]:

Flexible membrane/protective geotextile layer boundary from friction tests 
(governing):

Angle of friction: �k = 27G

Adhesion: ak = 0 kN/m2
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8.5.1.4 Data for a Selected Tracked Vehicle
Bulldozer, service weight: GR = 128 kN on 2 tracks

Track width: bR = 0.6 m per track

Track spacing: e = 1.8 m

Track length: lR = 2.6 m per track

Dynamic coefficient based on DIN 1072: E = 1.4 – 0.1 d2 = 1.37

Load distribution angle below tracks: 7 = 30°

8.5.1.5 Construction State Definition
The system is designed without the recultivation layer, i.e. installation of drain-
age layer and trafficking.

8.5.2 Stability Analysis

Section 8.3.2 explains that adequate resistance against shear loading parallel to 
the layering is given for the following condition (also see Figure 8.5):

R R Et d B d d, ,d B+ −RB d ≥ 0  Eq. (8.16)

Figure 8.5  Actions and r esistances in a parallel system
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a) Design value of the actions Ed:
E P S Ed G k Q k dt dS a d+ ⋅PdP t +SSγ βGG k ⋅ γ βPQ k β+ γ PQ kPP⋅PPP sin ,  Eq. (8.17)

Partial safety factors, see DIN 1054 for the GEO limit case, Table 2:

�G = 1.0 (final state) �G = 1.0 (construction state)
�Q = 1.3 (final state) �Q = 1.2 (construction state)

b) Design value of the friction resistance Rt,d:
R L Et d a pL E d, ,d k k k k a p( )G Pk kPPk k cos ( n )kk / /aGk ⋅a/a( n γkk /ka /aka  Eq. (8.18)

Partial safety factors, see DIN 1054 for the GEO limit case, Table 3:

�
, �c = 1.25 (final state) �
, �c = 1.15 (construction state)
��, �a = 1.25 (final state) ��, �a = 1.15 (construction state)

c) Characteristic value of the weight Gk:
G d h h Lk k w k w′ ⋅/ h / ]hwdk w−(k / hw⋅1//  Eq. (8.19)

Precise determination of hw compliant with GDA E2-20 using Lesaffre’s method 
is dispensed with in this example. In simplification, hw = 1/2 · d2 and percolation 
parallel to the slope are adopted.

hw = ½ · 0.3 = 0.15 m

For the construction state:

Gk = [20 · (0.3 – ½ · 0.15) + 10 · ½ · 0.15] · 30 = 157.5 kN/m

For the final state:

Gk = [20 · (0.3 – ½ · 0.15) + 10 · ½ · 0.15] · 30 + 19 · 1 · 30 = 727.5 kN/m

d) Characteristic value of the vertical force from live loads Pk 
 (construction state):
P G bk RP GP i/  Eq. (8.20)

where:

bi = 2 · (bR + 2 · di · tan 7) = 2 · (0.6 + 2 · 0.3 · tan 30°) = 1.89 m

Pk = 128 / 1.89 = 67.7 kN/m
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e) Design value of the braking and accelerating forces Pdt 
 for the construction state:
Simplified analysis is performed using a dynamic coefficient E as described in 
Section 8.3.2.1 c).
PdtP Q k

= ⋅ ⋅ ° =

γ βPQ kPP ⋅

. (⋅ . ) . i . .1. 1. − 67 7 2⋅s⋅ in 6 6. 13 46 kN/m
 Eq. (8.21)

f) Design value of the seepage Sd:
S i h Ld G w wi h⋅hγG  Eq. (8.22)

For the construction state:

Sd = 1.0 · ½ · 10 · sin 26.6 · 0.15 · 30 = 10.06 kN/m

For the final state:

Sd = 1.0 · ½ · 10 · sin 26.6 · 0.15 · 30 = 10.06 kN/m

g) Design value of the earth pressure Ea,d at the top of the slope 
 and the passive earth pressure Ep,d at the bottom of the slope:
Because the layer is only thin the earth pressure and passive earth pressure do not 
have a significant impact and are not adopted below in line with Section 8.3.2.

h) Design strength of the geosynthetic reinforcement:
working RB,d > Ed – Rt,d

For the construction state:

Ed = �G · Gk · sin  + �Q · Pk · sin  + Pdt + Sd + Ea,d
 = 1.0 · 157.7 · sin 26.6° + 1.2 · 67.7 · sin 26.6° + 13.46 + 10.06 + 0
 = 130.5 kN/m

Rt,d = (Gk + Pk) · cos � · (tan �k) / �� + ak / �a · L + 0
 = (157.5 + 67.7) · cos 26.6° · (tan 27°) / 1.15 + 0 + 0 = 89.2 kN/m

work RB,d > 130.5 – 89.2 = 41.3 kN/m

For the final state:

Ed = �G · Gk · sin  + Sd
 = 1.0 · 727.5 · sin 26.6° + 10.06 = 335.8 kN/m

Rt,d = Gk · cos � · (tan �k) / �� + ak / �a · l + 0
 = 727.5 · cos 26.6° · (tan 27°) / 1.25 + 0 + 0 = 265.2 kN/m

working RB,d > 335.8 – 265.2
 > 70.6 kN/m   (governing)
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8.5.3 Analysing Reinforcement Failure

In line with the above analyses the governing condition of the cap in the final 
state is given by:

max. RB,d = 70.6 kN/m.

A polyester geogrid was used with a characteristic short-term strength of:

RB,k = 200 kN/m.

Design resistance of the reinforcement:

RB,d = RB,k / (A1 · A2 · A3 · A4 · �M · 6M)

where:

A1 reduction factor for the creep rupture strength (polymer creep),
A2 reduction factor for transport, installation and compaction damage,
A3 reduction factor for processing (joins, connections to structural 

elements, etc.),
A4 reduction factor for environmental impacts (weather resistance, 

resistance against chemicals, microorganisms and animals),
�m structural resistance partial safety factor (here: LC1: 1.40),
6m correction factor for the structural resistance as described in 

Section 8.3.1 (here: LC1: 1.1).

It is assumed that the reduction factors used in this example were verified by the 
manufacturers.

Design resistance of the reinforcement:

RB,d = 200 / (1.50 · 1.1 · 1.0 · 1.0 · 1.4 · 1.1) = 78.71 kN/m
 = 78.71 kN/m > working RB,d = 70.6 kN/m

8.5.4 Designing the Anchor Trench

8.5.4.1 Anchor Trench Geometry
Width of embankment top: L1 = 2.0 m

Anchor trench slope angle: v = 26.6G

Selected depth of anchor trench: hv = 0.5 m

Length of trench bottom: L3 = 1.0 m

Anchor trench embankment length: lv = L2 = 1.10 m

Geogrid anchoring length: lg = L4 = 1.10 m

Slope angle (1 : n = 1 : 2):  = 26.6G
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8.5.4.2 Friction Resistance Input Values
Drainage layer:

Gravel (16/32) Angle of friction: 
�k = 32.5G
 Unit weight: �k = 20 kN/m3

 Cohesion: c�k = 0 kN/m2

Recultivation soil:

UL Angle of friction: 
�k = 27.5G
 Unit weight: �k = 19 kN/m3

 Cohesion: c�k = 2.5 kN/m2

Anchor trench backfill:

SU Angle of friction: 
�k = 30G
 Unit weight: �k = 19 kN/m3

Ground:

SU Angle of friction: 
�k = 28G
 Unit weight: �k = 19 kN/m3

 Cohesion: c�k = 2.5 kN/m2

Liner system contact friction properties (governing):

 Angle of friction: �k = 27G
 Adhesion: ak = 0 kN/m2

 Composite coefficient 
 between ground and geogrid: � = 0.9

8.5.4.3 Safety Against Failure of the Anchor Trench
Boundary conditions:

Figure 8.6  Safety against failure of the anchor trench

Limit state equation:

R R Et d B d a d, ,d B ,−R ≥ 0  Eq. (8.23)
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where:
R R ct d ti d vi i d i d vi d i d i, ,d ti , ,d i , ,d i vi , ,d i( tvi dd a ) iitan ⋅ ′ + ′Σ Rti d (=Rti d σδ ai d i d ) (Li+i d Li λ ϕtan⋅ d idd

k i k i k a i

k i i

L

d ai L

d

)

[ ( / a/ ]

[ ck i id o
, ,i i i i( ,

,

⋅

= [ i ⋅i ka / ]a

+ [ k i

γk dk i idii ii ik i δ γi ki k ) /i γ

λ
δ

s (ss tan ) / / ] ., ,β ) /, ϕi i(tanϕ iγ) /) ϕ k cγ i/ ]γk c/ γ′ ′

 Eq. (8.24)

Note: To simplify the example cohesion and adhesion are not adopted below.
The final state is the governing state for the analysis. The active earth pressure 
Ea,d is not taken into consideration.

Determining the design value of friction resistance:

R Rt d ti d, ,d ti  Eq. (8.25)

Friction resistance along L1:

Rt1,d,bottom = [(20 · 0.3 + 19 · 1.0) · tan 27° / 1.25 + 0] · 2.0 = 20.38 kN/m

Note: A resistance is only adopted on the bottom of the geogrid.

Friction resistance along L2:

Rt2,d,bottom = [(20 · 0.3 + 19 · 1.0 + 19 · 0.5 · 0.5) 
     · cos 26.6° · tan 27° / 1.25 + 0] · 1.1
 = 11.93 kN/m

Rt2,d,top = [(20 · 0.3 + 19 · 1.0 + 19 · 0.5 · 0.5) 
     · cos 26.6° · 0.9 · tan 30° / 1.25 + 0] · 1.1 
 = 12.16 kN/m

Friction resistance along L3:

Rt3,d,bottom = [(20 · 0.3 + 19 · 1.0 + 19 · 0.5) · (tan 27°) / 1.25 + 0] · 1.0 
 = 14.06 kN/m

Rt3,d,top = [(20 · 0.3 + 19 · 1.0 + 19 · 0.5) · 0.9 · (tan 30°) / 1.25 + 0] · 1.0 
 = 14.34 kN/m

Friction resistance along L4:

Rt4,d,bottom = [(20 · 0.3 + 19 · 1.0 + 19 · 0.5 · 0.5) · 0.9 · (tan 28°) / 1.25 + 0] 
     · 1.10 · cos 26.6° 
 = 11.20 kN/m

Rt4,d,top = [(20 · 0.3 + 19 · 1.0 + 19 · 0.5 · 0.5) · 0.9 · (tan 30°) / 1.25 + 0] 
     · 1.10 · cos 26.6° 
 = 12.16 kN/m

Design value of the friction resistance:

� Rti,d = 20.38 + 11.93 + 12.16 + 14.06 + 14.34 + 11.20 + 12.16 
 = 96.23 kN/m > 70.6 kN/m
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8.5.4.4 Analysing Failure of the Top of the Embankment
Boundary conditions:

Figure 8.7  Safety against failure of the embankment top

Limit state equation:

R R Et d B d a d, ,d B ,cos⋅RB d − ≥Ea dβ 0  Eq. (8.26)

where:

R Rt d ti d vi d i vi d i d, ,d ti , ,d i , ,d i vi , ,d i( tvi dd an ) (L tan )i d i dd i′ + ′ L ⋅ tanΣ Rti d (=Rti d ϕ ci d i di σd i) (Lii′ + Li ⋅)ai d i di d ⋅⋅Li  Eq. (8.27)

The final state is the governing state for the analysis. The length of the potential 
shear plane along L5 and L3 is defined.

Determining the design value of the resisting force:

Rt3,d,bottom = [(20 · 0.3 + 19 · 1.0 + 19 · 0.5) · tan 27° / 1.25 + 0] · 1.0 
 = 14.06 kN/m

Rt5,d = [19 · 0.5 · 0.5 · 1.0 + 19 · 0.5 · 2.0 + 19 · 0.5 · 0.5 · 1.0 
     + (20 · 0.3 + 19 · 1.0) · 1.10 
     + (20 · 0.3 + 19 · 1.0) · 2.0 + 19 · 0.5 · 1.0 · 0.5 
     + (20 · 0.3 + 19 · 1.0) · 1.0] · tan 28° / 1.25 
 = 57.7 kN/m

Design value of the resisting force against failure of the anchor trench:

� Rti,d = 57.7 + 14.06 = 71.76 > 63.13 = RB,d · cos 
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9 Reinforced Earth Structures over Point 
or Linear Bearing Elements

9.1 Definitions

A reinforced earth structure over point or linear, vertical bearing elements refers 
to a single- or multi-layer composite structure made of earth and geosynthetics, 
which rests on natural, soft ground and the bearing elements. The point or linear 
bearing elements are referred to below as bearing elements and the reinforced 
earth structure together with the bearing elements is referred to as the overall 
system or bearing structure.

The bearing elements are embedded in the natural ground down to deeper, stable 
soil strata and form a rigid, point or linear support for the reinforced earth structure 
relative to the soft ground. The terminology used is given in the embankment 
foundation example in Figure 9.1.

Reinforced earth structure is a single- or multi-layer, reinforced, composite 
structure made of earth and geosynthetics. It bridges the soft soil between bearing 
elements.

Figure 9.1  R einforced earth structure above point or linear bearing elements. 
Embankment foundation example
Recommendations for Design and Analysis of Earth Structures using 
Geosynthetic Reinforcements (EBGEO). German Geotechnical Society.
© 2011 Ernst & Sohn GmbH & Co. KG. 
Published by Ernst & Sohn GmbH & Co. KG.
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Point bearing elements are elements with predominantly round or square cross-
sections, which may be arranged in a regular rectangular or triangular grid (square 
rotated through 45°) as shown in Figure 9.4.

Linear bearing elements are predominantly slab-like elements arranged in 
parallel (Figure 9.4).

Height h of the reinforced earth structure is the distance of the reinforced 
earth structure measured from the contact plane to the top of the reinforced earth 
structure as shown in Figure 9.1. It is assumed that the supporting surfaces of the 
bearing elements are approximately at the same elevation as the contact plane.

Height h*: Region in the reinforced earth structure in which granular soil is 
installed to DIN 1054 as shown in Figure 9.1.

Reinforcement plane: Plane as shown in Figure 9.1; for two-ply reinforcement 
the geometrical centre plane of the two layers (Figure 9.2).

Elevation z of the reinforcement plane is the vertical distance of the reinforce-
ment plane from the contact plane of the reinforced earth structure as shown in 
Figure 9.1. For two-ply reinforcement the reinforcement plane lies central between 
the two layers (Figure 9.2).

Zone of influence AE of the bearing elements is that part of the total area in 
the contact plane of the reinforced earth structure assigned to a point or linear 
bearing element as shown in Figure 9.3 and Figure 9.4.

Support area As is the surface area of a point or linear bearing element in the 
contact plane of the reinforced earth structure as shown in Figure 9.4. Typical 
support areas in the contact plane of the reinforced earth structure are shown in 
Figure 9.3.

Diameter d is the diameter of the support surface AS of round point or linear 
bearing elements or their caps in the contact plane of the reinforced earth struc-

Figure 9.3  Typical support surfaces of point or linear bearing elements in elevation

Figure 9.2  Location o f reinforcement plane for one- and two-ply reinforcement
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ture as shown in Figure 9.4. An equivalent diameter dErs may be derived from 
the support surface As according to Eq. (9.1) for different support surface shapes. 
Then:

d d AErs sA=dE ⋅ /4 π  Eq. (9.1)

Width bL: width of linear bearing elements.

Spacing s of bearing elements: largest axial spacing of neighbouring bearing 
elements as shown in Figure 9.4.

Rectangular grid: Arrangement of point bearing elements in a rectangular plan 
along the longitudinal axis of the structure as shown in Figure 9.4.

The geosynthetic is rolled out and installed in the reinforcement plane along the 
longitudinal or transverse axis of the structure.

Triangular grid: Arrange ment of point bearing elements in a square grid rotated 
by 45° relative to the longitudinal axis of the structure (Figure 9.4). Other trian-
gular grid shapes (e.g. 60°) are not dealt with in these Recommendations.

The geosynthetics are arrang  ed in the reinforcement plane as for the rectangular 
grid.

9.2 Applications and Modus Operandi

9.2.1 Applications

Geosynthetic-reinforced earth structures on point or linear bearing elements 
are suitable as systems for transmitting static and variable loads on soft soils 
to adequately load-bearing, deeper strata. Known applications include traffic 
embankments, reinforced soil replacement applications or tank foundations, for 
example. Recommendations for structural analysis, design, stability analysis and 
the execution of such systems are given below.

Figure 9.4  Spacing s of bearing elements, zone of influence AE 
and support surface As (plan)
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The ratio of the subgrade re action moduli between the bearing element ks,T and the 
ground ks in the contact plane of the reinforced earth structure should be greater 
than 75 if the analysis method described in Section 9.6 is adopted:

k ks T s, / H 75  Eq. (9.2)

The modulus of subgrade reaction of the ground ks in the contact plane of the 
reinforced earth structure is determined as described in Section 9.6.3.5.

The modulus of subgrade reactio n ks,T is a variable derived from the stiffness 
of the bearing elements. It is calculated in accordance with Eq. (9.3) from the 
characteristic value of the action Fs,k as described in Section 9.6.3.3 and the 
ensuing anticipated settlement sT of the bearing element in the plane of the 
support surface As:

k
F

s As T
s kFF

T sA,
,=  Eq. (9.3)

The settlement sT of the bearing element associated with the force Fs,k can be 
determined from bearing element load testing based on DIN 1054 or on the basis 
of empirical data. Eq. (9.2) is generally fulfilled by all bearing elements stabilised 
by cements and installed in natural ground.

If poorer stiffness ratios are prevalent than that demanded by Eq. (9.2) the 
analysis method recommended in Section 9.6 for determining the tensile forces 
in the reinforcement may be adopted in approximation. The tensile forces thus 
determined are conservative. The assumptions that this method is based on are 
met increasingly badly as the stiffness ratio worsens. Refer to Section 10, in 
particular10.6.3, Table 10.2, for details of the analysis of such systems.

Attention is drawn to the specific highw  ay and railway engineering regulations. 
These EBGEO regulations do not apply without restriction or supplementary 
regulations for floating foundations or in cases where dynamic actions in soft 
soils considerably influence system behaviour. Nor do the regulations cover 
structures subjected to considerable horizontal forces (e.g. due to asymmetry or 
high lateral loads).

9.2.2 Modus Operandi

The reinforced earth structure is designed to ensure that the loads are transmitted 
to the bearing elements by redistributing the loads within the reinforced earth 
structure and prevent punching effects. The reinforcement bridges the soft soil 
between the bearing elements by membrane action. It is unloaded either partially 
or almost completely as a result, depending on the stiffness conditions between 
it, the reinforced earth structure and the bearing elements. In special cases the 
soft stratum can be entirely unloaded (e.g. groundwater table lowering once the 
system is complete or lateral excavation and loss of support). Active influence 
by the ground in the contact plane is then no longer given.
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In embankments the reinforced earth structure can also accept spreading forces. 
The reinforcing effect of the geosynthetics in a reinforced earth structure can 
only unfold if the reinforcement is correctly anchored. In addition, the modus 
operandi of the system in terms of embankments requires that stability of the 
embankment slope is analysed.

From a structural perspective the modus operandi of the system in terms of load 
redistribution to the bearing elements can be modelled in a number of ways. In-
vestigations using models dealt with in Section 9.6 can be found in [1], [2], [3], 
[4], [5], [6], [7], [8], [9], [10], [12] and [13].

The reinforcement is subjected to a load as a result of the vertical surcharge 
between the bearing elements, which is reduced as a result of arching, and un-
loaded due to the reaction force of the ground below the reinforcement. There 
is a relationship between the reinforcement sag and the reaction pressure. It is 
dependent on the relationship between the axial stiffness of the reinforcement and 
the rigidity of the ground. The ground reaction pressure increases with increasing 
reinforcement sag and the effect on the reinforcement decreases. Numerically, 
the effect on the reinforced earth structure can be determined on the basis of the 
arch model as described in [3]. Section 9.6 is also based on this.

Generally, the effectiveness of the system and unloading of the soft strata between 
the bearing elements increase with (Figure 9.1 to Figure 9.4):

 – decreasing axial spacing s of the bearing elements,
 – increasing height h of the earth structure,
 – decreasing distance z of the reinforcement plane,
 – increasing ratio d / s or bL / s,
 – increasing tensile force in the reinforcement, i.e.         with increasing axial stiffness 

(short- and long-term stiffness) and tensile strength,
 – increasing shear strength of the earth structure.

9.3 Design and Engineering Recommendations

Based on empiricism, and for practical reasons, a one- or two-ply reinforcement 
is recommended, where the following engineering options are common:

 – for point bearing elements:
 � one- or two-ply biaxial,
 � two-ply orthogonal uniaxial.

 – for linear bearing elements:
 � one- or two-ply uniaxial transverse to support surfaces.

If two reinforcement layers are used they are separated by a 15 cm to 30 cm 
thick layer of soil.
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Note: If more than two layers of reinforcement are used the modus operandi 
of the system described in Section 9.2.2 generally cannot develop as de-
scribed here. The design and analysis methods given cannot therefore be 
recommended. Among other things, widely deviating tensile forces in the 
individual layers of reinforcement shall be anticipated when using more 
than two layers of reinforcement (see [12] for more details).

Overlapping in biaxial reinforcements is only permitted over point bearing ele-
ments. In analogy, overlapping in uniaxial reinforcements are arranged above 
linear bearing elements. The overlap is at least as large as the equivalent diameter 
dErs. or width bL of the support surface and is analysed as described in Section 3.3.3.

Adequate anchorage of the reinforcement layers in both directions (parallel 
and perpendicular to the embankment axis) shall be demonstrated. Analysis is 
performed to Section 3.3.3.3, where only the maximum tensile force resulting 
from membrane action EM is adopted. The anchoring length LA required for 
analysis of the anchorage is shown in Figure 9.5, where the anchoring length in 
the perpendicular direction is given from the anchoring plane. Where the outer 
row of bearing elements lies within the anchoring plane as shown in Figure 9.5 
the anchoring length is taken from the outer edge of these bearing elements.

Granular soils to DIN 1054 are used for the area of the reinforced earth structure 
with the height h* above the contact plane as shown in Figure 9.1. The height h* 
must meet the h* � (s – d) condition. Other defined embankment fill materials 
may be used above this region.

Recommended geometrical variables:

 – h / (s – d) � 0.8 for predominantly static loads,

 – A larger h / (s – d) ratio is recommended for high variable loads. Current data 
indicates that the negative impact of the variable loads for h / (s – d) � 2.0 is 
negligible. More differentiated specifications can be defined in cooperation 
with the client.

Figure 9.5  Anchoring length of reinforcement layers in longitudinal 
and trans verse directions
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 – d / s � 0.15,

 – bL / s � 0.15,

 – z � 0.15 m for one-ply reinforcement,
z � 0.30 m for two-ply reinforcement,

 – Based on previous experience the clear spacing between the support surfaces 
AS of the bearing elements should be limited as follows:
 � (s – d) � 3.0 m or (s – bL) � 3.0 m for predominantly static loads,
 � (s – d) � 2.5 m or (s – bL) � 2.5 m for predominantly dynamic loads 

(Section 12),
 � 0.5 � sx / sy � 2.0,

 � If this Recommendation is not followed and larger clear spacings (s – d) 
or (s – bL) are planned, specific system serviceability analyses are recom-
mended.

 � If a triangular grid is used, it should be as a square grid rotated through 
45°. Other forms of triangular grid are not dealt with by these Recom-
mendations.

Recommended mechanical variables:

 – characteristic effective friction angle 
�k � 30° or angle of total shear strength 

�s,k � 30° for the granular soils in the region of the reinforced earth structure  
with the height h* as shown in Figure 9.1,

 – design resistance of the geosynthetic reinforcement of each reinforcement 
layer RB,d � 30 kN/m.

9.4 Actions and Resistances

Actions include permanent and variable loads to Section 12 and DIN 1054.

Resistances include:

 – shear strength and stiffness of the soil in the reinforced earth structure,
 – shear strength and stiffness of the ground,
 – bearing capacity and deformability of the vertical bearing elements,
 – tensile forces and axial stiffnesses of the geosynthetics,
 – composite behaviour between geosynthetics and the surrounding ground.
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9.5 Point and Linear Bearing Elements

Point bearing elements in the terms of these Recommendations are bored piles, 
micropiles, displacement piles, grouted vibrocolumns, columns manufactured 
using jet grouting and deep soil mixing, and other bearing elements displaying 
similar load-bearing behaviour.
Linear bearing elements in the terms of these recommendations are diaphragm 
walls, diaphragm wall elements, grouted walls, rectangular foundations manu-
factured using jet grouting and deep soil mixing, and rectangular or slab-like 
bearing elements displaying similar load-bearing behaviour.
See Section 9.2.1 for details of the use of geosynthetic-encased soil columns, 
non-grouted vibrocolumns or stabilising columns for ground improvement.
DIN standards, approvals, recommendations of the German Geotechnical Society 
(Deutsche Gesellschaft für Geotechnik) or similar regulations are available for the 
analysis and manufacture of the majority of bearing elements listed here. These 
regulations include minimum requirements for the shear strength of the soft 
strata and notes on any required buckling safety analyses. Due to the occasional 
low utilisation of the bearing elements lower embedment lengths of the bearing 
elements to those demanded for piles in DIN 1054 may be possible.
Observe Sections 9.7.1.3 and 9.7.2.3 as well as DIN 1054 for analysis of load-
bearing capacity and serviceability of the bearing elements. Additionally, cyclic/
dynamic actions (e.g. from live    loads) and horizontal actions (e.g. from braking 
and centrifugal forces) should be analysed and evaluated to examine whether they 
have a governing impact on the load-bearing behaviour of the vertical bearing 
elements.

9.6 Analysing the Reinforced Earth Structure

9.6.1 General Recommendations

The characteristic effects from load redistribution within the reinforced earth 
structure and the membrane action of the geosynthetic reinforcement are deter-
mined in this section.
Load redistribution is described by ground arching. The principles are described 
in [2] and developed further in [3], [4] and [12]. Load redistribution is also de-
scribed by what is known as the load redistribution factor EL:

E
A

AL
zs k sA

k kp E
=

⋅

⋅

σ

γ
,

( )h pk kh p⋅hhγ
 Eq. (9.4)

The load redistribution factor gives the proportion of the total load transferred 
directly into the bearing elements. The normal, characteristic ground stresses �zo,k 
and �zs,k in the reinforcement plane, assumed to be locally uniformly distributed, 
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are determined as a function of the geometrical boundary conditions and the 
characteristic value of the earth structure’s friction angle 
�k or 
�s,k. An external 
surcharge pk at the height h may be taken into consideration on the top of the 
earth structure (Figure 9.6).

Note: Permanent (pk) and variable surcharges (qk) at not differentiated in the 
following, general description with a surcharge pk.  This shall be done when 
applying the partial safety factor concept. The notation pQ was used for 
the variable surcharge below and in the example in Section 9.10.

The following characteristic effects shall be taken into consideration for the 
system:

 – the normal stress �zo,k on the plane between the support surfaces as shown 
in Figure 9.6,

 – the normal stress �zs,k on the support surfaces AS in the contact plane of the 
reinforced earth structure as shown in Figure 9.6,

 – outward directed shear and spreading forces in embankments,
 – tensile stresses on the geosynthetics.

Here and below it is assumed in simplification that the stresses �zo,k and �zs,k 
are equal for the reinforcement plane and the contact plane. A requirement for 
this assumption is that the distance z is sufficiently small (also see Section 9.3).

The analysis method described here applies to the conditions recommended in 
Sections 9.2 and 9.3. If these conditions are deviated from supplementary inves-
tigations may be necessary.

9.6.2 Effect Situation s

The characteristic effects are determined for all governing construction states 
and the system’s final state. If the supporting subgrade reaction cannot be per-
manently guaranteed, no subgrade or a subgrade reduction shall be investigated 

Figure 9.6  Stress redistribution in the contact plane as a result of arching
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Figure 9.7  Normal stresses 
�zo,k between the support 
surfaces in the contact plane of 
the reinforced earth structure 
for point bearing elements 
(
�k = 30°)

as a special case. A reduction or loss of subgrade may occur given inadequate 
consolidation of the soft strata, lateral excavation or lowering of the groundwater 
table, for example.

The governing construction states result from the varying heights h of the re-
inforced earth structure during it manufacture and compaction in layers. The 
final state of the system includes consideration of     the completed structure with 
the planned actions for the design working life. The time-dependence of the 
reinforcement material and ground behaviour shall be taken into consideration 
where appropriate.

9.6.3 Characteristic Effects

9.6.3.1 Principles
The effects of permanent and of both permanent and variable actions shall be 
analysed to DIN 1054 in the STR limit state. Because the characteristic effects in 
the system used here are   not proportional to the actions (non-applicability of the 
principle of superposition), the effects must first be separately determined for the 
permanent actions and for both the permanent and variable actions respectively, 
taking the impact of time into consideration where necessary.

9.6.3.2 Stress ��zo,k between the Bearing Elements
 – Point bearing elements

For point bearing elements in a rectangular grid arrangement the normal stress 
�zo,G,k from permanent actions or the normal stress �zo,G+Q,k from permanent and 
variable actions as calculated in Eq. (9.5) or r ead off from Figure 9.7 pp., where 
�zo,k is interpreted as �zo,G,k or �zo,G+Q,k. Here, 
�k is the characteristic value of 
the friction angle of the reinforced earth structure; 
�s,k can be used accordingly.
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Figure 9.8  Normal stresses 
�zo,k betwe en the support 
surfaces in the contact plane 
of the reinforced earth structure 
for point bearing elements 
(
�k = 32.5°)

Figure 9.9  Normal stresses 
�zo,k betwe en the support 
surfaces in the contact plane 
of the reinforced earth structure 
for point bearing elements 
(
�k = 35°)

Figure 9.10  Normal stresses 
�zo,k between  the support 
surfaces in the contact plane 
of the reinforced earth structure 
for point bearing elements 
(
�k = 37.5°)
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where:
�k characteristic unit weight of the soil in the reinforced earth structure 

in kN/m3,
pG,k characteristic value of the permanent distributed load on the top of the 

reinforced earth structure in kN/m2,
pG+Q,k characteristic value of the permanent and variable distributed load on 

the top of the reinforced earth structure in kN/m2,
hg arch height in m:
 hg = s / 2 for h � s / 2,
 hg = h for h K s / 2,
 h see Figure 9.1,
 s and d see Figure 9.4
Kcrit critical principal stress ratio

Kcrit
k= °+
′⎛

⎝
⎜
⎝⎝

⎞
⎠
⎟
⎞⎞
⎠⎠

tan2 45
2
ϕ

 Eq. (9.7)

χ
λ

=
⋅

d K⋅
s
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2
 Eq. (9.8)

λ1
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8
= ⋅ ( )−  Eq. (9.9)

λ2
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22
=

⋅
⋅

s d2 + ⋅2 s d−
s

 Eq. (9.10)

Proceed as follows to determine the stresses for a triangular grid arrangement of 
the bearing elements (square grid rotated through 45°):
 – imaginary rotation of the triangular grid back to a square one parallel to the 

x- and y-directions,
 – computation of stress �zo,k in the imaginary rotated square grid.
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Linear bearing elements
The normal stress �zo,k for linear bearing elements can be read off Figure 9.11 pp., 
where bL is the width of the linear bearing elements.

Figure 9.11  Normal stresses �zo,k be tween the support surfaces in the contact plane 
of the reinforced earth structure for linear bearing elements (
�k = 30°)

Figure 9.12  Normal stresses �zo,k betw een the support surfaces in the contact plane 
of the reinforced earth structure for linear bearing elements (
�k = 32.5°)

When using Figure 9.7 pp. or Figure 9.11 pp. The permanent actions pG,k or the 
permanent and variable actions pG+Q,k respectively are adopted for pk.
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Figure 9.13  Normal stresses �zo,k between the support surfaces in the contact plane 
of the reinforced earth structure for linear bearing elements (
�k = 35°)

Figure 9.14  Normal stresses �zo,k between the support surfaces in the contact plane 
of the reinforced earth structure for linear bearing elements (
�k = 37.5°)

9.6.3.3 Stress ��zs,k on the Bearing Elements
Using the designations as shown in  Figure 9.4 the normal stress on the support 
surface AS for point and linear bearing elements is given by Eqs. (9.11) and (9.12) 
for permanent, and for permanent and variable actions respectively.

σzs k k G k G
E

S
zo G kh p

A
A, ,G , ,k zo ,zo,k A ,[( ) ]σzσ o G kzo ,k⋅γk G kp ) +E  Eq. (9.11)

σ γ σzs Q kγ G Q k G Q k
E

S
G Q kh p

A
A, ,G Q , ,k zo ,zok A ,[( ) ]σzσ o Gzok kγ Gh p,Q σzo G+Q A ,zok A

]Q kk⋅γkγ G Q kp )Gp +E  Eq. (9.12)
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The force on the bearing element resul ting from �zs,k is calculated using Eqs. 
(9.13) and (9.14). In addition, there are the normal forces on the support surface 
from the geosynthetic reinforcement, which are a function of subgrade reaction 
(see Section 9.6.3.5).

F AS GFF k zs G k SA, ,G , ,G  Eq. (9.13)

F AS GFF Q k zs G Q k SA,G Q , ,G Q+Q k zs GQ ,G  Eq. (9.14)

Generally, the resultant force on the bearing element is conservatively calculated 
using:

F h p AS GFF k k G k E, ,G , )h pk p  Eq. (9.15)

F h AS GFF Q k k G Q k E,G Q )hh+ +Q k k GpQ k h p( ppp . Eq. (9.16)

This approach also comprises the loss of subgrade below the reinforcement plane 
effect situation.

9.6.3.4 Spreading Forces for Inclined Surfa       ce 
of Reinforced Earth Structure

Horizontal forces (spreading forces) occur in the contact plane below the slopes 
of embankments as a result of the absence of lateral supports in the reinforced 
earth structure. The spreading forces shall be accepted by the geosynthetic 
reinforcement and be transferred toward the embankment axis. Analysis of the 
characteristic effect on the geosynthetics as a result of spreading forces is dealt 
with in Section 9.6.3.5.

9.6.3.5 Effects on the Geosynthetic Reinforcement
The following notes apply to a geosynthetic  reinforcement to which orthogonal 
bearing directions can be allocated. For analysis of a horizontal geosynthetic 
reinforcement installed above the bearing elements the normal stress �zo is as-
signed as an external action of the reinforcement as described in Section 9.6.3.2 
or taking the load coverage area AL into consideration. The resulting total load 
on the coverage area AL is adopted approximately for point bearing elements 
as a triangular line road on a reinforcement strip of width b (see Figure 9.15), 
where b is the width of a pile head assumed to be rectangular. For round piles of 
diameter d an approximate equivalent width bErs. is used as shown in Eq. (9.17).

b dErs. ⋅
1
2

π  Eq. (9.17)

The equivalent width bErs. = 1 m is adopted below for linear bearing elements.

Two intersection directions occur for orthogonal reinforcement bearing directions. 
In addition, a coaxial x-y axis system with the associated load coverage areas 
ALx and ALy is introduced. The line loads qz,W [x] and qz,W [y] are imposed over 
the respective clear distance lW,x = (sx – bErs.) and lW,y = (sy – bErs.) (Figure 9.15).
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Effects as a Result of Membrane Action
The resulting action Fk is determined as a characteristic value as shown in 
Figure 9.15 for a rectangular grid or a triangular grid of point bearing elements. 
The procedure is similar for an imaginary, rotated triangular grid as described in 
Section 9.6.3.2 (square rotated through 45°).

a) Rectangular grid:

Figure 9.15  Resulting action Fk on the reinforcement plane (see Figure 9.2) 

b) Load coverage areas:

A d atn
s
sLx

y

x
− ⋅

⎛
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⎜
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⎝⎝

⎞

⎠
⎟
⎞⎞

⎠⎠
⋅

1
2 2x y 180

2
( )s sx ys⋅sx y

π  Eq. (9.18)

A d atn
s
sLy
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y
− ⋅

⎛

⎝
⎜
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⎜
⎝⎝
⎜⎜

⎞

⎠
⎟
⎞⎞
⎟
⎠⎠
⎟⎟ ⋅

1
2 2x y 180

2
( )s sx ys⋅sx y

π  Eq. (9.19)

c) Resulting load on a reinforcement strip of width bErs.:
F Ax GFF k LA x zo G k, ,G , ,G⋅ALA σ  Eq. (9.20)

F Ax GFF Q k L zo G Q k,G Q , ,G Q+ AQ k Lx zo GQ ,G⋅AL σ  Eq. (9.21)

F Ay GFF k LA y zo G k,G , ,G⋅ALA σ  Eq. (9.22)

F Ay GFF Q k Ly zo G Q kG Q , ,G Q+ AQ k Ly zo GQ ,G⋅AL σ  Eq. (9.23)

Figure 9.15 is applied accordingly for linear bearing elements, where Fk is adopted 
in the perpendicular direction for a 1 m wide strip.
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Jk is the characteristic value of the axial stiffness (‘modulus of tension’) of the 
geosynthetic reinforcement in kN/m. The axial stiffness is a function of the load 
and decreases with time due to creep strain. This is taken into consideration for 
more detailed investigations depending on the analysis case. The reinforcement 
isochrones representing the relationship between tensile force, time and strain 
are used for this purpose.
The value of the maximum strain in a geosynthetic reinforcement can be t aken 
from Figure 9.16 pp. The effect E (tensile force in the reinforcement) as a result 
of membrane action is given by Eqs. (9.24) and (9.25)

E JM G k G k kJ, ,G ,  Eq. (9.24)
E JM G Q k G Q k kJ,G Q ,+Q k GQ  Eq. (9.25)

Variable Unit Designation 
ks,k [kN/m3] Modulus of subgrade reaction of the soft soil between 

the bearing elements as described in Section 9.6.3.5
LW [m] Clear spacing between the support surfaces 

(LWx, LWy see Figure 9.15)
Jk [kN/m] Axial stiffness of the geosynthetic reinforcement 
Fk [kN] Resulting load FG,k or FG+Q,k 
max. �k [%] Maximum strain �G,k or �G+Q,k
f [m] Geosynthetic reinforcement sag

Figure 9.16  Maximum strain �k of reinforcement between support surfaces
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Figure 9.17  Maximum strain �k of reinforcement between the support surfaces 
(excerpt 1)

The effects in two-ply reinforcements may be divided according to the ratio of the 
characteristic reinforcement stiffnesses Jk inasmuch as the vertical distance z of 
the reinforcement plane from the contact plane meets the demands of Section 9.3.

When using Figure 9.16 the permanent actions or both the permanent and vari-
able actions respectively are adopted for Fk as shown in Figure 9.15. Figure 9.16 
applies to sufficiently vertically inflexible bearing elements or support surfaces 
(Eq. (9.2)).

Note: Peculiarities of the triangular grid:
 The characteristic effect of the geosynthetic reinforcement when using 

a triangular grid (square bearing element grid rotated through 45°) is 
determined as described above using an imaginary, rotated square grid. 
The resulting geosynthetic reinforcement is once again installed over the 
grid diagonals parallel to the x- and y-axes.
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Figure 9.18  Maximum strain �k of reinforcement between the support surfaces 
(excerpt 2)

Estimating the Subgrade Reaction Moduli of the Soft Strata
For a homogeneous soft stratum the modulus of subgrade reaction of the stratum 
can be est imated from the constrained modulus of the stratum Es and its thick-
ness tW using Eq. (9.26), disregarding stress reduction with depth (infinite stress 
surface).

k
E
ts

s k

W
, ,  Eq. (9.26)

Several soil strata i below the reinforcement can be approximately modelled 
using a mean modulus of subgrade reaction ks weighted proportional to the layer 
thicknesses tWi as used in Eq. (9.27) (Figure 9.19).
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,s,n ∏
,1

11

 Eq. (9.27)

Note 1: A weighted modulus of subgrade reaction as used in Eq. (9.27) may lead 
to a considerable over- or under-estimation of the subgrade reaction for 
highly variable stiffnesses of the prevalent strata.

Note 2: The design method is highly sensitive in terms of the subgrade approach 
used. More precise investigations of the subgrade reaction may be neces-
sary.

When specifying the modulus of subgrade reaction the possibility of further 
settlement of the soft strata (e.g. as a result of groundwater fluctuations) leading 
to a reduction in the subgrade reaction in the contact plane shall be investigated.

Effects as a Result of Spreading
Two procedures are differentiated for determining the effects on the geosynthetic 
reinforcement resulting from spreading.

Procedure 1
The spreading force is derived from an assumed active earth pressure, accumu-
lated between the top of the reinforced earth structure and the reinforcement, 
and allocated to the reinforcement as an effect �Ek. The active earth pressure is 
determined to DIN 4085, taking the existing surcharges pk into consideration.

If the soft stratum extends to the contact plane of the earth structure (Figure 9.20) 
or only a thin , granular cover is present, the spreading force is given by Eqs. 
(9.28) and (9.29).

Figure 9.19  Estimate of modulus of subgrade reaction for stratifi  ed ground below 
the reinforcement plane
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ΔE EG k ah G k, ,k ah ,  Eq. (9.28)

ΔE EG Q E h G Q k+Q k aE h G, ,ak ah  Eq. (9.29)

If the soft stratum as shown in Figure 9.21 is overlain by a granular cover, the 
passive earth pressure Eph,k of the cover may be adopted when determining the 
effect on the reinforcement as a result of spreading as used in Eqs. (9.30) and 
(9.31). However, the passive earth pressure may only be adopted if the following 
conditions are met:

 – the blanket layer shall be of at least medium-dense compaction,
 – the characteristic passive earth pressure of the blanket may only be adopted 

at 50% of the passive earth pressure calculated to DIN 4085.
 – the blanket shall be at least 20% of the embankment height in thickness, but 

at least 1 m.

ΔE E EG k ah G k ph k, ,k ah , ,k ph.−E h G k ⋅0 5.  Eq. (9.30)

ΔE E EG Q E h G Q k ph k+Q k aE h G −EE h G Q k ⋅, ,k ahk ah ,k ph.0 5.  Eq. (9  .31)

Figure 9.20  Additional effects in the geosynthetic reinforcement on an em bankment 
slope using Procedure 1 without or with only a thin cover

Figure 9.21  Additional effects in the geosynthetic reinforcement on an embankment 
slope using Procedure 1 taking the load-bearing action of a granular blanket into 
consideration
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Using the analyses in line with Procedure 1 it may be assumed that the geosyn-
thetic reinforcement is adequately designed and the vertical bearing elements 
show no inadmissible deformations. It is generally unnecessary to analyse the 
deformation of bearing elements.

Procedure 2
Alternatively to Procedure 1 the effects on the geosynthetic reinforcement result-
ing from spreading may also be determined using Figure 9.22 and Eqs. (9.32) 
and (9.33). In accordance with [11] the geosynthetic reinforcement is allocated 
either only the effects as a result of membrane action or as a result of spreading 
action from adopting earth pressure using Procedure 1, where the maximum is 
the governing value.

In Procedure 2 it can no long er be assumed that the vertical bearing elements 
display no unacceptable deformation. Analysis of deformation of the vertical 
bearing elements, e.g. using numerical methods, is therefore recommended.

E
E

EG k
ah G k

M G k
,

, ,G

, ,G
max=

⎧
⎨
⎪⎧⎧
⎨⎨
⎧⎧⎧⎧

⎩⎪
⎨⎨
⎩⎩
⎨⎨⎨⎨  Eq. (9.32)

E
E

EG Q k
ah G Q k

M G Q k+
=

⎧
⎨
⎪⎧⎧
⎨⎨
⎧⎧⎧⎧

⎩⎪
⎨⎨
⎩⎩
⎨⎨⎨⎨,

, ,G Q

,G Q+
max  Eq. (9.33)

where  :
Eah,G,k and
Eah,G+Q,k resulting active earth pressure, accumulated between the top 

of the reinforced earth structure and the reinforcement, 
taking the existing surcharges pk to DIN 4085 into consideration, 
also see Figure 9.22,

EM,G,k and
EM,G+Q,k as used in Eqs. (9.24) and (9.25).

Figure 9.22  Governing effects in the geosynthetic reinforcement in embankment 
slopes using Procedure 2
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In Figure 9.22 and Eqs. (9.32) and (9.33) the procedure is given for a case as-
suming the soft stratum reaches the earth structure’s contact plane or only a thin 
blanket is present.

If the soft stratum is overlain by a granular blanket layer, proceed as for Pro-
cedure 1. The effect on the geosynthetic reinforcement as a result of spreading 
action is given by Eqs. (9.34) and (9.35).

E
E E

EG k
ah G k ph k

M G k
,

, ,G ,

, ,G
max

.
=

⎧
⎨
⎪⎧⎧
⎨⎨
⎧⎧⎧⎧

⎩⎪
⎨⎨
⎩⎩
⎨⎨⎨⎨

0 50 5.
 Eq. (9.34)

E
E E

EG Q k
ah G Q k pE h k

M G Q k+
=

⎧
⎨
⎪⎧⎧
⎨⎨
⎧⎧⎧⎧

⎩⎪
⎨⎨
⎩⎩
⎨⎨⎨⎨,

, ,G Q ,

,G Q+
max

0
 Eq. (9.35)

where:

Eah,  G,k and
Eah,G+Q,k resulting active earth pressure, accumulated between the top 

of the reinforced earth structure and the base of the granular 
blanket layer, taking the existing surcharges pk to DIN 4085 
into consideration, 
also see Figure 9.21,

Eph,k resulting passive earth pressure from the granular blanket layer, 
also see Figure 9.21,

EM,G,k and
EM,G+Q,k as used in Eqs. (9.24) and (9.25).

9.6.4 Analysing Effect on the Geosynthetic Reinforcement using 
Numerical Methods

Comparative investigations of test and analysis results have shown that numeri-
cal analyses, e.g. using the finite element method, result in substantially reduced 
characteristic tensile stresses in the geosynthetic reinforcement for a reinforced 
earth structure on point bearing elements and using a common reinforcement 
element model.

Because cause and effect and their interrelationships are not yet sufficiently clari-
fied, the effect on the geosynthetic reinforcement and the system design may not 
be based on numerical analyses.

On the other hand, assuming correct models are used numerical analyses provide 
realistic deformation results for the bearing elements (Section 9.7.2.3) and in 
terms of overall deformation (Section 9.7.2.4).
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9.6.5 Analysing Effects on Geosynthetic Reinforcement for Dynamic 
Actions

High variable loads can negatively impact on arching above the bearing elements. 
Geometrical recommendations for adopting variable loads, such as limit values 
for the geometrical ratio h / (s  – d), are given in Section 9.3. If these limit values 
are adhered to it may be assumed that the arch remains intact under dynamic 
actions. If the limit values are not achieved, arch deterioration and simultaneously 
increased effects in the geosynthetic reinforcement may occur as a function of the 
geometrical ratio h / (s – d), the magnitude of the dynamic actions (load amplitude 
and load frequency) and their frequency of occurrence. Arch deterioration and 
the surcharge on the geosynthetics can be approximately described with the aid 
of a simplified approach (arching reduction factor method). Additional notes can 
be found in [12].

9.7 Analyses and Design

9.7.1 Analysing Bearing Capacity

9.7.1.1 General Recommendations
Ultimate limit state analyses for the STR and GEO limit states are performed to 
DIN 1054.

The effects described in Section 6.3, here with the general notation E, are adopted 
as characteristic values Ek for analysis of the STR limit state  and the design values 
for effects Ed determined using Eq. (9.36) by multiplying by the partial safety 
factors � for actions to DIN 1054, Table 2.

E Ed GE k Q k G k Q⋅EGE k +, ,k G G Q ,( )E EE γk ⋅k GγG + ,QG G , )EQ k GE k( GE ,QG ,  Eq. (9.36)

The ultimate limit state analyses for the individual structural elements are carried 
out for  the STR limit state using the limit state equation (9.37), w  here Rd repre-
sents the design values of the resistances.

d dE R�  Eq. (9.37)

Analysis of the GEO limit state comprises an investigation of the overall system, 
where the actions and resistances are introduced into the analysis from the outset 
as design values. Details can be taken from DIN 1054.

9.7.1.2 Analysing the Geosynthetic Reinforcement
The ultimate limit state of the geosynthetic reinforcement in the STR limit state 
is analysed as described in Section 9.6.3.5 using Eq. (9.38) for Procedure  1 and 
Eq. (9.39) for Procedure 2:

ΔE E Rd M d BR d≤EME d, ,d B  Eq. (9.38)
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 Eq. (9.39)

where:

�Ed design value of the effect as a  result of spreading from Procedure 1 
as described in Section 9.6.3.5. For linear structures (traffic embank-
ments, etc.) �Ed can be adopted as zero longitudinal to the axis. 
This also applies perpendicular to the axis if the reinforced earth 
structure is predominantly below grade and adequate lateral support 
can be assumed.

EM,d design value of the effect as a result of membrane action as used 
in Eq. (9.36) and described in Section 9.6.3.5,

Eah,d design value of active earth pressure from Procedure 2 as described 
in Section 9.6.3.5,

Eph,d design value of passive earth pressure from Procedure 2 as described 
in Section 9.6.3.5,

RB,d design resistance of the geosynthetic reinforcement.

The design resistance of the geosynthetic reinforcement is determined as described 
in Section 3.3 and modified as follows for the case at hand:

R
R

B d
B k

M
M,

, ,k %= ⋅5

γ
η  Eq. (9.40)

Where 6M = 1.1 is the calibration factor for modifying the level of safety in the 
STR limit state.

9.7.1.3 Analysing B earing Elements
Analysis of the ultimate limit state of the bearing elements for the STR limit state 
is carried out using Eq. (9.41):

S,d dE R�  Eq. (9.4 1)

where:

Rd design value of the ultimate limit state of the bearing elements as given 
in the respective standards/approvals,

ES,d design value of the effect as used in Eq. (9.36) and described 
in Section 9.6.3.3.

If the ultimate limit state of the geosynthetic reinforcement is analysed using 
Eqs. (9.28), (9.29), (9.30), (9.31) and (9.38) (Procedure 1 as described in 
Section 9.3.6.5), empiricism indicates that analysis of the horizontal bearing 
capacity of the bearing elements can be dispensed with. If this analysis method 
is not employed the horizontal effects on the bearing elements shall be analysed 
separately.
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9.7.1.4 Analysing Overall Stability
The stability of the overall system in the GEO limit state is analysed to DIN 1054 
and Section 3. Any slip planes intersecting the reinforcement layers and the 
bearing elements, or local failure mechanisms in the slope and toe zones of 
embankment structures, are investigated. Where slip planes intersect bearing 
elements or the geosynthetic reinforcement the resistances of the geosynthetic 
reinforcement may be adopted as restraining forces. If no more detailed analyses 
of the transfer of any horizontal actions by the bearing elements are carried out, 
the vertical bearing elements may not be adopted for this purpose. The effects 
are determined with the aid of the design values of the actions and compared to 
the design values of the resistances (DIN 1054 and Section 3).

9.7.2 Serviceability Limit State Analysis

9.7.2.1 General Recommendations
The serviceability limit states refer to the tolerable system deformations. The 
overall system deformations comprise:
 – deformations in the reinforced earth structure,
 – deformations in the bearing elements and the ground.

These deformations can be considered singly or as a whole, or analyses performed 
based on them.
Analysis of the serviceability limit state is particularly important if the geometrical 
recommendations in Section 9.3 are not adopted.

9.7.2.2 Deformations in the Reinforced Earth Structure
The reinforcement is strained during manufacture of the reinforced earth structure 
in layers and in particular during installation and compaction of the initial soil 
layers. These strains can lead to settlement depressions between the contact planes. 
However, the layered earth structure compensates for the settlement depressions 
in each subsequent soil layer, such that the upper surface of the earth structure is 
manufactured as a flat plane. The geosynthetic reinforcement retains a permanent 
strain, which is not, however, critical to serviceability considerations. Generally, 
the serviceability analysis is governed only by the additional deformations in 
the reinforced earth structure occurring after its manufacture, due to the actions 
described in Section 9.4.
Thes e additional strains, occurring after the reinforced earth structure is manu-
factured until the end of its operational life (generally 100 years), should meet 
the conditions of Eq. (9.42):

Δεkr ≤ 2%  Eq. (9.42)

where ��kr is the additional creep strain of the reinforcement for the period con-
sidered. In certain applications (e.g. transport structures sensitive to deformation 
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or structures with small cover depths h) it may be necessary to further limit the 
additional strains ��kr in terms of the sag �f.

9.7.2.3 Deformation of Bearing Elements
The deformations in the bearing elements can be estimated from the results of 
load testing, data recorded during manufacture or empirical data from similar 
ground conditions and actions. In addition, bearing element-specific analytical 
methods are available for estimating deformations. Reliable data can also be 
collected using:

 – the observational method to DIN 1054 or
 – numerical methods.

9.7.2.4 Analysing Overall Deformations
Reliable analytical methods for forecasting the overall system deformations are 
not currently available. The overall deformations can be approximately deter-
mined using numerical methods. Use of the observational method to DIN 1054 
is recommended for ensuring serviceability.

9.8 Notes on Execution

9.8.1 Enabling Works

The site shall be provided with a load-bearing working subgrade to facilitate 
subsequent works. If the natural ground is too weak to support the loads from 
rigs and site traffic, special measures for manufacturing a load-bearing working 
subgrade shall be specified and executed.

The planned locations of point and linear bearing elements shall be surveyed 
using suitable methods.

The impacts of construction projects immediately adjacent to existing structures 
with high safety requirements (railways, roads) and which impact their bearing 
capacity and deformation behaviour, shall be limited such that no damage is 
caused to the existing structures.

9.8.2 Point and Linear Bearing Elements

All bearing elements shall be installed in load-bearing ground. Sufficient embed-
ment of the bearing elements in the load-bearing ground shall be demonstrated 
using suitable methods.

The bearing element support surfaces are manufactured with their planned shape, 
dimensions and elevations. The installed bearing elements shall be protected 
against damage from actions occurring during site operations.
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9.8.3 Reinforced Earth Structures

Once the bearing elements are manufactured and their elevations calibrated a 
10 cm to 15 cm thick levelling course of compacted, granular soil or a similar 
protective layer (e.g. a nonwoven) should be installed above the reinforced earth 
structure’s contact plane. The levelling course is graded.

The reinforcement geosynthetics are installed on the levelling course surface 
according to a diagram compiled by the planner. The geosynthetics are laid flat 
on the subgrade, free from folds and creases, tensioned and secured as required.

Overlapping in the direction of the principal tension is avoided. If overlapping 
cannot be avoided in exceptional cases, the planner provides a numerical analysis 
of adequate transmission of tensile forces. The vertical spacing of the geosynthetic 
reinforcement layers is � 15 cm for multi-layer installations.

The laid out and uncovered geosynthetics may not be traversed by vehicles. The 
cover fill is emplaced such that the effects on the reinforcement are minor and 
the position of the reinforcement is not altered.

The geosynthetics may only be traversed by vehicles when the cover fill is at 
least 15 cm thick.

If no higher demands are made on the reinforced earth structure, a relative com-
paction DPr � 0.97 shall be achieved.

Empiricism indicates  that careful compaction of the initial soil layers above the 
lowest reinforcement layer proves favourable for the reinforced earth structure’s 
subsequent behaviour (reinforcement ‘pre-straining’, low deformability and 
greater shear resistance of the embankment soil). The effects from compaction 
equipment are adopted when designing the geosynthetics. Care must also be taken 
that the bearing elements are not damaged.
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9.10 Design Example: Reinforced Earth Structures over Point 
or Linear Bearing Elements

9.10.1 Geometry, Loads, Soil Mechanics Parameters, Reinforcement 
and Effect Situation Parameters

Geometry and loads:

Figure 9.23  Geometry and loads

Soil mechanics parameters:

Soft layer Earth structure
Es [kN/m2] 500 –
�k [kN/m3] – 18


�k [°] – 35

Reinforcement parameters:
The short-term load-extension curve and the isochrones for both directions shall 
be known for the analysis. The transient axial stiffnesses Jx,t and Jy,t are deter-
mined from these curves. A simplifying curve linearisation may be performed 
(cf. Section 9.10.2.2). It is recommended to relate the linearisation to a strain of 
� = 2.5% for this example (Figure 9.24). Additionally, the reduction factors A1 
to A5 shall be known.
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Dynamic Design Case:
As an approximation, Dynamic Design Case 1 as described in Section 12 is 
assumed. Therefore A5 = 1.0.

A geogrid with a short-term strength of 400 kN/m parallel to the roll-out axis and 
200 kN/m perpendicular to the roll-out axis is used. The short-term load-extension 
curve and the isochrones for the geogrid are given in Figure 9.24.

Figure 9.24  Short-term  load-extension curve with isochrones

The reduction factors are:

A1 = 1.26 t = 10 h, �Failure = 13%),
A1 = 1.34 t = 500 h, �Failure = 13%),
A1 = 1.36 t = 1,000 h, �Failure = 13%),
A1 = 1.65 t = 1,000,000 h, �Failure = 13%),
A2 = 1.10 A3 = 1.00 A4 = 1.00 A5 = 1.00.

The geogrid is rolled out perpendicular to the x-axis (embankment axis). This 
means a short-term strength in the x-axis of 200 kN/m and in the y-axis (per-
pendicular to the embankment axis) of 400 kN/m, together with an elongation at 
failure of 13% in both directions.
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Effect situations:

Three effect situations are considered for analysis:

Situation 1: construction state with an embankment height of h = 0.45 m 
(z = 0.15 m, i.e. the top of the embankment is 0.3 m above the 
geosynthetic reinforcement) and a load pk = 30 kN/m2 from com-
paction and traffic ,

 (‘temporary design situation’); 
 estimated time: t1 = 10 h.

Situation 2: construction state with an embankment height of h = 2.5 m and a 
load pQ,k = 30 kN/m2 from compaction and traffic,

 (‘temporary design situation’); 
 estimated time: t2 = 500 h.

Situation 3: final state with an embankment height of h = 2.5 m and a live load 
pQ,k = 50 kN/m2, 

 (‘permanent design situation’);
 estimated time: t3 = 1,000,000 h (~ 110 a).

In this case the site investigation report states that groundwater lowering is 
planned for a later date. It is therefore necessary to additionally investigate the 
loss or reduction of the supporting subgrade reaction of the ground as described 
in Section 9.6.2 as a special case.

Special case: loss of balancing ground reaction stress,
 (‘accidental design situation’); 
 estimated time: T4 = 1,000,000 h (~ 110 a).

General notes:

 – Conservatively, live load distribution with depth was not adopted. If a dis-
tribution is adopted, the distributed live load is adopted at the level of the 
arch apex, i.e. at hg. However, this distribution does not apply to any adopted 
spreading force!

 – Any load increase factors required for adopting live loads as described in 
Section 12 should already be included in the characteristic variable actions 
pQ,k for the case discussed here.

 – In the final state: h / (s – d) = 2.5 / (2.12 – 0.7) = 1.75. In this example the 
h / (s – d) � 2.0 condition as described in Section 9.3 for disregarding a nega-
tive impact as a result of the variable load for the final state is disregarded in 
agreement with the client.

 – It shall be demonstrated that the calculated strain does not exceed the elon-
gation at failure of the selected reinforcement. If this does occur a different 
reinforcement shall be selected until the calculated strain is lower than the 
elongation at failure.
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In this design example the design values of the effects on the geosynthetic rein-
forcement are determined as described in Section 9.7.1.2.

9.10.2 Effect Situation 1: Construction State (t1 = 10 h)

9.10.2.1 Load Redistribution in the Reinforced Earth Structure

Input values for analysis using Eq. (9.5) pp.:

Governing bearing element axis centres:

s = =1 50 1+ 50 4 50 2= 12132 21+ 50. .50 1+ . .50 2  m

Arch height: h = 0.45 m < s / 2 = 1.06 m N hg = h = 0.45 m

Base course material: Kcrit = 3.69 (
�k = 35°)

Earth pressure coefficient: Kah = 0.271

λ1
2 21

8
1
8

1213 0 02 2525= ⋅ = −1213⋅( ) ( .2(22 . )70 .−

λ2

2 2

2

2

2
4 5 2 0 70 2 1213 0 70

2 4 5
0 7755=

⋅
⋅

=
+ 2 ⋅ −2 1213

=
s d2 + ⋅2 s d−

s
. .5 2 0+ 2 .1213 0

.
.

χ
λ

=
⋅

=
⋅

=
d K⋅

s
crit( )−Kcrit . ( . )−

. .
.0. 3(⋅

0 7755 2 1213
1 1447

2

Stress ��zo,k between the vertical bearing elements:

Characteristic stress �zo,G,k as a result of permanent loads:

σzo G k, ,G
. .. . ( . . . )= ⋅ ⋅ + +0 2525 18 0 4. 5 (⋅ 2525 0 4.. 5 0⋅ 77551 1447 2 1)−0 7755 1447 0 400 5

0 2525 0 45 0 7755
4

2525 0 4
2 1 1447

.

. . .45 0 ( .0 .
.

⎧
⎨
⎪⎧⎧
⎨⎨
⎩⎪
⎨⎨
⎩⎩

+0 2525.⋅
⎛

⎝
⎜
⎛⎛

⎝⎝
⎜⎜
⎝⎝⎝⎝

⎞

⎠
⎟
⎞⎞

⎠⎠
⎟⎟
⎠⎠⎠⎠

− +2525( .0
−

5 055

6 87

2 10 1447
⎡

⎣

⎢
⎡⎡

⎢
⎣⎣

⎤

⎦

⎥
⎤⎤

⎥
⎦⎦

⎥⎥
⎫
⎬
⎪
⎫⎫
⎬⎬
⎭⎪
⎬⎬
⎭⎭

=

. )77557755

.

.

kN/m2

or from Figure 9.12 for 
�k = 35° and h / s = 0.45 / 2.1213 = 0.212 and 
d / s = 0.70 / 2.1213 = 0.33.

σ

γ
σzo G k

k
zo G kh

, ,G
, ,G .σzo G k⋅

= →.0 8. 5 6σ G kσzo G k→ = 89 kN/m2
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Characteristic stress �zo,G+Q,k as a result of permanent and variable loads:

σzo G Q k, ,G Q
..

,
. ( . .= ⋅ +

⎛

⎝
⎜
⎛⎛

⎝⎝

⎞

⎠
⎟
⎞⎞

⎠⎠
⋅ + ⋅0 2525 18 30

0 4, 5
0.0 0( 2525 0 4.. 51 1447 2 00 0 45

0 2525 0 45 0 7755
4

1 1447

2 1 1

. )7755 .

. . .45 0

.

.

−

−

+
⎧
⎨
⎪⎧⎧
⎨⎨
⎩⎪
⎨⎨
⎩⎩

+0 2525.⋅
⎛

⎝
⎜
⎛⎛

⎝⎝
⎜⎜
⎝⎝⎝⎝

⎞

⎠
⎟
⎞⎞

⎠⎠
⎟⎟
⎠⎠⎠⎠

44744
2 1 14472525 0 45 02 7755

32 29

− +2525
⎡

⎣

⎢
⎡⎡

⎢
⎣⎣

⎤

⎦

⎥
⎤⎤

⎥
⎦⎦

⎥⎥
⎫
⎬
⎪
⎫⎫
⎬⎬
⎭⎪
⎬⎬
⎭⎭

=

( .00 . .45 0 )

.

.

kN/m2

or from Figure 9.11 pp.:

σ

γ
σzo G Q k

k Q k
zo G Q kh p

, ,G Q

,
, ,G Q .Q kσzo G⋅h

= →.0 8. 5 3σ G Q kQ kσzo G→ = 2 3. 9 kN/kk m2 .

Analysis of stress ��zs,k on the vertical bearing elements:

Characteristic stress �zs,G,k as a result of permanent loads: 

A s sE xs y⋅ss = ⋅ =1 5 1 5 2 25. .5 1 . m25 2

A d
S = ⋅ =π π⋅ =

2 2

4
0 7

4
0 385. m385 2

σ γ σzs k k zo k
E

S
zo G kh

A
A, ,G , ,G , ,G[( ) ]σzσ o G k,G

[( . ) . ] .

⋅γk σσ +

= ⋅[( ⋅]18 0. 6) − 2 2. 55
0 385

6 87 14 06
.

. .87 14+ 6 8787 kN/m2

Load redistribution factor:

E
A

h AL
zs G k s

k Eh A
=

⋅

⋅hh
=

⋅
⋅

=
σ

γ
, ,G . .

. .
.14 06 0 385

18 0 4. 5 2⋅ 25
0 297

This means that 29.7% of the total load is transmitted directly to the bearing 
elements.

Characteristic stress �zs,G+Q,k as a result of permanent and variable loads:

σ γ σzs Q kγ Q k G Q
E

S
zo G Q kh p

A
A, ,G Q ,k zo ,zo,k A ,[( ) ]σ Q k,k

[( .

Gk kγ Q kh p,Q ,k zo) σzo G,zo⋅γkγ Q kp )Q kp ) +E

= ⋅[(18 0 4. 5+++ ⋅ + =30 29 2 25
0 385

32 29 66 24) .−32 ] .
.

. .29 66 kN/m2
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(Load redistribution factor:

E
A

AL
zs G Q k sA

k Qp k EA
=

⋅

⋅
=

σ

γ
, ,G Q

,( )h pk Qh p k⋅hhγ ,
.0 297 )

9.10.2.2 Characteristic Effects in the Geosynthetic Reinforcement
The subgrade reaction of the ground is described in Eq. (9.26) by a modulus of 
subgrade reaction ks,k.

k
E
ts k

s

w
, .

, , ,
500
3 5.

143 kN/m3

The geogrid used has a short-term strength in the x-axis (embankment axis) of 
200 kN/m and in the y-axis (perpendicular to the embankment axis) of 400 kN/m.

Simplifying linearisation of the curve is first carried out at � = 2.5%. This gives 
the following axial stiffnesses:

Time t Axial stiffness

Jx,t [kN/m] Jy,t [kN/m]

Short term 1,756 3,512

10 h 1,688 3,376

100 h 1,660 3,320

500 h 1,648 3,296

1,000 h 1,632 3,264

1,000,000 h 1,520 3,040

Description: the axial stiffnesses Jx,10h and Jy,10h in the failure state are given for 
� = 2.5% in Figure 9.25 as:

J Jx h y h, h y
.

.
, .

.
,21 1

2 5.
200 1 688 21 1

2 5.
7kN/ d kJy h

. ,21 1 400 3 376=J h ⋅ =400 N/kk mm
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Figure 9.25  Line arisation for � = 2.5%

The analysis is shown below for the x- and y-axes.

x-axis y-axis

Equivalent width and clear spacing:

b dErs. .⋅ =
1
2

1
2

0 7 0 6. 2π π= ⋅ ⋅0 7.0 7 m

L s bw x x Eb rs, .x x Ers . . .−s = =1 5.1 50 0− 62 0 8. 8 m L s bw y y Eb rs.y y Ers . . .−s = =1 5.1 50 0− 62 0 8. 8 m

Load coverage area:

A s s d atn
s
s

atn

Lx x ys y

x
⋅ −s ⋅
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⎛
⎝
⎜
⎛⎛
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⎞
⎠
⎟
⎞⎞
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=
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⎝
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⎠⎠
⋅

=

π

m2
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x-axis y-axis

Effects as a result of permanent loads

Resulting load on a reinforcement strip of width bErs.:

F Ax GFF k LA x zo G k, ,G , ,G . .

.

⋅ALA = ⋅

=

σ 0 933933 6 8. 7

6 4. 1 kN/kk m

F Ay GFF k LA y zo G k,G , ,G . .

.

⋅ALA = ⋅

=

σ 0 933933 6 8. 7

6 4. 1 kN/kk m

Determining maximum strains:

k L
J

s k w x

x h

, ,k w

,

.
,

.=
⋅

=
2LL

10

2143 0 8. 8
1 688

0 0656

F b
J

x GFF k Eb rs

x h

, ,G .

,

. / .
,

.
0

6. 0/ 62
1 688

0 0061, ,

From Figure 9.16: 
max �x,G,k = 0.96%

k L
J

s k w y

y h

,k w .
,

.=
⋅

=
2LL 2143 0 8. 8

3 376
0 0328

F b
J

y GFF k Eb rs

y h

,G . . / .
,

.6. 0/ 62
3 376

0 0031, ,

From Figure 9.16: 
max �y,G,k = 0.65%

Tensile forces from membrane action:

E JM x G k x G k xJ h, ,x , ,k x , ,k x

, .= ⋅ =

10

0 9. 6
100

1 688 16 20 kN/m

E JM y G k y G k yJ h,y ,k y , ,k y

. , .= ⋅ =

10

0 6. 5
100

3 376 21 94 kN/m

Effects from spreading forces:

–
ΔE h Ky G k k agh,G ( )h z

. .

.

h

= ⋅ ⋅

=

1
2
1
2

18 0 3.0 30 0⋅ 271

0 2. 2

2

2

kN/m

Total effect in the geosynthetics:

max

.
, , , , ,E Ex G, k ME x G, k

,16 20 kN/m

max

.
, , , , ,E E Ey G, k M y G, k yE G k,+EME y G k

=

Δ

22 16 kN/m
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x-axis y-axis

Effects as a result of permanent and variable loads

Resulting load on a reinforcement strip of width bErs.:

F Ax GFF Q k L zo G Q k,G Q , ,G Q

. . .
+ AQ k Lx zo GQ ,G⋅AL

= ⋅ =

σ

0 933933 32 29 30 13 kN/m

F Ay GFF Q Ly o G Q kG Q , ,G Q

. . .
+ AQ k Ly zo GQ ,G⋅AL

= ⋅ =

σ

0 933933 32 29 30 13 kN/m

Determining maximum strains:

k L
J

s k w x

x h

, ,k w

,

.
,

.=
⋅

=
2LL

10

2143 0 8. 8
1 688

0 0656

F b
J

x GFF Q k Ers

x h

,G Q .

,

. / .
,

.+ = =
10

30 0 6. 2
1 688

0 0288

From Figure 9.16: 
max �x,G+Q,k = 3.47 %

k L
J

s k w y

y h

,k w .
,

.=
⋅

=
2LL 2143 0 8. 8

3 376
0 0328

F b
J

y GFF Q k Ers

y h

G Q . . / .
,

.+ = =
30 0 6. 2

3 376
0 0144

From Figure 9.16:
max �y,G+Q,k = 2.22 %

Tensile forces from membrane action:

E JM x G Q G Q k xJ h, ,x , , , ,k x

. , .

Q k x G, ,k x

= ⋅ =

10

3 4. 7
100

1 688 58 57 kN/m

E JM y G Q y G Q k yJ h,y , ,k y , ,k y

. , .

Q k y G, ,k y

= ⋅ =

10

2 2. 2
100

3 376 74 95 kN/m

Effects from spreading forces:

–
ΔE h K

p h K

y G Q k k agh

Q k aph

G Q )h zh z

)h z

.

+ hh +KaK gh

+ p z

= ⋅ ⋅

1
2

1
2

18 0 3. 0 0⋅

2

2

γ

..

. .
.

271

30 0 3. 0 0 271
2 6. 6

+

+ ⋅30
= kN/m

Total effect in the geosynthetics:

max

.
, , , ,E Ex G, Q k, M G Q k, ,E+Q k, M x, G

= 58 57 kN/m

max

.
, , , ,E E Ey G, Q k, M y, G Q k yE G Q k,+Q k, M y, G +EM G Q kEM y G

=

Δ

77 61 kN/m
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9.10.3 Effect Situation 2: Construction State (t2 = 500 h)

9.10.3.1 Load Redistribution in the Reinforced Earth Structure
Arch height: h = 2.50 m > s / 2 = 2.12 / 2 = 1.06 m P hg = s / 2 = 1.06 m

Stress ��zo,k between the vertical bearing elements
Characteristic stress �zo,G,k as a result of permanent loads:

σzo G k, ,G
. .. . ( . . . )= ⋅ ⋅ + +0 2525 18 2 5. 0 (⋅ 2525 1 0.. 6 0⋅ 77551 1447 2 1)−0 7755 1447 1 011 6

0 2525 1 06 0 7755
4

2525 1 0
2 1 1447

.

. . .06 0 ( .0 .
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⎪⎧⎧
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⎝
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⎜⎜
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⎞

⎠
⎟
⎞⎞

⎠⎠
⎟⎟
⎠⎠⎠⎠

− +2525( .0
−

6 066

14 05

2 10 1447
⎡

⎣

⎢
⎡⎡

⎢
⎣⎣

⎤

⎦

⎥
⎤⎤

⎥
⎦⎦

⎥⎥
⎫
⎬
⎪
⎫⎫
⎬⎬
⎭⎪
⎬⎬
⎭⎭

=

. )77557755

.

.

kN/m2

or from Figure 9.9 for 
�k = 35° and h / s = 2.50 / 2.1213 = 1.179 and 
d / s = 0.70 / 2.1213 = 0.33

σ

γ
σzo G k

k
zo G kh

, ,G
, ,Gσzo G k⋅

= →.0 3. 1 1σ G kσzo G k→ = 3 9. 5 kN/kk m2 .

Characteristic stress �zo,G+Q,k as a result of permanent and variable loads:

σzo G Q k, ,G Q
..

.
. ( . .= ⋅ +⎛

⎝
⎜
⎛⎛
⎝⎝

⎞
⎠
⎟
⎞⎞
⎠⎠
⋅ + ⋅0 2525 18 30

2 5. 0
2.2 0( 2525 1 0.. 61 1447 2 00 1 06

0 2525 1 06 0 7755
4

1 1447

2 1 1

. )7755 .

. . .06 0

.

.

−

−
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⎧
⎨
⎪⎧⎧
⎨⎨
⎩⎪
⎨⎨
⎩⎩

+0 2525.⋅
⎛

⎝
⎜
⎛⎛

⎝⎝
⎜⎜
⎝⎝⎝⎝

⎞

⎠
⎟
⎞⎞

⎠⎠
⎟⎟
⎠⎠⎠⎠

44744
2 1 14472525 1 06 02 7755

23 41

− +2525
⎡

⎣

⎢
⎡⎡

⎢
⎣⎣

⎤

⎦

⎥
⎤⎤

⎥
⎦⎦

⎥⎥
⎫
⎬
⎪
⎫⎫
⎬⎬
⎭⎪
⎬⎬
⎭⎭

=

( .00 . .06 0 )

.

.

kN/m2

or from Figure 9.9:

σ

γ
σzo G Q k

k Q k
zo G Q kh p

, ,G Q

,
, ,G Q .Q kσzo G⋅h

= →.0 3. 1 2σ G Q kQ kσzo G→ = 3 2. 5 kN/kk m2 .
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Analysis of stress ��zs,k on the vertical bearing elements
Characteristic stress �zs,G,k as a result of permanent loads:

σ γ σzs k k zo k
E

S
zo G kh

A
A, ,G , ,G , ,G[( ) ]σzσ o G k,G

[( . ) . ] .

⋅γk σσ +

= ⋅[( ⋅]18 2. 1) − 4.4 2 2522
0 385

14 05 194 93
.

. .05 194+ =14 05.05 kN/m2

Load redistribution factor:

E
A

h AL
zs G k s

k Eh A
=

⋅

⋅hh
=

⋅
⋅

=
σ

γ
, ,G . .

. .
.194 93 0 385

18 2 5. 0 2⋅ 25
0 741

This means that 74.1% of the total load is transmitted directly to the bearing 
elements.

Characteristic stress �zs,G+Q,k as a result of permanent and variable loads:

σ γ σzs Q kγ Q k G Q
E

S
zo G Q kh p

A
A, ,G Q ,k zo ,zo,k A ,[( ) ]σ Q k,k

[( .

Gk kγ Q kh p,Q ,k zo) σzo G,zo⋅γkγ Q kp )Q kp ) +E

= ⋅[(18 2 5. 0 +++ ⋅ + =30 41 2 25
0 385

23 41 324 91) .− 23 ] .
.

. .41 324 kN/m2

(Load redistribution factor:

E
A

AL
zs G Q k sA

k Qp k EA
=

⋅

⋅
=

σ

γ
, ,G Q

,( )h pk Qh p k⋅hhγ ,
.0 741)
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9.10.3.2 Characteristic Effects in the Geosynthetic Reinforcement
Modulus of subgrade reaction ks,k:   ks,k = 143 kN/m3

The analysis is shown below for the x- and y-axes.

x-axis y-axis

Effects as a result of permanent loads

Resulting load on a reinforcement strip of width bErs.:

F Ax GFF k LA x zo G k, ,G , ,G . .

.

⋅ALA = ⋅

=

σ 0 933933 14 05

13 11 kN/m

F Ay GFF k LA y zo G k,G , ,G . .

.

⋅ALA = ⋅

=

σ 0 933933 14 05

13 11 kN/m

Determining maximum strains:

k L
J
s k w x

x h

, ,k w

,

.
,

.=
⋅

=
2LL

500

2143 0 8. 8
1 648

0 0672

F b
J

x GFF k Eb rs

x h

, ,G .

,

. / .
,

.
500

13 0 6. 2
1 648

0 0128, ,

From Figure 9.16: 
max �x,G,k = 1.82 %

k L
J
s k w y

y h

,k w .
,

.=
⋅

=
2LL 2143 0 8. 8

3 296
0 0336

F b
J

y GFF k Eb rs

y h

,G . . / .
,

.13 0 6. 2
3 296

0 0064, ,

From Figure 9.16: 
max �y,G,k = 1.19 %

Tensile forces from membrane action:

EM x G k, ,x ,
. , .= ⋅ =

1 8. 2
100

1 648 29 99 kN/m EM y G k,y ,
. , .= ⋅ =

1 1. 9
100

3 296 39 22 kN/m

Effects from spreading forces

–
ΔEy G k,G . .

.

= ⋅ ⋅

=

1
2

18 2 3.2 35 0⋅ 271

13 47

2

kN/m

Total effect in the geosynthetics:

max

.
, , , , ,E Ex G, k ME x G, k

, 29 99 kN/m

max

.
, , , , ,E E Ey G, k M y G, k yE G k,+EME y G k

=

Δ

52 69 kN/m
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x-axis y-axis

Effects as a result of permanent and variable loads

Resulting load on a reinforcement strip of width bErs.:

Fx GFF Q k,G Q . . .+ = ⋅ =0 933933 23 41 21 84 kN/m Fy GFF Q kG Q . . .+ = ⋅ =0 933933 23 41 21 84 kN/m

Determining maximum strains

k L
J
s k w x

x h

, ,k w

,

.
,

.=
⋅

=
2LL

500

2143 0 8. 8
1 648

0 0672

F b
J

x GFF Q k Ers

x h

,G Q .

,

. / .
,

.+ = =
500

21 0 6. 2
1 648

0 0214

From Figure 9.16: 
max �x,G+Q,k = 2.74%

k L
J
s k w y

y h

,k w .
,

.=
⋅

=
2LL 2143 0 8. 8

3 296
0 0336

F b
J

y GFF Q k Ers

y h

G Q . . / .
,

.+ = =
21 0 6. 2

3 296
0 0107

From Figure 9.16: 
max �y,G+Q,k = 1.77%

Tensile forces from membrane action:

EM x G Q k, ,x , , .= ⋅ =
2 7. 4
100

1 648 45 16 kN/m EM y G Q k,y , , .= ⋅ =
1 7. 7
100

3 296 58 34 kN/m

Effects from spreading forces:

–
ΔEy G Q kG Q . .

. .
.

+ = ⋅ ⋅ ⋅ +.

+ ⋅
=

1
2

18 2 3.. 5 0⋅⋅ 271

30 2 3. 5 0⋅ 271
32 57

2

kN/m

Total effect in the geosynthetics:

max .,Ex G, Q k,+ 45 16 kN/m max . .

.

Ey G, Q k,+ +.

=

58 34 32 57

90 91 kN/m

1492vch09.indd   192 12.03.2011   18:09:21



193

9.10.4 Effect Situation 3: Final State (t3 = 1,000,000 h)

9.10.4.1 Load Redistribution in the Reinforced Earth Structure
Arch height: h = 2.50 m > s / 2 = 2.12 / 2 = 1.06 m P hg = s / 2 = 1.06 m

Stress ��zo,k between the vertical bearing elements
Characteristic stress �zo,G,k as a result of permanent loads:
see Section 9.10.3.1:  �zo,G,k = 14.05 kN/m2

Characteristic stress �zo,G+Q,k as a result of permanent and variable loads:

σzo G Q k, ,G Q
..

.
. ( . .= ⋅ +⎛

⎝
⎜
⎛⎛
⎝⎝

⎞
⎠
⎟
⎞⎞
⎠⎠
⋅ + ⋅0 2525 18 50

2 5. 0
2.2 0( 2525 1 0.. 61 1447 2 00 1 06

0 2525 1 06 0 7755
4

1 1447

2 1 1

. )7755 .

. . .06 0

.

.

−

−

+
⎧
⎨
⎪⎧⎧
⎨⎨
⎩⎪
⎨⎨
⎩⎩

+0 2525.⋅
⎛

⎝
⎜
⎛⎛

⎝⎝
⎜⎜
⎝⎝⎝⎝

⎞

⎠
⎟
⎞⎞

⎠⎠
⎟⎟
⎠⎠⎠⎠

44744
2 1 14472525 1 06 02 7755

29 65

− +2525
⎡

⎣

⎢
⎡⎡

⎢
⎣⎣

⎤

⎦

⎥
⎤⎤

⎥
⎦⎦

⎥⎥
⎫
⎬
⎪
⎫⎫
⎬⎬
⎭⎪
⎬⎬
⎭⎭

=

( .00 . .06 0 )

.

.

kN/m2

or from Figure 9.8:

σ

γ
σzo G Q k

k Q k
zo G Q kh p

, ,G Q

,
, ,G QQ kσzo G⋅h

= →.0 3. 1 2σ G Q kQ kσzo G→ = 9 4. 5 kN/kk m2

Analysis of stress �zs,k on the vertical bearing elements
Characteristic stress �zs,G,k as a result of permanent loads:
see Section 9.10.3.1:   �zs,G,k = 194.93 kN/m2

Load redistribution factor EL = 0.741

This means that 74.1% of the total load is transmitted directly to the bearing 
elements.

Characteristic stress �zs,G+Q,k as a result of permanent and variable loads:

σ γ σzs Q kγ Q k G Q
E

S
zo G Q kh p

A
A, ,G Q ,k zo ,zo,k A ,[( ) ]σ Q k,k

[( .

Gk kγ Q kh p,Q ,k zo) σzo G,zo⋅γkγ Q kp )Q kp ) +E

= ⋅[(18 2 5. 0 +++ ⋅ + =50 65 2 25
0 385

29 65 411 57) .− 29 ] .
.

. .65 411 kN/m2

(Load redistribution factor:

E
A

AL
zs k sA

k Qp k EA
=

⋅

⋅
=

σ

γ
,

,( )h pk Qh p k⋅hhγ ,
.0 741)
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9.10.4.2 Characteristic Effects in the Geosynthetic Reinforcement
Modulus of subgrade reaction ks,k:   ks,k = 143 kN/m3

The analysis is shown below for the x- and y-axes.

x-axis y-axis

Effects as a result of permanent loads

Resulting load on a reinforcement strip of width bErs.:

F Ax GFF k LA x zo G k, ,G , ,G . .

.

⋅ALA = ⋅

=

σ 0 933933 14 05

13 11 kN/m

F Ay GFF k LA y zo G k,G , ,G . .

.

⋅ALA = ⋅

=

σ 0 933933 14 05

13 11 kN/m

Determining maximum strains:

k L
J

s k w x

x a

, ,k w

,

.
,

.=
⋅

=
2LL

110

2143 0 8. 8
1 520

0 0729

F b
J

x GFF k Eb rs

x a

, ,G .

,

. / .
,

.
110

13 0 6. 2
1 520

0 014, ,

From Figure 9.16: 
max �x,G,k = 1.91 %

k L
J

s k w y

y a

,k w .
,

.=
⋅

=
2LL

110

2143 0 8. 8
3 040

0 0364

F b
J

y GFF k Eb rs

y a

,G . . / .
,

.
110

13 0 6. 2
3 040

0 007, ,

From Figure 9.16: 
max �y,G,k = 1.25 %

Tensile forces from membrane action:

EM x G k, ,x , , .= ⋅ =
1 9. 1
100

1 520 29 03 kN/m EM y G k,y ,
. , .= ⋅ =

1 2. 5
100

3 040 38 00 kN/m

Effects from spreading forces:

–
ΔEy G k,G . .

.

= ⋅ ⋅

=

1
2

18 2 3.2 35 0⋅ 271

13 47

2

kN/m

Total effect in the geosynthetics:

max ., , , , ,E Ex G, k M x G, k 29 03 kN/m max . . .,Ey G, k +. =38 00 13 47 51 47 kN/m
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x-axis y-axis

Effects as a result of permanent and variable loads

Resulting load on a reinforcement strip of width bErs.:

Fx GFF Q k,G Q . . .+ = ⋅ =0 933933 29 65 27 66 kN/m Fy GFF Q kG Q . . .+ = ⋅ =0 933933 29 65 27 66 kN/m

Determining maximum strains:

k L
J

s k w x

x a

, ,k w

,

.
,

.=
⋅

=
2LL

110

2143 0 8. 8
1 520

0 0729

F b
J

x GFF Q k Ers

x a

,G Q .

,

. / .
,

.+ = =
110

27 0 6. 2
1 520

0 0294

From Figure 9.16: 
max �x,G+Q,k = 3.47%

k L
J

s k w y

y a

,k w .
,

.=
⋅

=
2LL

110

2143 0 8. 8
3 040

0 0364

F b
J

y GFF Q k Ers

y a

G Q . . / .
,

.+ = =
110

27 0 6. 2
3 040

0 0147

From Figure 9.16: 
max �y,G+Q,k = 2.23%

Tensile forces from membrane action:

EM x G Q k, ,x ,
. , .= ⋅ =

3 4. 7
100

1 520 52 74 kN/m EM y G Q k,y ,
. , .= ⋅ =

2 2. 3
100

3 040 67 79 kN/m

Effects from spreading forces:

–
ΔEy G Q kG Q . .

. .
.

+ = ⋅ ⋅

+ ⋅
=

1
2

18 2 3. 5 0⋅ 271

50 2 3. 5 0⋅ 271
45 31

2

kN/m

Total effect in the geosynthetics:

max .,Ex G, Q k,+ 52 74 kN/m max . .

.

Ey G, Q k,+ +.

=

767 79 45 31

113 10 kN/m
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9.10.5 Special Case: Loss of Subgrade Reaction (t4 = 1,000,000 h)

9.10.5.1 Load Redistribution in the Base Course
Load redistribution in the base course and the stresses �zo,k and �zs,k correspond 
to the values in Section 9.10.4.1.

9.10.5.2 Characteristic Effects in the Geosynthetic Reinforcement
Modulus of subgrade reaction ks,k:   ks,k = 0 kN/m3

Time: T4 = 1,000,000 h (~ 110 a).

The analysis is shown below for the x- and y-axes.

x-axis y-axis

Effects as a result of permanent loads

Resulting load on a reinforcement strip of width bErs.:

Fx GFF k, ,G .,13 11 kN/m Fy GFF k,G .,13 11 kN/m

Determining maximum strains:

k L
J

s k w x

x a

, ,k w

,
=

2LL

110
0

F b
J

x GFF k Eb rs

x a

, ,G .

,

. / .
,

.
110

13 0 6. 2
1 520

0 014, ,

From Figure 9.16: 
max �x,G,k = 2.4%

k L
J

s k w y

y a

,k w =
2LL

110
0

F b
J

y GFF k Eb rs

y a

,G . . / .
,

.
110

13 0 6. 2
3 040

0 007, ,

From Figure 9.16: 
max �y,G,k = 1.50%

Tensile forces from membrane action:

EM x G k, ,x ,
. , .= ⋅ =

2 4.
100

1 520 36 48 kN/m EM y G k,y ,
. , .= ⋅ =

1 5.
100

3 040 45 60 kN/m

Effects from spreading forces:

– ΔEy G k,G .=13 47 kN/m

Total effect in the geosynthetics:

max ., ,Ex G, k 36 48 kN/m max . .

.
,Ey G, k +.

=

45 60 13 47

59 07 kN/m
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x-axis y-axis

Effects as a result of permanent and variable loads

Resulting load on a reinforcement strip of width bErs.:

Fx GFF Q k,G Q .+ = 27 66 kN/m Fy GFF Q kG Q .+ = 27 66 kN/m

Determining maximum strains:

k L
J

s k w x

x a

, ,k w

,
=

2LL

110
0

F b
J

x GFF Q k Ers

x a

,G Q .

,

. / .
,

.+ = =
110

27 0 6. 2
1 520

0 0294

From Figure 9.16: 
max �x,G+Q,k = 4.0%

k L
J

s k w y

y a

,k w =
2LL

110
0

F b
J

y GFF Q k Ers

y a

G Q . . / .
,

.+ = =
110

27 0 6. 2
3 040

0 0147

From Figure 9.16: 
max �y,G+Q,k = 2.48%

Tensile forces from membrane action:

EM x G Q k, ,x ,
. , .= ⋅ =

4 0.
100

1 520 60 80 kN/m EM y G Q k,y ,
. , .= ⋅ =

2 4. 8
100

3 040 75 39 kN/m

Effects from spreading forces:

– ΔEy G Q kG Q .+ = 45 31 kN/m

Total effect in the geosynthetics:

max .,Ex G, Q k,+ 60 80 kN/m max . .

.

Ey G, Q k,+ +.

=

775 39 45 31

120 70 kN/m
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9.10.6 Design Values of Effects in the Geosynthetic Reinforcement

The design values of the effects are derived from the characteristic values of the 
effects resulting from permanent actions Ek,G and resulting from permanent and 
variable actions Ek,G+Q, applying the partial safety factors for the STR limit state 
to DIN 1054, Table 2.

In general:

E Ed kE G G Q k G Q⋅EkE G + +, ,G G k ,( )E EE γG ⋅Q kG+γG +G k , )EQ kE G( k GE +k , .

The design values of the effects Ed specified in DIN 1054, Table 2 are summarised 
below as functions of the Action Combinations (AC) given in DIN 1054, which 
are allocated to Design Situations 1 to 4:

Load 
case

x-axis y-axis

Situation 1*

(construction 
state)

2 16.20 · 1.20 
+ (58.57 – 16.20) · 1.30
Ex,d = 74.52 kN/m

22.16 · 1.20 
+ (77.61 – 22.16) · 1.30
Ey,d = 98.68 kN/m

Situation 2*

(construction 
state)

2 29.99 · 1.20 
+ (45.16 – 29.99) · 1.30
Ex,d = 55.71 kN/m

52.69 · 1.20 
+ (90.91 – 52.69) · 1.30
Ey,d = 112.91 kN/m

Situation 3
(final state)

1 29.03 · 1.35 
+ (52.74 – 29.03) · 1.50
Ex,d = 74.76 kN/m

51.47 · 1.35 
+ (113.10 – 51.47) · 1.50
Ey,d = 161.93 kN/m

Special case
(w/o subgrade)

3 36.48 · 1.1 
+ (60.80 – 36.48) · 1.1
Ex,d = 66.88 kN/m

59.07 · 1.1 
+ (120.70 – 59.07) · 1.1
Ex,d = 132.77 kN/m

* It may be necessary to analyse additional construction conditions with different 
 embankment heights
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9.10.7 Design Values of Resistances

The general design values of the resistances are given by:

In general:

R
R

A A A A AB d
M

M

B k
,

, .k %= ⋅
⋅A ⋅A

η
γ

0 5.

1 2 3 4 5A A A⋅ ⋅A
[kN/m]

where:

�M = 1.40 (LC 1) �M = 1.30 (LC 2) �M = 1.20 (LC 3),
6M = 1.10,
A1 = 1.26 t = 10 h, �Failure = 13%),
A1 = 1.34 t = 500 h, �Failure = 13%),
A1 =  1.65 t = 1,000,000 h, �Failure = 13%),
A2 = 1.10 A3 = 1.00 A4 = 1.00 A5 = 1.00 (see Section 9.10.1).

Load 
case

x-axis
RB,k0.5% = 200 kN/m

y-axis
RB,k0.5% = 400 kN/m

Situation 1*

(construction 
state)
(t = 10 h)

2
Rx B d, ,B

.

. . .
.

= ⋅

=

1 1.
1 3.

200
1 2. 6 1⋅ 1 1 1 1⋅ ⋅ ⋅⋅

122 10 kN/m

R y B d,B
.
. . .

.

= ⋅

=

1 1.
1 3.

400
1 2. 6 1⋅ 1 1 1 1⋅ ⋅ ⋅⋅

244 20 kN/m

Situation 2*

(construction 
state)
(t = 500 h)

2
Rx B d, ,B

.

. . .
.

= ⋅

=

1 1.
1 3.

200
1 3. 4 1⋅ 1 1 1 1⋅ ⋅ ⋅⋅

114 81 kN/m

R y B d,B
.
. . .

.

= ⋅

=

1 1.
1 3.

400
1 3. 4 1⋅ 1 1 1 1⋅ ⋅ ⋅⋅

229 62 kN/m

Situation 3
(final state)
(t = 1,000,000 h)

1
Rx B d, ,B

.

. . .
.

= ⋅

=

1 1.
1 4.

200
1 6. 5 1⋅ 1 1 1 1⋅ ⋅ ⋅⋅

86 58 kN/m

R y B d,B
.
. . .

.

= ⋅

=

1 1.
1 4.

400
1 6. 5 1⋅ 1 1 1 1⋅ ⋅ ⋅⋅

173 16 kN/m

Special case
(w/o subgrade)
(t = 1,000,000 h)

3
Rx B d, ,B

.

. . .
.

= ⋅

=

1 1.
1 2.

200
1 6. 5 1⋅ 1 1 1 1⋅ ⋅ ⋅⋅

101 01 kN/m

R y B d,B
.
. . .

.

= ⋅

=

1 1.
1 2.

400
1 6. 5 1⋅ 1 1 1 1⋅ ⋅ ⋅⋅

202 02 kN/m

* It may be necessary to analyse additional construction conditions with different 
 embankment heights
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9.10.8 Analysing Bearing Capacity

The geosynthetic reinforcement is analysed in the STR limit state as described 
in Section 9.7.1.2.

In general:

R E EB d d ME d, ,d d M+EdΔ .

Load 
case

x-axis
RB,k0.5% = 200 kN/m

y-axis
RB,k0.5% = 400 kN/m

Situation 1*

(construction 
state)

2 122.10 kN/m > 74.52 kN/m 244.20 kN/m > 98.68 kN/m

Situation 2*

(construction 
state)

2 114.81 kN/m > 55.71 kN/m 229.62 kN/m > 112.91 kN/m

Situation 3
(final state)

1 86.58 kN/m > 74.76 kN/m 173.16 kN/m > 161.93 kN/m

Special case
(w/o 
subgrade)

3 101.01 kN/m > 66.88 kN/m 202.02 kN/m > 132.77 kN/m

* It may be necessary to analyse additional construction conditions with different 
 embankment heights

Adequate bearing capacity is thus demonstrated.

If adequate bearing capacity cannot be demonstrated the analysis is repeated 
using higher short-term strengths and the resulting axial stiffnesses until adequate 
bearing capacity is demonstrated.

   Note: See Section 9.3 for analysis of anchorage and overlapping.
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10 Foundation Systems using Geosynthetic-encased 
Columns

10.1 Definitions

In foundation systems using geosynthetic-encased columns, columns of granular 
material are installed on a load-bearing stratum to transmit static and variable 
loads in soft ground. A number of different installation methods are used. The 
columns are encased in geosynthetics, guaranteeing filter stability between the 
column fill and the surrounding ground. Thanks to the geosynthetic tube the 
column is supported radially together with the soft soil, and the tube is subjected 
to circumferential tensile forces. Figure 10.1 shows a schematic example of an 
embankment foundation.

Figure 10.1  Schematic diagram of the ‘geosynthetic-encased column’ foundation 
system

Recommendations for Design and Analysis of Earth Structures using 
Geosynthetic Reinforcements (EBGEO). German Geotechnical Society.
© 2011 Ernst & Sohn GmbH & Co. KG. 
Published by Ernst & Sohn GmbH & Co. KG.
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In addition to the live load, the load imposed on the foundation system is repre-
sented by the structure for which the foundation is intended (e.g. embankment fill).

The columns are arranged in a uniform column grid. Either rectangular or 
triangular grids are generally used. Triangular grids can be formed by either a 
square grid rotated through 45° or by other grid formats (e.g. a 60° grid, where 
three columns form respective equilateral triangles and all columns are equally 
spaced). The grid spacing is given by sx and sy (Figure 10.1) and the column area 
by AS (Figure 10.2).

Figure 10.2  Definiti on of AS, AE and DE 

The influence area AE of a column describes the area as that part of the overall 
area allocated to a column in the column head plane (Figure 10.2).

The unit cell is given by converting the influence area AE into an equivalent area 
cylinder of diameter DE (Figure 10.2).

The area ratio aS describes the ratio of the column area AS to the influence area 
AE allocated to the individual column, where: aS = AS / AE (Figure 10.2).

The column fill consists of a high shear strength granular material (e.g. gravel, 
sand, crushed stone, crushed gravel).

The geosynthetic casing consists of geowovens, geogrids or geocomposites, where 
the final envelope is created using a number of techniques (e.g. circular weaving, 
stitching, bonding, welding, etc.). The envelope is adapted to the diameter of the 
columns (finished diameter), depending on the installation method and applica-
tion, and envelops the entire length of the column in the soft stratum.

Activation widening represents the difference between the finished diameter of 
the geosynthetic casing Dgeo and the installation diameter of the column DColumn 
(unloaded) (Figure 10.4). The column diameter is enlarged under load prior to 
the activation of circumferential tensile forces until it corresponds to the tube 
diameter Dgeo.

The circumferential tensile force in the geosynthetic casing is mobilised when 
activation widening is achieved.

The load redistribution factor E describes the stress concentration above the 
column heads and represents the ratio of the load component QS transferred 
through the column to the total load QE in the entire area of influence of a column, 
where: E = QS / QE.
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The stiffness ratio ks,T / ks describes the ratio of the stiffness of the encased column 
(bearing element) ks,T to the stiffness of the surrounding soft stratum ks. In terms 
of the resulting stiffness ratios, the horizontal reinforcement above the column 
heads is configured either for engineering purposes only or is additionally designed 
for membrane forces as described in Section 9.6.3. The regulations stipulated in 
Section 9.2.1 are used to determine the stiffness ratios, where the stress concen-
tration above the column heads or the load redistribution factor E is adopted.

The horizontal geosynth  etic reinforcement is located close to the column heads 
and is used for general stability, for transferring spreading forces or to facilitate 
load transfer into the geosynthetic-encased columns as described in Section 10.1, 
as well as to compensate for settlements.

10.2 Modus Operandi and Applications

10.2.1 Modus Operandi

Geosynthetic-encased columns:

 – reduce absolute and differential settlements,
 – accelerate settlement and excess pore water pressure dissipation, and
 – increase stability in the construction and final states.

The stress concentration above the column heads invokes an additional, radial, 
horizontal stress directed outward from the columns, or increased earth pres-
sure. A horizontal support of the same magnitude as the load on the columns or 
the stress concentration above the column heads is required in the soft stratum.

In uncased columns this support is entirely mobilised by the passive earth pres-
sure in the soft strata as a result of the increase in column diameter (bulging). In 
very soft soils this leads to considerable deformations. Using the geosynthetic-
encased column system the radial, horizontal column support is guaranteed by the 
geosynthetic casing in conjunction with the support provided by the surrounding 
soft stratum.

The increase in column diameter under load in the geosynthetic casing leads to 
strains (after achieving activation widening) and thus to circumferential tensile 
forces. The magnitude of the respective circumferential tensile force is determined 
by the geosynthetic material behaviour, among other things, and is proportional 
to further horizontal or radial column deformation.

The magnitude of the support provided by the surrounding soil is also linked 
to the increase in the column diameter, which is restricted to a large degree by 
the circumferential tensile forces in the geosynthetic. Due to the reduction in 
the required support provided by the soft stratum made possible by this, only a 
fraction of the passive earth pressure is activated as a support in the ground. The 
reduction in surcharge stresses above the soft stratum facilitates lower settlement 
values in the soft strata.

1492vch10.indd   203 12.03.2011   18:09:42



204

Because the stiffness ratio of the columns to the surrounding soft stratum is 
generally lower than when using the point bearings described in Section 10.1, 
for example, approximately uniform settlement can be assumed for the column 
and the surrounding soft stratum when designing the columns. Load transfer 
into the encased columns is achieved by way of the formation of stress arches in 
the cover fill. Flexible and self-regulating load-bearing behaviour is the result, 
because if the columns yield the load is redistributed to the soft strata, thereby 
increasing the ground resistance supporting the columns, leading to interactive 
load redistribution back to the columns.

The effectiveness of the system (for reducing settlement and increasing general 
stability, among other things) and the unloading effect in the soft strata are thus 
increased with:

 – increasing area ratio,
 – increasing axial stiffness of the tube,
 – increasing shear strength of the column fill.

Generally, designing the horizontal reinforcement layers located above the 
column heads for membrane forces can be dispensed with (see Table 10.2). If 
activation widening is decreased, tube stiffness increased and column fill shear 
strength increased, the stiffness ratio increases and the load-bearing behaviour 
approaches that of the point bearing elements described in Section 9. This may 
make it necessary to configure and design horizontal reinforcement layers as 
described in Section 9.6.3 (Section 10.6.3).

Overall, only minor settlements occur once construction is complete. On the one 
hand, this is due to settlement reduction caused by stress concentration above the 
columns and the associated reduction in stresses above the soft stratum, and due 
to accelerated settlement by the action of the columns as vertical drains on the 
other. Generally, this leads to a large proportion of settlements being compensated 
for during the construction period.

10.2.2 Applications

Geosynthetic-encased columns may be employed as a foundation system for 
transferring static and variable loads in soft soils (soft strata). One special ap-
plication and an advantage compared to non-encased columns is based on the 
support effect of the geosynthetic tube in very soft soils (cu < 15 kN/m2), e.g. in 
peat or in very soft silts/clays, such as mud and ooze.

The suitability of the method shall be examined on a case-by-case basis. It is not 
possible to define generally recognised limits because of the flexibility of this 
foundation system.

Some boundary conditions, representing the limits of the foundation system on 
an empirical basis, are summarised below:
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 – Governing circumferential tensile forces in the geosynthetic casing cannot 
be activated in very stiff soil strata, because the support provided by the sur-
rounding ground can be much higher than the support required by the tube. 
This application is therefore only economical in soft soils. Special methods 
shall be employed in extremely soft soils (e.g. to stabilise the columns during 
the manufacturing process and thereafter). The usual application range can 
be given as follows, as a function of the constrained moduli of the soft strata, 
for a reference stress of 100 kN/m2:
0.5 MN/m2 < Es,100 kN/m2 < 3.0 MN/m2.
In terms of the undrained shear strength cu the following application limits 
are recommended:
3 kN/m2 < cu < 30 kN/m2.
If special engineering measures are adopted it may be possible to manufacture 
and use geosynthetic-encased columns even in soft strata with cu < 3 kN/m2 
or in stiffer strata with cu > 30 kN/m2.

 – The geosynthetic-encased columns shall bottom in load-bearing ground to 
ensure that the foundation system functions as described. The stiffness of the 
load-bearing stratum should be at least a factor of 10 higher than the overly-
ing soft stratum. The load-bearing ground can therefore be described by the 
following, simplified parameters:
Es,Ground > 5.0 MN/m2 (for a reference stress of 100 kN/m2) 
to limit settlement of the load-bearing ground and 

�s,k,Ground > 30° 
to prevent bearing capacity failure at the column feet.

 – The column lengths lColumn and the maximum soft strata thickness are given 
by the machine boundary conditions. 
Common manufacturing lengths lColumn are:
3 m < lColumn < 20 m.

 – The column diameter DColumn depends on the manufacturing method, among 
other things. The circumferential tensile forces increase with increasing 
column diameter and constant area ratio. A minimum column diameter of 
0.4 m is recommended to safely activate the governing circumferential tensile 
forces.
Common column diameter limits are:
0.5 m � DColumn � 1.5 m.
Activation widening as a result of surcharge should not exceed approx. 3% of 
the diameter in order to restrict the deformations occurring before the tube is 
activated. Preliminary activation widening, i.e. activation widening occurring 
during system manufacturing and before loading, can generally be ignored.

 – The magnitude of the axial stiffness of the tube is theoretically unlimited, but 
has a governing impact on the stiffness ratio of the columns to the surrounding 
soft strata, cf. Section 10.2.1. If the horizontal reinforcement is not designed 
for membrane forces as described in Section 9.6.3 (cf. Section 10.2.1), 
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the column stiffness shall be adapted to suit the stiffness of the surrounding 
soft strata. The axial stiffness of the tube has a governing impact.
The axial stiffness of the tube J is generally between 1,000 kN/m and 
4,000 kN/m.

 – The effectiveness of the column foundation is determined by the ratio of the 
stiffness of the column fill and the surrounding soft stratum. A column fill 
constrained modulus at least ten times larger than the constrained modulus of 
the soft strata is recommended (Es,Column > 10 · Es,Soft stratum).

10.3 Manufacturing Methods

10.3.1 General Recommendations

Various geosynthetic-encased column manufacturing methods are introduced 
below as shown in Figure 10.3. They are known as excavation methods and dis-
placement methods, according to the principle employed. The primary difference 
between the methods lies in the void occupied by the columns in the ground.

Figure 10.3  Manufacturing methods

The individual methods are described. Notes on method selection are then pro-
 vided, including the risks involved in each method, in terms of the foundation 
quality and impacts on the surroundings.

10.3.2 Excavation Method

Using the excavation method an open casing (support casing) of diameter D 	 0.5 
to 1.5 m is generally driven to load-bearing ground with the aid of a leader-guided 
vibrator. The soft strata within the casing are then excavated.
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Following excavation the tube, finished with the correct length as per require-
ments, is installed in the casing and the column filled. The casing is then pulled 
by the vibrator, simultaneously compacting the column fill by vibration.

10.3.3 Displacement Methods

Using displacement methods the ground is displaced during column manufacture. 
No soil is removed. The ensuing vertical and horizontal displacements shall be 
adopted for planning and in the design approaches. Special equipment and casings 
are required for use with displacement methods. They display advantages and 
disadvantages specific to each application.

Displacement method with casing
Using this method a casing is driven to load-bearing ground with the aid of a 
leader-guided vibrator. The ground at the base of the casing is laterally displaced 
by two flaps forming a cone. The tube is then installed analogous to the excavation 
method, the column filled and the casing pulled under vibration, after opening 
the bottom flaps.

Displacement method with deep vibrator
Using this method the geosynthetic-encased columns are manufactured with the 
aid of a deep vibrator. Th e geosynthetics are drawn in via the outer sleeve of the 
deep vibrator and then driven to load-bearing strata. The column sleeve is filled 
by continuously feeding material in while simultaneously compacting as the deep 
vibrator is extracted.

10.3.4 Method Selection

The excavation method is preferred in soils with high resistance to penetration 
or where vibration in adjacent buildings, transport infrastructure, etc, need to be 
minimised.
The advantage of the displacement method over the excavation method is based 
on the faster and more efficient column manufacture and the transfer of a prestress 
into the soft stratum. Additionally, no disposable soil is extracted.
An economical disadvantage of the displacement method is the increased geo-
synthetics required due to the smaller column diameter. Empirically, this is bal-
anced by faster column manufacture. The excess porewater pressures, vibrations 
and deformations occurring in the soft strata shall be taken into consideration 
when adopting displacement methods. Overall, the displacement method makes 
increased demands on experience, and care in design and execution to ensure 
adequate bearing capacity and foundation quality.
When using the displacement method with a casing special care shall be taken 
to exactly fit the diameter of the geotextile tube to the diameter of the casing. 
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Due to the stress applied to the soft strata the columns may be pinched to less 
than the internal diameter of the displacement tube during execution and before 
applying a load when using this method. Correct incorporation of any activation 
widening caused by constriction requires special experience in execution and 
design, because this is adopted in the analysis model (cf. Figure 10.4) to facilitate 
design and settlement estimates.

If deep vibrators are used to manufacture the columns, activation widening can 
generally take place during infilling, so it may be ignored. In contrast to other 
methods greater circumferential tensile forces occur in the construction state, 

Table 10.1  Characteristics of column manufacturing methods

Excavation 
method

Displacement methods

with 
casing

with 
deep vibrator

Possible manufactured 
diameter

More than 
1.5 m

Generally up to 
0.8 m

Generally up to 
0.6 m

Removal and disposal of soil 
material 

Necessary Unnecessary Unnecessary

Time required for column 
manufacture

More Less Less

Manufacture with very high 
penetration resistances1)

Possible Generally not 
possible

Generally not 
possible

Vibrations and excess pore-
water pressures as a result of 
column manufacture

Low High2) High2)

Column constriction during 
manufacture 

No Generally yes2) Generally no2)

Horizontal and vertical 
displacement as a result of 
column manufacture

No Yes2) Yes2)

Prestressing of soft stratum 
during installation

No Yes2) Yes2)

Effects on geosynthetic 
casing during installation

Low Low Generally high

Examination of strata and 
column end depth

Possible 
visually

Via machine 
parameters

Via machine 
parameters

1) For example, dense intermediate sand layers
2) Depending on ground stiffness and grid spacing
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because the tube is pre-strained during infilling. When designing the geosynthetic 
tube the anticipated effects (among others: preliminary strains and preliminary 
loads in the geosynthetics and corresponding A2 values as described in Section 2) 
shall be taken into consideration, in addition to the load from the structure. If, 
after manufacturing the foundation system, it is uncertain whether constriction or 
activation widening has already occurred, measures shall be taken, for example 
measurements, to examine whether additional deformations are negligible as a 
result, or need to be taken into consideration.

The characteristic properties and the advantages and disadvantages of the manu-
facturing methods described here are summarised in Table 10.1.

It is recommended to perform feasibility testing of the selected method by 
manufacturing test columns prior to execution, if necessary with accompanying 
instrumented monitoring.

10.4 Design Recommendations and Engineering Notes

When designing a foundation using geosynthetic-encased columns it shall be 
noted that the bearing system must undergo deformation to activate the required 
circumferential tensile forces. It should therefore not be adopted for structures 
highly sensitive to settlement or only when certain boundary conditions are ob-
served (e.g. long settlement periods, temporary cover fill).

The following recommendations and empirical data shall be observed:

 – There should be a minimum, granular cover above the columns. The minimum 
cover should correspond approximately to the clear column spacing, but be 
at least approx. 1 m.

 – A minimum column diameter of 0.4 m should be used.
 – An area ratio as = 10% (cf. Section 10.1) should be adhered to.
 – A horizontal geosynthetic reinforcement should be arranged either directly 

or generally up to 0.3 m above the columns heads to provide global stability, 
transfer spreading forces or support load transfer into the geosynthetic-encased 
columns, and to compensate for settlements (also see Section 10.6.3).

 – If settlement requirements are specified settlement periods under load should 
be planned, because the foundation system settlements are delayed correspond-
ing to consolidation (vertical drains).

 – In high embankments the deformations required for geosynthetic casing acti-
vation are generally compensated for during embankment tipping.

 – During the con  struction phase the system cover fill should at least correspond 
to the anticipated subsequent loads. The necessary settlement periods can be 
reduced further by applying a surcharge to the temporary fill.

 – Examine whether the foundation deformations during and after load applica-
tion require monitoring or inspection by a suitable programme of measure-
ments on a case-by-case basis.
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10.5 Building Materials

The materials required for geosynthetic-encased columns are the geosynthetics 
themselves and granular soil. In addition, the foundation system is completed 
by the cover fill (e.g. embankment) with horizontal geosynthetic reinforcement 
(see Figure 10.1). In terms of embankment fill the reinforced earth structure as 
described in Section 9.1 and the zone above this are differentiated. The following 
requirements apply to materials, inasmuch as no higher demands are made as a 
result of analysis and design, or for reasons specific to the application:

Geosynthetic casing (including seams, connections, etc.):
 – woven, geogrid or geocomposite,
 – higher or similar permeability in terms of the minimum demands on the 

column fill,
 – axial design resistance of the geosynthetics (vertical following installation)
 – RBd � 20 kN/m and short-term strength RB,k0 � 60 kN/m,
 – radial design resistance of the geosynthetics (circumferential)
 – RBd � 30 kN/m and short-term strength RB,k0 � 80 kN/m,
 – radial stiffness J � 700 kN/m (circumferential).

Column fill:
 – granular, coarse-grained soil to DIN 18196 as a function of the grain size 

distribution of the natural ground (if a filter criterion needs to be adhered to),
 – effective friction angle 
�k � 30°,
 – permeability greater than kf = 10–5 m/s, but at least two orders of magnitude 

more permeable than the surrounding soft stratum,
 – at least loose to medium-dense compaction after column manufacture.

Horizontal geosynthetic reinforcement (including seams, connections, etc.):
 – design resistance RBd � 30 kN/m and short-term strength RB,k0 � 80 kN/m.

Reinforced earth structures:
 – demands as in Section 9.3.

If other materials are used (e.g. recycled materials) they shall be shown to be 
suitable for the specific method and environment.

10.6 Notes on Analysis and Design

10.6.1 General Recommendations

Analysis and design of a foundation using geosynthetic-encased columns is pos-
sible using either an analytical method after [3] and [4] or a numerical method. 
They require in-depth knowledge by the user when taking the interaction between 
the column and the surrounding soft stratum into consideration, as well as knowl-
edge of the specific procedure boundary conditions.
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The design depends on local conditions, procedure boundary conditions and the 
specific loads as a function of the manufacturing method, etc. The basic ideas and 
design principles are described below. The notes on boundary conditions, design 
requirements and the necessary analyses shall be followed.

10.6.2 Actions and Resistances

Actions on the foundation system include permanent and variable loads as de-
scribed in Section 1.2 and DIN 1054. Any special actions during manufacture (e.g. 
geosynthetic casing pre-strains, column fill compaction, etc., cf. Section 10.3.4) 
shall be taken into consideration. If no empirical data for similar conditions is 
available specimens are taken from test columns and the A2 values determined.

Resistances include:

 – shear strength, and column and embankment fill stiffness,
 – shear strength, and soft strata and load-bearing ground stiffness,
 – strength and axial stiffness of the column casing,
 – strength and axial st   iffness of the horizontal geosynthetic reinforcement.

10.6.3 Designing the Horizontal Geosynthetic Reinforcement

As explained in Section 10.2.1 approximately equal settlements can generally 
be assumed between the column and the surrounding soft stratum (Zone I in 
Table 10.2), and the arching in the cover fill is adequate to transfer loads to 
the encased columns. The horizontal reinforcement is installed as a structural 
element to guarantee global stability or to transfer spreading forces as described 
in Section 9.6.3.

However, stiffness ratios may occur between the columns and the surrounding 
ground as a function of the system parameters, which make it necessary to design 
the horizontal reinforcement for membrane forces as described in Section 9.6.3.

Large increases in settlement and changes in load-bearing behaviour are not 
anticipated due to the remaining, self-regulating load-bearing behaviour of the 
columns in Zone II (in the transition zone between Zones I and II in Table 10.2). 
However, larger settlements than those calculated may occur due to the lower 
stress concentration in the column heads possible in such cases. In individual 
cases the design of horizontal reinforcement layers may be necessary to ensure 
load transfer. Design may be based on Section 9.6.3, where the tensile forces in 
the horizontal reinforcement are calculated adopting the stiffness of the column 
or the stiffness ratio between the column and the surrounding ground.

If the stiffness ratios are higher still (Zone III in Table 10.2) the effectiveness of 
the foundation system is no longer guaranteed without designing the horizontal 
reinforcement for membrane forces. Design to Section 9.6.3 is therefore neces-
sary in such cases.
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If it is necessary to design the horizontal reinforcement for membrane forces the 
grid spacing of triangular grids shall be changed to that of a rectangular grid or 
a square grid rotated through 45°, cf. Section 9.1.

10.6.4 Column Design

10.6.4.1 Analysis Model

The analysis model after [3] and [4] described below is based on the interaction 
between the columns and the surrounding soft strata, where approximately equal 
settlements are assumed in the column head plane (Figure 10.1). Some minimum 
demands are made on the analysis model regardless of the analysis method used 
(Figure 10.4):

 – The interactive load-bearing behaviour, i.e. the time- and load-dependent 
stress concentrati on above the column heads, shall be recorded.

 – The consolidation of the soft strata shall be recorded for analysis of the settle-
ment history, adopting the column as a vertical drain.

 – The stiffness of the soft stratum shall be adopted as a function of the prevalent 
effective stress (stress-dependent constrained modulus).

 – If activation widening occurs the geosynthetic casing activation shall be cor-
rectly recorded as a function of the load and time.

 – Where the displacement method is used the effect of displacement on the 
stress levels in the soft stratum shall be taken into consideration.

 – In stratified ground all governing soil strata shall be adopted separately with 
their respective parameters (no summarising or averaging the parameters of 
individual soil strata).

 – If compaction effects occur within the geosynthetic casing without a support-
ing, external column fill casing (e.g. when infilling using a deep vibrator), the 
load imposed on the geosynthetic casing is taken into consideration.

 – The following parameters with a governing impact on the calculated cir-
cumferential tensile forces and settlements are introduced into the analyses:

Table 10.2  Necessity of designing a horizontal geosynthetic reinforcement 
for membrane for ces to Section 9 as a function of stiffness ratios

Zone Stiffness ratio Design of horizontal geosynthetic reinforcement1)

I ks,T / ks � 50 Design unnecessary 

II 50 < ks,T / ks � 75 Design recommended

III ks,T / ks > 75 Design necessary
    1) The minimum reinforcement using design resistance RBd to Section 10.5 is 
 required for all zones!
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 � area ratio as,
 � radius of column rs and the geosynthetic casing rgeo,
 � time-dependent, radial stiffness of the geosynthetic casing J,
 � thickness of the governing soft strata hi,
 � stress-dependent stiffnesses of the soft strata 

(e.g. constrained modulus Es,i),
 � shear parameters of the soft strata 
�B, c�B and the column fill 
�S,
 � unit weights of the soft strata �B, ��B and the column fill �S, ��S,
 � at-rest earth pressure coefficients KO,B and primary stress state of the soft 

stratum (increased due to displacement effect if necessary),
 � mean surcharge stress �0 in the column head plane of the unit cell,
 � permeability of the ground kf,B and the columns kf,S.

A schematic axis-symmetrical analysis model for a unit cell is shown in 
Figure 10.4.

Figure 10.4  ‘Geosynthetic-encased column’ load-bearing system and analysis model

1492vch10.indd   213 12.03.2011   18:09:42



214

10.6.4.2 Analysis Methods

The results of the analysis are the maximum circumferential strain and circum-
ferential tensile force of the geosynthetic casing, and the primary settlements in 
the column head plane.

The derivation described below was taken from [3] and shows the analysis of a 
ground slab. Where possible, no single ground slab should be thicker than hi = 1 m 
for the analysis. Depending on the geological structure of the soft stratum this 
provides an analysis model consisting of several ground slabs. The individual 
ground slabs are selected on the basis of the geological strata boundaries. The total 
settlement is given approximately by cumulating the settlements of the individual 
ground slabs. [3] gives more detailed information.

Assuming equilibrium between the loads in the column head plane �0 and the 
corresponding vertical loads above the column ��v,S and the soft stratum ��v,B 
we get:

σ σ0 + ⋅A Aσ ⋅E vσσ S SA⋅ v B E S, ,S S v ( )A A−E SA . Eq. (10.1)

The horizontal stresses are given by the normal stresses resulting from the sur-
charge and the soil dead weights, where �ü,S and �ü,B stand for the surcharge 
stresses in the column and in the soft stratum:

σ σ σh S v S a S u S a SK Ka S, ,S v , ,S u ,⋅σ S σu S  Eq. (10.2)

σ σh B v B BK K, ,B v , ,u ,⋅σ B σ ∗
0 0B uσ B KB, ,B uσuσ B  Eq. (10.3)

The geosynthetic casing (installation radius rgeo) is characterised by linear-elastic 
material behaviour with axial stiffness J:

F J r rR gF JF rr eo gerr o⋅JJ Δ /  Eq. (10.4)

The circumferential tensile stress can be converted to a radial horizontal stress 
��h,geo, which is allocated to the geosynthetics, using the boiler equation:

σh geo R geoF rR g/=  Eq. (10.5)

The individual horizontal stresses result in a differential stress ���. This corre-
sponds to the mobilisation of an additional earth pressure component in the soft 
stratum, until horizontal stress equilibrium is achieved.

σ σh Diff hσf S h geo, ,Diff hff , ,B h( )σ σhσ B hσ geo, ,B h−σhσ S  Eq. (10.6)

The column strain is the result of the differential stress. The radial horizontal 
deformation �rS and the settlement of the soft stratum sB with the constrained 
modulus ES,B are derived after [5] for a radially and longitudinally loaded hollow 
cylinder of height h0 (1B = Poisson’s ratio of soft stratum):
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and

a A AS SA E/ . Eq. (10.10)

The following relationship exists between the settlement of the column sS and the 
radial deformation at the column edge �rS for a constant volume of the column 
material as a function of the original radius r0 (generally the installed column 
radius) or the original height h0 (generally the installed height):
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The horizontal deformations shall be acceptable and the activation widening 
taken into consideration:

Δ ΔS geo geo S+ΔrΔ grrΔ eo ( )r rgerr o Srr  Eq. (10.12)

In approximation, relative settlements between the column and the surrounding 
soft stratum do not occur:

s sS Bs  Eq. (10.13)

Based on the previous 11 equations the following equation can be derived for the 
horizontal deformation at the edge of the column:
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Eq. (10.14)

Adopting this deformation the equation below for a ground slab now only includes 
the unknown variable �v,B. The conditional equation can be solved iteratively by 
estimating �v,B. Use of a software application is recommended due to the relatively 
time-consuming calculations involved.
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To incorporate activation widening it is first necessary to estimate an activation 
load and then to calculate the horizontal deformation at the edge of the column, 
adopting J = 0. By adopting �rS = rgeo – rS as the iteration condition, the activation 
load can be determined and the analysis completed with an activated geosynthetic 
casing for the load on the foundation system over and above this. The settlements 
before and after activation are then added.

Because the stiffness of the soft strata is generally highly dependent on the stress 
state, the constrained modulus of the soft stratum ES,B is introduced into the 
analysis as realistically as possible as a function of the governing mean effec-
tive stress p* in the soft stratum. For analyses assuming activation widening it 
is necessary to determine the adoptable constrained modulus in the stress range 
between primary stress and activation loading and then between activation wid-
ening and final loading.

Generally, a simple power function after Ohde, with a reference constrained 
modulus Es,B,ref, a reference stress pref and a stiffness exponent m (in normally con-
solidated, cohesive and organic soils 	 1) is used to indicate the stress dependence.
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The expression c�B � cot
�B takes the impact of cohesion into consideration and 
is used in analogy to the constitutive equations in numerical analyses. A non-
loaded soil element (ground surface) would not possess stiffness without this 
term, in contrast to real conditions. If the loads change the effective stresses in 
the soft stratum before (p1*) and after (p2*) the load change are determined. 
The adopted stress is calculated using p* = (p2* – p1*) / ln (p2* / p1*). The 
mean value (p1* + p2*) / 2 is often sufficiently precise. It shall be noted that the 
horizontal stress in a one-dimensional compression test is defined by the at-rest 
earth pressure coefficient, while for a geosynthetic-encased sand column a hori-
zontal stress increased by the differential stress �h,Diff acts in the surrounding soil 
stratum. Ignoring this increase results in a conservative analysis. An approximate 
consideration of the effects of the size of the respective constrained modulus and 
the cohesion is described in [3].
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An application can be developed for practical analysis using the methods in-
troduced here. It simulates incremental load increases and thus calculates the 
complete load-settlement curve or stress-strain curve of the selected system. The 
horizontal deformation at the column edge during load increase is continuously 
determined and the geosynthetic casing activated just after achieving widening 
resulting from the surcharge. [3] gives more detailed information.

The analysis model after [3] and [4] can be simplified for circumferential tensi le 
force design as described in Section 10.6.4.3 by ignoring the lateral support 
provided by the soft stratum �h,B. This gives the equations used in [6]. A greater 
circumferential tensile force is determined and design is conservative as a result. 
This simplification is not suitable for determining the settlements of the founda-
tion system.

10.6.4.3 Analysing the Transfer of Circumferential Tensile Forces
Analysis of the transfer of circumferential tensile forces in the geosynthetic casing 
is performed for the STR limit state. The effects from permanent (dead weights) 
and variable (live loads) actions are taken into consideration.

For geosynthetic-encased columns note that non-linear behaviour occurs, where 
increases in the circumferential tensile forces are increasingly smaller for an 
increasing surcharge.

Because the characteristic effects are not proportional to the actions the prin-
ciple of superposition, i.e. separate determination of the circumferential tensile 
forces for individual load components and the subsequent addition of effects or 
circumferential tensile forces, cannot be adopted. Instead, the effects are deter-
mined separately for the permanent and the total actions (permanent and variable) 
respectively, taking into consideration temporal and load-dependent non-linearity. 
The increase in the effect from variable actions only can be determined from the 
difference.

The calculated circumferential tensile forces are designated by E as effects for 
analysis in the STR limit state.

The design value for the effects Ed is given by multiplying by the partial safety 
factors for actions from permanent and variable loads:

d GE k Q k G k Q⋅EGE k +, ,k G G Q ,( )E EE γk ⋅k GγG + ,QG G , )EQ k GE k( GE ,QG ,  Eq. (10.17)

Analysis of the geosynthetic casing is performed for the STR limit state on the 
basis of the design tensile strength, which is regarded as the design value of a 
structural component resistance RB,d.

d B,dE R�  Eq. (10.18)

The design resistance of the geosynthetic casing RB,d is determined as described 
in Section 2.2, adopting the appropriate reduction factors Ai, and modified for 
the case in hand as follows:
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R
R

B d
B k M

M
,

, ,k %=
⋅5 η

γ
 Eq. (10.19)

where:

6M calibration factor for modifying the STR limit case safety level 
6M = 1.1.

If the geosynthetic casing was produced with a seam or other joint, a strength 
reduction is adopted accordingly.

If large cyclic/dynamic actions on the foundation system are anticipated, they are 
adopted as described in Section 10.6.6.2.

10.6.5 Analysing Overall Stability

The stability of the overall system in the GEO limit state is analysed. If slip planes 
intersect the geosynthetic-encased columns and/or the horizontal geosynthetic 
reinforcement above the column heads, the resistances of these elements acting 
to increase stability may be adopted. However, if no special investigations have 
been carried out, it is recommended not to adopt the stability-enhancing action 
of the geosynthetic casing in the column axis (axial or vertical) for analysis of 
the overall stability in the GEO limit state.

The horizontal geosynthetic reinforcement is introduced into the analysis model 
by the design resistance as described in Section 1.2 (for a definition of the charac-
teristic value and the design value of the pull-out resistance see Section 2.2.4.11).

The encased columns lead to an increase in shear resistance along the slip plane. 
The increase is caused by the stress concentration above the column heads and 
the high friction angle of the column fill.

The following is noted for determining the resistances to be adopted:

 – The methods described in the literature (e.g. [1] and [2]) for uncased column 
foundations can be used for analysis of overall stability (general failure). They 
take into consideration the stress concentration above the column and thus the 
increase in shear strength by using mean parameters, i.e. equivalent values for 
unit weight, cohesion and friction angle for homogeneous ground. However, 
in addition to an analysis using mean shear parameters for the entire ground 
under consideration, the equivalent column fill parameters described in the 
literature [3] may be determined.

 – As resistances the equivalent shear parameters are reduced using the appropri-
ate partial safety factors.

 – The time- and load-dependent stress concentration or load redistribution is 
given for the investigated states (initial states, construction states, final states) 
based on the demands on the column foundation analysis model as described 
in Section 10.6.4.1.
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 – In order to investigate the initial and construction states (e.g. cu analysis) only 
the emplaced, granular column fill is adopted, taking the area ratio aS into 
consideration for determining the increase in shear strength, inasmuch as no 
separate investigations on system consolidation are available at that time.

 – With increasing effective stresses in the soft strata as a result of consolida-
tion the increasing load redistribution to the columns can be recorded in the 
overall stability analysis model by an appropriate load- and time-dependent 
increase in the resistances.

10.6.6 Serviceability Limit State Analysis

10.6.6.1 Determining Settlement

The magnitude of subsequent settlement is critically important for practical design 
of the foundation method used and for success forecasts. Empirically, settlement 
occurring during the construction phase (e.g. in the course of filling) is compen-
sated, while subsequent settlements may lead to delays in the construction phase 
or to damage to the building. Accordingly, building progress has a considerable 
impact on serviceability.

Settlement of foundations on geosynthetic-encased columns can be modelled on 
the basis of the axis-symmetrical analysis model as described in Section 10.6.4.1. 
In load-bearing ground settlement can generally be ignored.

Simplified, the load-settlement curve and the final settlement, and subsequently, 
via a separate analysis, the consolidation can be determined by adopting the 
geosynthetic-encased column as a vertical drain. The non-linearity of the load-
settlement curve is taken into consideration. That is, the settlement is determined 
as a function of the respective stress when completely consolidated.

Secondary settlements (creep settlements) are anticipated in soft, cohesive soils 
and organic or or ganogenic soils. Creep settlements can be reduced by using 
geosynthetic-encased columns, in contrast to unimproved ground. There are cur-
rently no generally recognised analysis methods in terms of the creep behaviour 
of a foundation on geosynthetic-encased columns (a few notes are given in [3]). 
A rough estimate can generally be made by applying an approximate 50% reduction 
to the creep settlement values determined for unimproved ground conditions. If 
large creep settlements are anticipated instrumented monitoring and, in individual 
cases, application of the observational method to DIN 1054 are recommended.

10.6.6.2 Cyclic-dynamic Actions

Empiricism indicates that greater settlements are initiated compared to static 
loads if the foundation system is subjected to large cyclic-dynamic actions (live 
loads). No generally recognised analysis methods are known in this context. 
A temporary cover fill over the foundation system with a higher load than the 
anticipated subsequent live load is therefore recommended.
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In systems subjected to governing cyclic-dynamic loads and those of Geotech-
nical Category GC 3 to DIN 1054, instrumented monitoring or, in individual 
cases, the observational method, should always be applied to verify deformation 
forecasts. In addition, the information and recommendations made in Section 12 
shall be observed.

10.6.6.3 Overall Deformations

Generally, the deformation forecast based on the axis-symmetrical model of the 
unit cell (section of an assumed infinite field of columns) may be regarded as 
adequate to estimate the maximum anticipated settlement.

However, as soon as larger load differentials in the foundation zone, special 
demands on differential settlements or large horizontal loads are anticipated, ad-
ditional deformation considerations and forecasts may be necessary.

No reliable analytical methods for forecasting overall deformations, including 
horizontal deformations, are currently known. A rough estimate of the anticipated 
horizontal deformations can be made on the basis of empirical data collected 
under similar conditions.

The overall deformations can be approximately determined using numerical 
methods. The installation process and the peculiarities of the manufacturing 
method used, as well as the requirements specified in Section 10.6.4.1 are taken 
into consideration. If a two-dimensional analysis model is used the columns may 
be replaced by slabs, retaining the area ratio aS. The deformation behaviour of 
the foundation with geosynthetic-encased columns can then be approximately 
modelled with defined equivalent parameters for the column fill. Additional 
information can be taken from the literature [3].

Instrumented monitoring or, in individual cases, the observational method to 
DIN 1054 may be used to verify the forecast.

10.7 Inspection Criteria, Tolerances and Quality Assurance

The planning and execution of foundation systems with geosynthetic-encased 
columns requires appropriate inspection criteria and make special demands in 
terms of both acceptable tolerances and quality assurance.

Particular attention in terms of quality assurance shall be paid to control of reach-
ing load-bearing ground. When using the excavation method this can generally by 
done by inspecting the excavated material. When using the displacement method 
it shall be ensured that the load-bearing ground is reached by recording suitable 
machine parameters. If necessary, the connection to the load-bearing ground shall 
be verified by specifying installation criteria. They are specified as obligatory 
installation instructions on site, taking the stratification of the respective ground 
into consideration.
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A freely suspended casing with a top vibrator requires special monitoring to 
ensure correct installation.
A log is kept for each column. The following minimum data are recorded, checked 
and documented in the column log:
 – column ID and consecutive manufacture number,
 – manufacturing method,
 – type and relevant data of the vibrator used,
 – manufacturing time,
 – column diameter,
 – finished diameter of geosynthetic casing,
 – type of geosynthetic casing (type and strength),
 – column fill ID,
 – end depth,
 – height of column head.
 – When using the excavation method:

 � length of support casing,
 � excavation data (e.g.: load-bearing ground reached and checked),

 – When using the displacement method:
 � length of displacement casing or deep vibrator,
 � machine parameters to verify reaching load-bearing ground or a confirma-

tion that the installation criteria were adhered to.
In individual cases, the following additional tolerances or demands must be 
met when manufacturing the foundations to guarantee the effectiveness of the 
method used.
The following variables are examined at the factory:
 – finished diameter of geosynthetic casing:

±1% of Dgeo but a maximum of ±1 cm,
 – installation diameter of column (support or displacement casing):

±0.5% of DColumn but a maximum of ±0.5 cm.
The following variables are randomly inspected on site on at least three columns, 
or at least 3% of all columns:
 – end depth or column toe embedment in load-bearing ground,
 – column head integration in cover fill,
 – position coordinates of column: max. 15 cm deviation from planned position

(if it is anticipated that this value will be exceeded the deviations caused as a 
result of the process used are taken into consideration in design),

 – column fill relative density.
In addition to the tolerances discussed above the demands on the column fill 
and the geosynthetic casing (including the minimum requirements as described 
in Section 10.5) are examined by appropriate suitability, self-monitoring and 
verification tests. The values discussed above are restricted further if special 
demands need to be met, e.g. deformation restrictions.
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If the casing is subjected to special, process-specific effects during column manu-
facture the reduction factor A2 for installation damage adopted during design is 
verified in the course of quality assurance (or self-monitoring/verification test) 
by testing appropriate specimens taken from test columns.

A quality assurance programme  adapted to the specific application is compiled 
taking the points discussed above into consideration.
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10.9 Worked Example: Geotextile-encased Columns

10.9.1 Input data

Geotextile-encased columns:
10%-grid
N aS = AS / AE = 0.1

rs = 0.4 m

Displacement methods

Geosynthetic casing:
J = 1,500 kN/m

rgeo = 0.4 m (no activation widening)
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Soft stratum:

hB,I = 1.0 m, i.e. the uppermost ground slab to a depth of 1 m below ground level 
is considered.

Groundwater level is below the ground slab.

′ = °ϕB 15
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m ,1

Column material:

′ = °ϕS 32 5.

γS SγSS/ /γSγSS′ 10 kN/m3

K Ka S agh a, =K h = =0 301 0for α β= δ

Load:

Actions in the column head plane:

σ0 100= kN/m2

10.9.2 Analysis

10.9.2.1 Determining Primary Stresses

In the centre of the ground slab:

σ��u B��, . .= ⋅ ⋅ =0 5. 1 0. 15 7 5. kN/m2

σ γu S S h, . . . .⋅γS = ⋅ ⋅0 5.0 5 1 0. 19 0 9= 5 kN/kk m2
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10.9.2.2 Assuming the Load Redistribution Factor E
Here: initially determined after iteration is complete

E = 0.66
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10.9.2.3 Determining the Stiffness Parameter
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10.9.2.4 Deformation at the Column Edge
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10.9.2.5 Determining Settlement
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under consideration. The total system settlement is given by adding the 
respective settlements of the individual ground slabs.

10.9.2.6 Analysing Circumferential Tensile Force
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Note: The maximum circumferential tensile stress of all ground slabs is the 
governing design value!
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   11 Overbridging Systems in Areas Prone to Subsidence

11.1 General Recommendations

Collapses are represented by crater-like subsidence on the ground surface, 
generally appearing suddenly. They occur though the collapse of subterranean 
cavities, stoping upwards with time until they finally break through to the surface. 
Dolines, sinkholes, glory holes and collapsed shafts are differentiated according 
to the manner in which they were created.

Dolines are cavities created by natural dissolution and subrosion processes in 
soluble or erosion-sensitive rocks (see Figure 11.1).

Sinkholes and glory holes form by the upward stoping of inadequately stabilised 
subterranean mine works, such as headings, galleries and chambers. In contrast 
to glory holes, sinkholes are limited to a few metres in diameter.

Collapsed shafts form by a generally sudden collapse of backfill or other material 
in shafts or from shaft caps and the overlying fill material near the top of shafts.

Note: In addition to the crater-like subsidence described here, fissure-like col-
lapses and movements are known (e.g. slope cracks or terraces). Bridging 
such subsidence with geosynthetics is not dealt with here.

Determining the general regional sinkhole hazard, estimating the degree of 
hazard, delineating the threatened area and gathering information on the type, 
geometry and dimensions of the potential collapse is generally performed by the 
geological surveys of the federal German states, mining agencies and local ground 
investigation institutes. They should have years of experience in this field and be 
in possession of reliable statistics. These data are indispensible input variables for 
designing and analysing bridging structures using geosynthetics. Depending on 
the properties of the ground, the geometry of the funnel above mining-induced 
cavities can be forecast, or at least estimated. See FENK (e.g. [1]) for details.

If areas prone to subsidence hazards are crossed by new build transport routes, 
preventive stabilisation is required. Because complete stabilisation of subter-
ranean cavities is seldom possible, this generally consists of bridging structures 
leading the transport route across the entire length of the subsidence prone area. 

Figure 11.1  D  oline evolution

Recommendations for Design and Analysis of Earth Structures using 
Geosynthetic Reinforcements (EBGEO). German Geotechnical Society.
© 2011 Ernst & Sohn GmbH & Co. KG. 
Published by Ernst & Sohn GmbH & Co. KG.
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The following methods may be considered:

 – bridge-like reinforced concrete structures above or on the ground,
 – reinforced concrete slabs below or within the transport route pavement,
 – geosynthetic-reinforced earth structures below the transport route subgrade.

If local, limited collapses occur in an existing transport route the following 
stabilisation options are known and are often employed in combination:

 – stabilising the subterranean cavity,
 – backfilling the collapse crater,
 – sealing the upper region of the collapse crater,
 – bridging the collapse by means of a reinforced concrete structure (bridge, slab),
 – bridging the collapse by means of a geosynthetic-reinforced earth structure.

All stabilisation options discussed above can be supplemented by monitoring 
and warning systems, making it possible to localise collapses at any time during 
the entire design working life of the structure.

11.2 Desig n

11.2.1 Principles and Definitions

Two stabilisation principles are differentiated in terms of the extent of stabilisa-
tion measures:

 – The principle of complete stabilisation assumes that stability is guaranteed 
during the entire design working life tb (tb = lifetime = operating period) of 
the highway and no restrictions in highway use occur as a result of collapses. 
Accordingly, the allowable subsidence in the highway pavement is very low. 
Highway remediation following collapse damage is not planned. If the use of 
geosynthetics is planned the geosynthetics do not generally represent the only 
stabilisation element, but are usually used in combination with other stabilisa-
tion elements, such as stabilisation of the overlying soil strata, for example.

 – The principl e of partial stabilisation assumes that local subsidence is allowed 
in the highway pavement. However, it may not exceed a defined maximum 
subsidence limit ds,max. or the ratio ds,max / DS (ds,max. = maximum subsidence; 
DS = diameter of subsidence depression) within a defined load duration td 
(td = minimum load duration) (designations: see Figure 11.2). The subsid-
ence limit is specified according to the type of vehicle and the anticipated 
live loads. The load duration is selected on a project-specific basis such that 
the highway subsidence or the collapse is reliably detected during this period 
by the installed monitoring system or in the course of regular inspections of 
the structure. In highways engineering this is generally a few weeks. Planned 
traffic safety and collapse remediation measures are initiated immediately 
following subsidence detection. The partial stabilisation principle favours 
the use of geosynthetics.
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Figure 11.2  Designations

Hi gh tensile strength or low-creep geogrids, geowovens or composites are gen-
erally used for geosynthetic bridging structures. Their load-bearing synthetic 
elements (ribbons, ribs, fibres) are arranged orthogonally.

Geosynthetics are usually installed in parallel and overlapping layers to form a 
geosynthetic layer. If high tensile forces need to be transferred, double layers 
are also possible. The geosynthetic layer then consists of two sheets in direct 
contact, which also overlap in the transverse direction.

The geosynthetic reinforcement consists of at least one layer of geosynthetics 
(one-ply installation). For a two- or more ply installation the layers may be 
installed in parallel or orthogonally. The right side of Figure 11.3 shows an 
example of a one-ply geosynthetic reinforcement installed longitudinally only. 
The left side shows a two-ply, installed longitudinally and transversely.

Figure 11.3  Two examples of geosynthetic reinforcements
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Isotropic and anisotropic conditions are also differentiated for geosynthetic 
reinforcements. An isotropic geosynthetic reinforcement is assumed for the 
following construction methods, for example:

 – one-ply reinforcement, consisting of an isotropic geosynthetic (JL = JQ),
 – two-ply reinforcement, consisting of two identical, anisotropic geosynthetics 

(JL � JQ), installed orthogonally.

An anisotropic geosynthetic reinforcement is assumed for the following con-
struction methods, for example:

 – one-ply reinforcement, consisting of an anisotropic geosynthetic (JL � JQ),
 – two-ply reinforcement, consisting of two anisotropic geosynthetics (JL � JQ), 

installed in parallel.

An extremely anisotropic geosynthetic reinforcement is assumed if the axial stiff-
ness in the machine direction (JL) is at least ten times that in the cross machine 
direction (JQ) and the limiting strain in the cross machine direction is at least 
twice the limiting strain in the machine direction.

The geosynthetic reinforcement is installed within an earth structure, known as 
the composite base course. The composite base course is installed in the natural 
ground after an excavation is created and following stabilisation of the excavation 
level. The excavation level is located at the required engineering depth below 
ground level (see Figure 11.3, for example).

The composite base course forms part of the bridging zone. The height of the 
bridging zone is dependent on the selected structural model and can surpass the 
height of the composite base course. The region above the bridging zone cor-
responds to the subgrade of the respective highway.

The geosynthetic reinforcement is adequately anchored in both the longitudinal 
and transverse highway directions. The geosynthetic reinforcement must therefore 
be installed longitudinally to outside of the subsidence prone area. In the trans-
verse direction the geosynthetic reinforcement is installed to sufficiently protrude 
laterally such that the anchorage remains within the subsidence prone area, but 
outside of the area impacting on the highway (see Section 11.2.2.2). The anchorage 
is usually executed as a planar anchorage (see Figure 11.3, for example, right 
side); wrap-around anchorages are also common to lessen the lateral excava-
tion width (see Figure 11.3, for example, left side). Anchorage lengths parallel 
(longitudinal) to the highway are designated by LL. In the transverse direction 
the anchorage lengths of parallel geosynthetic layers are designated by Ll and 
those of transverse geosynthetic layers by Lq (see Figure 11.3, for example).

The longitudinal geosynthetic layers are  installed with overlaps transverse to 
the highway and – for longer web lengths – also parallel to the highway. The 
transverse geosynthetic layers are generally only overlapped parallel to the 
highway. The overlapping length parallel to the highway is designated by ÜL 
and that transverse to the highway by Ül for longitudinal geosynthetic layers. 
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The overlapping length parallel to the highway is designated by ÜQ for the 
transverse geosynthetic layers (see Figure 11.3, for example).

11.2.2 Design Notes

The design consists of all necessary diagrams, all stability analyses and an ex-
planatory report with a quality assurance plan. The explanatory report describes 
the geotechnical and structural situation, and the demands on the structure and 
its execution. The load-bearing structural system is selected. The system and 
the load assumptions are described. A statement on the monitoring and warning 
systems is made.

11.2.2.1 Explanatory Report

The explanatory report includes the following points:

1. Results of the geotechnical, historical and structural investigations with in-
formation on:
 � the cause, geometry and size of the collapse being bridged,
 � the impacts effectively causing the failure (geogenic, anthropogenic),
 � the ground properties as they are relevant to the bridging structure.

 This information can generally be taken from the geotechnical report.

2. Information on:
 � the dimensions of the governing collapse in plan,
 � the geometry of the collapse in section,
 � the geotechnical properties of the support (ground) in the collapse bound-

ary zone.
 A geometrical model of the collapse is developed from the data (Point 1) 

to facilitate designing the bridging structure. The geometry of the crater 
boundary is also given. Two examples of crater boundary forms are shown 
in Figure 11.4. The value of D0 can generally be taken from the geotechnical 
report. The value of the design diameter D is specified by the designer. Further 
information can be found in [1], [2].

3. Information :
 � on the demands on the structure in terms of the required structural safety 

(failure probability),
 � on serviceability,
 � on the required operational life (complete or partial stabilisation, see 

Section 11.2.1).

4. Developing the Structural Model
 The bridging structure is designed to comply with the stability analysis results 

in conjunction with the selected structural model, based on the demands made 
(Point 3) and taking the support conditions on the ground (Point 2) into con-
sideration (see Section 11.2.6).
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5. Monitoring the completed structure
 Monitoring measures are required to assess the safety and serviceability of 

the bridging structure (see Section 11.4).
 The logging, registration and evaluation of monitoring data within and below 

the bridging structure forms the basis for any additional measures required.

6. Planning stabilisation and remediation measures after the collapse has occurred
 If collapses occur planned safety measures (e.g. road closur es) and reme-

diation measures (e.g. backfilling the detected collapse) are carried out (see 
Section 11.4), similar to the procedure used in the observational method 
(DIN 1054).

11.2.2.2 Determining the Width of the Stabilised Area
The excavation level, upon which the composite base course is installed, is located 
at the required engineering depth. If the highway is located on the embankment, 
the geosynthetic reinforcement is located in or below the embankment contact 
zone. The excavation depth for transport routes at ground level and in cuttings is 
given by the selected structural model.

The composite base course extends below the highway for an installation width 
Btotal, which is given by the action widths B and the anchorage lengths of the 
geosynthetic reinforcement Ll on both sides of the highway (see Figure 11.5):

B B Ltotal lL+BB + 2 . Eq. (11.1)

The width B requir ing stabilisation is given by:

B BV V D= +BV ⋅ ⋅2 2B BVB B⋅BB + α( )H HD + H tan , Eq. (11.2)

where a load d  istribution angle of 45° < 7 < 60° is selected for lateral load dis-
tribution B77, depending on the soil type and with a starting point between the 
non-stabilised and the stabilised base course (highways engineering) or between 

Figure 11.4  Two examples of crater boundary forms
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the non-stabilised base course and the track ballast (railways engineering). If on 
top of the embankment (see Figure 11.5), the end point of the lateral load distribu-
tion line remains outside of the imaginary slip plane, which intersects the upper 
slope edge at an angle of ) = 45° + 
 / 2.
Figure 11.6 shows an example of subsidence stabilisation below an embankment 
in plan. The installation width is given by the width of the stabilised zone and 
the transverse anchorage lengths.
If the geosynthetic reinforcement consists of a longitudinally installed, extremely 
anisotropic geosynthetic, the installation width is increased structurally (see 
Table 11.4).
To ensure horizontal frictional connections in geosynthetic webs installed in 
parallel, sufficient transverse overlapping width or length shall be demonstrated, 
as well as longitudinally, if necessary (see Section 11.3.2.6). A minimum overlap-
ping length of 50 cm is necessary perpendicular to the roll-out axis, depending 
on the structural model used. The required overlap length must generally be 
demonstrated in terms of the respective application for overlapping parallel to 
the roll-out axis and the route (ÜL). The overlapping is staggered for geosynthetic 
webs installed in parallel.
Methods allowing compensation of unavoidable deformations of the bridging 
structure are especial ly suitable for use with pavement structures (e.g. bitumen 
pavement on highways, ballast bed on railways).

Figure 11.5  Exemplary composite base course on a highway embankment
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11.2.3 Ground and Materials

11.2.3.1 Excavation Level
The excavation level must display adequate  bearing capacity to allow safe site 
traffic and allow  the required compaction of the composite base course (see 
Section 11.2.3.2), as well as accepting the loads from the bridging structure (see 
Section 11.5).

11.2.3.2 Composite base course Materials
The materials used in the composite base course are fill soil and geosynthetics.

Materials described in Section 2.1.2 are used as fill soils, as well as soils and 
aggregates improved and stabilised with binders. These fill soils are compacted 
in accordance with the demands developed in the structural design phase. 
Minimum requirements are controlled by the relevant rail operator’s regulations 
(e.g. ZTVT-StB, RiL 836).

11.2.3.3 Geosynthetic Reinforcement
It is assumed that the reinforcement is not subjected to tensile stresses before the 
collapse occurs. After the collapse occurs the reinforcement must prevent failure 
of the structure in conjunction with the fill soil and limit surface deformation to a 
defined value. Both requirements shall be met for a specified duration (load dura-
tion td for partial stabilisation, design working life tb for complete stabilisation).

The information listed in Section 2.2 and 3 is required to design and select the 
geosynthetic products.

11.2.3.4 Bridging Zone Materials
The properties of the bridging zone materials depend on the structural model used 
(see Section 11.2.6). If the bridging zone needs to display tensile strength proper-
ties, it is often manufactured from binder-stabilised soils. If other soils are used 
they must demonstrate at least the shear properties of the composite base course.

11.2.3.5 Subgrade
The subgrade above the bridging zone is manufactured in accordance with the 
relevant operator’s regulations.

11.2.4 Load Assumptions and Load Cases

The design approaches are defined relative to DIN 1054, in particular in terms 
of the Action Combinations (AC), Safety Classes (SC) and Load Cases (LC).

The characteristic values for live loads are defined as discussed in DIN Fach-
bericht 101 [13].
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11.2.5 A  llowable Deformations

The allowable deformations on the highway pavement depend on the operator’s 
project-specific requirements and are specified case-by-case.

For example, the following criteria are adopted for highways:

 – motorways, A-roads and similar routes, extra urban:
0.01 � ds / Ds � 0.017,

 – A-roads and similarly trafficked urban routes and other extra urban highways:
0.017 � ds / Ds � 0.025,

 – other urban highways and trafficked areas 
(e.g. car parks, access routes, escape and rescue routes):
0.025 � ds / Ds � 0.07

where:

ds max. subsidence on the road surface,
Ds max. diameter of subsidence depression on the road surface.

On railway lines with ballast beds and maximum permitted speeds up to 200 km/h 
the following values can be assumed for preliminary drafting of partial stabilisa-
tion measures:

 – ds / Ds � 0.002 and
 – ds � 1 cm.

Otherwise, the necessary information for design and execution is provided in the 
course of the approval procedure.

The choice of supplementary monitoring and warning systems to allow routes to 
be closed in a timely manner, and their type and configuration,     are specified to 
suit the structural model adopted and the project boundary conditions.

11.2.6 Structural Models

A structural system will develop within the bridging zone if a collapse occurs. 
The type and geometry of the structural system is determined by the following 
characteristics, among others:

 – size and shape of the collapse,
 – axial stiffness of the geosynthetic reinforcement,
 – shear strength and stiffness of the soils/aggregates in the bridging zone,
 – system stiffness of the bridging structure,
 – structural system support conditions (stiffness and shear strength of the 

support).
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Formation of the structural system above the collapse depends on the material 
properties of the geosynthetic reinforcement and the earth structure in the bridging 
zone, the configuration of the reinforcement layers and the ratio H/D (height of 
bridging zone and any earth structure above it to the design diameter).

Upward collapse stoping provokes deformation in the bridging zone and may 
lead to partial or complete failure. The physical models shown in Figure 11.7 
were primarily observed.

 Figure 11.7  Structural models
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Two formations are observed in soils with little or no cohesion and deep geosyn-
thetic reinforcement (known as a membrane):

 – If the soil material in the bridging zone has a low relative density large plastic 
zones occur above the collapse. In addition to the relative density, lateral de-
lineation of the failure zone depends on the shear strength of the soil material; 
it is generally very steep. Models with and without adopted lateral reaction 
(friction in the failure plane) are differentiated (see Figure 11.7, 1a and 1b).

 – If the relative density in granular soils is high (high relative compaction) 
an arch structure can form in the bridging zone given adequate thickness. 
The sheared material below the compression zone increasingly impacts on 
the geosynthetic reinforcement by means of its dead load and any surcharge 
(Figure 11.7, 2a). With time the arch can collapse, in particular when subjected 
to dynamic loads, such that the reinforcement is subjected to the full surcharge 
(in analogy to Figure 11.7, 1a).

An arch is also formed in structures comprising binder-stabilised soils with high 
tensile strength geosynthetics (Figure 11.7, 2b). The sheared material below the 
arch also increasingly subjects the geosynthetic reinforcement to its load. Tensile 
forces promoting the load-bearing behaviour of the apex of the arch are activated 
in geosynthetics with very high axial stiffness. The structural system then re-
sembles an arch with a high tensile strength tie-beam. Eventually the geosynthetic 
reinforcement is subjected to a permanent, uniform surcharge.

Analytical methods have been developed for the physical models. Table 11.1 
shows a summary of the physical characteristics employed by the best known 
analysis methods (also see Section 11.6).

Table 11.1  Physical  characteristics of the best known analysis methods

Name 
of struc-
tural 
model

Geometry 
of failure 
body

Name of 
method, 
literature 
name

Method characteristics Struc-
tural 
model 
shown 
in Fig-
ure 11.7

With 
arching

With 
lateral 
reaction

With 
decom-
paction

Failure 
model

Truncated 
cone

BS 8006 No No No 1a

B.G.E. Yes Yes Yes 1a/1b

Cylinder GIROUD No Possible No 1a/1b

R.A.F.A.E.L. No Yes Yes 1b

Arch 
model

Spherical 
segment

A.S.T. Yes No No 2b

BGE Yes No Yes 2a
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 11.3 Analyses

11.3.1 Analysis Principles

Analysis methods for bridging subsidence using geosynthetic reinforcements are 
the subject of continuous scientific development. Only current knowledge and a 
few selected approaches and analysis methods can therefore be described below. 
It is the responsibility of the analyst to find the most suitable method for the ap-
plication at hand. It shall be selected such that as realistic a model as possible is 
achieved (see Section 11.2.6) and all analyses described below can be performed 
with the requisite accuracy and economy.

According to DIN 1054 analysis of the stability of geosynthetic-reinforced bridg-
ing systems must encompass analysis of the ultimate limit state (ULS) and the 
serviceability limit state (SLS).

Generally, only failure planes intersecting the reinforcement layers (analysis of 
reinforcement bearing capacity) or enveloping the reinforcement layers (analysis 
of reinforcement anchorage) need be investigated for analysis of the bearing 
capacity of geosynthetic-reinforced subsidence bridging in the STR limit state. 
Investigation of large-scale failure planes, for example running from deeper 
within the subsidence cavity diagonally upwards around the geosynthetic re-
inforcement and to the surface, is not generally necessary. This is because it is 
assumed that the excavation level used to support the composite base course is 
adequately stable. Moreover, the design diameter of the collapse is selected from 
the outset such that any crumbling or widening at the upper edge of the collapse 
crater are already incorporated. Finally, it is assumed that the anchorage lengths 
of the geosynthetic layers are adequately dimensioned to prevent pull-out of the 
geosynthetic anchorage and slippage into the funnel.

The serviceability analysis comprises analysis of the allowable surface deforma-
tions as a result of a deformation of the geosynthetic reinforcement immediately 
above the collapse. In addition, the total system deformation may also include 
ground settlement and intrinsic settlements in the composite base course, as well 
as the overlying layers.

In contrast to the usual geotechnical procedure, it has proven reliable in sinkhole 
bridging applications to specify an allowable characteristic deformation in the 
pavement plane and then to carry out the STR limit state analyses in terms of 
failure and strain. The serviceability analysis is thus confirmed. Figure 11.8 shows 
an analysis flow diagram.

Adopting the limit value for the maximum surface subsidence ds,max. and the 
adopted structural model (see Section 11.2.6) the maximum sag dmax. of the se-
lected geosynthetic reinforcement is determined and assessed in terms of a speci-
fied sinkhole diameter. The maximum geometric strain �geom of the geosynthetic 
elements in the longitudinal and transverse directions is determined from this. 
This represents a guide value for preselection of the geosynthetic reinforcement.
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Adopting the axial stiffness of the selected reinforcement it is demonstrated that 
the geometric strain �geom is no greater than the allowable strain �B of the selected 
geosynthetic during the design period. The allowable strain �B is given by the fol-
lowing stress analysis as a function of the structural model and the load duration 
from the isochrones of the selected geosynthetic. The smaller of the two values 
�geom and �B is the governing design strain �d.

Based on the normal stresses acting on the geosynthetic reinforcement due to the 
dead weight of the ground and live loads, the design values of the normal stresses 
are first calculated by multiplying by the partial safety factors � for actions to 
DIN 1054, Table 2 using Equation (11.3):

σ σ γ σ γv d v G k γ v Q k Qγ, ,d v ,k Gγ v ,⋅σ G k + ⋅σv Q k  Eq. (11.3)

Depending on the load transfer model and the type of geosynthetic reinforce-
ment three cases are differentiated when determining the tensile effects Ed (see 
Table 11.2):

Figure 11.8  Ana lysis flow diagram
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 – biaxial load transfer model, isotropic geosynthetic reinforcement,
 – biaxial load transfer model, anisotropic geosynthetic reinforcement,
 – uniaxial load transfer model, extremely anisotropic geosynthetic reinforce-

ment.

It is possible to determine the characteristic tensile stress Ek with the aid of several 
analytical design methods for the ‘biaxial load transfer model’ and the ‘isotropic 
geosynthetic reinforcement’. It is assumed that the stress in the reinforcement 
is equal in the machine and cross machine directions. Only the B.G.E. analysis 
method is described in detail in these recommendations (see Section 11.3.2.1). 
The A.S.T. method is briefly described as a special method (see Section 11.3.2.3).

Differing tensile stresses result for the ‘biaxial load transfer model’ and the 
‘anisotropic geosynthetic reinforcement’ as a function of the axial stiffnesses in 
the machine and cross machine directions. Only the B.G.E. method is available 
as analytical design method for this case (see Section 11.3.2.2).

The case of a ‘uniaxial load transfer model’ and an ‘extremely anisotropic geo-
synthetic reinforcement’ is assumed if the reinforcement is rolled out parallel to 
the highway and the axial stiffness in the machine direction is at least ten times 
that in the cross machine direction, and the limiting strain in the cross machine 
direction is at least twice the limiting strain in the machine direction. Load is 
then primarily transferred in the machine direction and only subordinately in the 
cross machine direction. Several analytical design methods are also available for 
this case. Analysis is carried out in the machine direction only. For reasons of 
structural preservation only a minimum tensile strength is assumed in the cross 
machine direction. Only the R.A.F.A.E.L. method is described in more detail in 
these recommendations (see Section 11.3.2.2).

Table 11.2  Types of ana lysis method

Load transfer 
model

Biaxial Biaxial Uniaxial

Reinforcement Isotropic Anisotropic Extremely 
anisotropic

Schematic 
principle

Analysis methods BS 8006 [3]
Giroud et al. [4]
B.G.E. [5]
A.S.T. [6]

B.G.E. [5] Giroud et al. [4]
R.A.F.A.E.L. [8]
BS 8006 [3]
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Note: The tensile forces can also be determined with the aid of numerical analy-
sis methods (e.g. finite element method). They are not the subject of these 
Recommendations; only analytical methods are dealt with here.

After determining the various tensile stress design values Ed the bearing capacity 
is analysed using the general limit state equation (Eq. (11.4))

d dE R� , Eq. (11.4)
where Rd represents the respective design value of the various resistances.
In extreme cases the following analyses may be required, depending on the load 
transfer model and the geosynthetic reinforcement:
 – analysis of the bearing capacity of the geosynthetic reinforcement parallel 

to the highway,
 – analysis of the bearing capacity of the geosynthetic reinforcement transverse 

to the highway,
 – analysis of the bearing capacity of the geosynthetic reinforcement in the 

overlap zone transverse to the highway,
 – analysis of the bearing capacity of the geosynthetic reinforcement in the 

overlap zone parallel to the highway,
 – analysis of the anchorage of the geosynthetic reinforcement parallel to the 

highway,
 – analysis of the anchorage of the geosynthetic reinforcement transverse to 

the highway.
The design v     alues of the friction resistances (see Section 11.3.2.6) govern analysis 
of the bearing capacity in the overlap zones and the design values of the pull-out 
resistances (see Section 11.3.2.5) govern analysis of the anchorages.

11.3.2 Design

11.3.2.1 Determining the Tensile Stress Design Values 
using the B.G.E. Method

The method of geosynthetic reinforcement design for overbridging systems in 
areas prone to subsidence (B.G.E. method (Bemessung von Geokunststoffbeweh-
rungen zur Erdeinbruchüberbrückung)), based on [4]) is described for determin-
ing the design value of the tensile stress in biaxial load transfer models. It may 
be applied to both isotropic and anisotropic geosynthetic reinforcements. The 
analysis flow diagram is shown in Figure 11.9.

a) Specifying the subsidence contours 
 and determining the maximum depression on the road surface ds,max

In failure models a funnel-shaped subsidence depression extending to the road 
surface is adopted over the edge of the subsidence. If no precise investigations 
were carried out, a value of S = 85° is adopted for analysis. The diameter of the 
subsidence depression DS at the road surface is given by Eq. (11.5):
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D D H
S = +D ⋅2

tanθ
. Eq. (11.5)

ds,max. is given by the ratio ds / Ds, which is generally specified for the analysis 
(see Section 11.2.5).

When using the arching model approach the subsidence ds at the road surface is 
set to zero for the STR limit state analysis. In this case an additional deformation 
analysis is required for the serviceability limit state at the road surface. This can 
be provided by numerical analysis, for example.

b) Determining the allowable subsidence at the geosynthetic reinforcement
Subsidence is determined for the failure models with the aid of Eq. (11.5), which 
was adopted from the R.A.F.A.E.L. method [8] (see Section 11.3.2.2):

d d eHmax .ds ( )CeC+dsds 2 HH CeC⋅H  Eq. (11.6)

The decompaction factor Ce can be adopted for granular soils, taking a minimum 
relative compaction Dpr � 98%, with Ce = 1.03 for round-grained material and 
Ce = 1.05 for crushed aggregates.

Figure 11.9  Flow diagram for  determining actions using the B.G.E. method
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If these values are not adopted the decompaction factor is derived from large-
scale tests.

The following equation can be used for the temporary arching model:

d h emax ( )Ce⋅h  Eq. (11.7)

where:

h distance between the reinforcement plane and the base of the load-
bearing arch as shown in Figure 11.7, 2a),

Ce decompaction factor.

Assuming parabolic subsidence the analysis can be performed with the aid of 
the following relationship:

d DB B
3
8

2  Eq. (11.8)

where:

dB maximum allowable sag,
�B allowable strain on the geosynthetic.

Analysis is successful if dB � dmax.

Note: The maximum allowable sag is selected such that the allowable strain of 
the geosynthetic is not exceeded.

c) Determining the normal stresses
The three models shown in Figure 11.7 are utilised to determine the normal 
stresses. If no more detailed information is available these models are differenti-
ated by the following ratios:

 – H / D < 1 failure model without lateral reaction,
 – 1 � H / D � 3 failure model with lateral reaction,
 – H / D > 3 temporary arching model.

These minimum values may be waived if sufficient empirical data is available for 
the chosen system of sinkhole diameter, coverage ratio, geosynthetic reinforce-
ment and base course. The data may derived from practical experience or from 
large-scale tests.

Failure model without lateral reaction
The characteristic values of the normal stresses are calculated separately for the 
soil dead weight and live load components.

v k Kγ H, ,G ⋅γKγ  Eq. (11.9)

σv Q k kq,Q =  Eq. (11.10)
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where:

�k characteristic unit weight of the overlying soil strata,
qk characteristic value of the live loads.

Failure model with lateral reaction

In this case the normal stress acting on the geosynthetics is reduced on the basis 
of the TERZAGHI method [9] and [8]. The characteristic values of the normal 
stresses are calculated separately for the soil dead weight and live load compo-
nents.

σ
γ

ϕ

ϕ

v G k

k
k

ak k

K H
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D c
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4

 Eq. (11.11)

where :

�k characteristic unit weight of the soil strata above the geosynthetics,
ck characteristic value for cohesion,
D collapse diameter,
Kak characteristic active earth pressure coefficient (�a = 0),
qk characteristic value of the live load,

k characteristic value of the friction angle.

If cohesion is adopted it shall be ensured that it can be permanently activated 
with the assumed magnitude. The value may not be greater than:

c
D

k
k=
⋅γ
4

. Eq. (11.12)

Temporary arching model

If it is certain that the load-bearing arch remains stable for the design period and 
the decompacted zone does not wander upwards, e.g. as a result of dynamic or 
hydrological impacts, �v may be calculated from the soil dead weight below the 
arch. The height of the governing soil region below the load-bearing arch under 
a uniform live load of qk = 33.3 kN/m2 can be read off from diagrams [9].

A minimum of h / D = 1.0 is recommended. This recommendation may be waived 
if smaller ratios are demonstrated in large-scale tests under representative test 
conditions.

σ γv k Kγ h, ,G ⋅γKγ  Eq. (11.13)
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Determining the design value of the effects 
in the geosynthetic reinforcement
A geosynthetic reinforcement with known axial stiffness in the machine and cross 
machine directions is selected. The axial stiffness ratio U can then be determined.

ω =
J
J
cmd

md
 Eq. (11.14)

where:

Jcmd transverse axial stiffness for an assumed strain and load duration,
Jmd axial stiffness in the machine direction for an assumed strain and load 

duration,
md geosynthetic machine direction,
cmd geosynthetic cross machine direction.

For an isotropic geosynthetic reinforcement U = 1.0.

Inserting U gives the load components factors for the machine and cross machine 
directions as follows:

Xmd =
+
1

1 ω
 Eq. (11.15)

X Xcmd mX d1  Eq. (11.16)

The design values of the horizontal tensile forces are given by:

H
X D

dmd d
md G v k Q v Q k

,
, ,G ,Q

max

( )v G k v Q k,G ,Q(
=

⋅

γGG γQQ
2

8
 Eq. (11.17)

H
X D

dcmd d
cmd G v k Q v Q k

,
, ,G ,Q

max

( )v G k v Q k,G ,Q=
⋅

GG QQ
2

8
 Eq. (11.18)

The design values of the actions are determined using the following equations:

E F
H

md d mFF d d
md d

md
, ,d md

,

cos
=FF d d α

 Eq. (11.19)

E F
H

cmd d cmFF d d
cmd d

cmd
, ,d cmd

,

cos
=F d d α

 Eq. (11.20)

where:

7 angle at the geosynthetic boundary, dependent on type of geosynthetic, 
sinkhole radius, geometry of sinkhole boundary and sag in centre.
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Determining angle 77

The angle 7 at the collapse boundary is determined fo r a value pair x, y, where 
the distance to the sinkhole boundary (r – x) = 0.1 · r is:

α =
⋅

⎛
⎝
⎜
⎛⎛
⎝⎝

⎞
⎠
⎟
⎞⎞
⎠⎠

arctan
.
y

r0 1.
 Eq. (11.21)

where:
r radius of sinkhole depression r D

,
2

.

It can generally be assumed that the geosynthetic sag is parabolic. The y ordinate 
for calculating the angle 7 can be determined as follows:

y a x d⋅a 2  Eq. (11.22)

where:
d geosynthetic reinforcement sag,
a parabola coefficient: a d

r
=

−
2 .

In anisotropic geosynthetic reinforcements with an axial stiffness ratio Jmd / Jcmd � 2 
the sinkhole depression is more accurately described by an elliptical function.

y d
r

r x= ⋅ 2 2  Eq. (11.23)

where:

d geosynthetic reinforcement sag,
r radius of sinkhole depression.

11.3.2.2 Determining the Design Value of the Tensile Stress 
Based on the R.A.F.A.E.L. Method [8]

When analysing ‘extremely anisotropic’ geosynthetic reinforcements it is 
assumed that the tensile forces are only transferred in one direction. This applies 
to reinforcements accepting forces predominantly in one direction due to their 
material-specific configuration. This condition is regarded as met if:

Figure 11.10  Sag in geosynthetic reinforcement
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 – the axial stiffness ratio Jmd / Jcmd � 10
and

 – the ratio of the short-term strength limit strains �md / �cmd � 0.5

The design process does not incorporate cross machine tensile forces analyses. 
This method can be particularly recommended for geosynthetic reinforcements 
where the results of practical tests are available.

The designations can be taken from Figure 11.11. Analysis assumes that a cylin-
drical failure body forms above the geosynthetic reinforcement.

Figure 11.11  R.A.F.A.E.L. analysis model [8]

The allowable sag of the geosynthetic reinforcement is calculated with the aid of 
t  he allowable subsidence at the road surface using Eq. (11.24):

d d eHmax .ds ( )CeC+dsds 2 HH CeC⋅H  Eq. (11.24)

where:
Ce decompaction factor 

(Ce = 1.03 for round-graine d material; Ce = 1.05 for crushed aggregates; 
larger values may be adopted if they were determined in large-scale 
testing.) The magnitude of the proposed decompaction factors is the 
result of experience gained in tunnel engineering (see [10]).

H cover depth, see Figure 11.2.

The allowable geometric strain of the geosynthetic can be calculated from the 
allowable sag dmax. using the following equation:

εgeom
d

D
= ⋅⎛

⎝
⎜
⎛⎛
⎝⎝

⎞
⎠
⎟
⎞⎞
⎠⎠

8
3

2
max  Eq. (11.25)

The normal stresses acting on the geosynthetic are calculated analogous to 
Section 11.3.2.1 with the aid of Eq. (11.11).

The design value of the actions is calculated using Eq. (11.26). �d is the smaller 
of the two values �geom and �B (cf. Section 11.3.1).
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E F D
d dFF G v k Q v Q k

d
=FdF ⋅ ⋅ +

⋅
( )v G k v Q k⋅ +v G k Q k, ,GG ,QQγGG ⋅ γQQ ⋅

ε2
1 1

6
 Eq. (11.26)

11.3.2.3 Special Methods
The method for construction and design of t  he reinforced stabilised base course 
(Armierten Stabilisierten Tragschicht (A.S.T. method)) above collapses [5], [11] 
can be adopted for both isotropic and anisotropic geosynthetic reinforcements. 
An anisotropic reinforcement shall be installed orthogonally and in two-ply. The 
structural system is shown schematically in Figure 11.7, 2b.

A prerequisite for applying this analysis method is the production of a base course 
above the geosynthetic reinforcement, stabilised by binders. The reinforcement 
itself is embedded in a composite base course of coarse-grained soil or aggregates.

The thickness of the binder-stabilised base course is designed such that an arch 
forms if a collapse occurs. The compressive strength of the base course shall 
be high enough that the compressive stresses in the apex and the abutments are 
safely accepted.

Figure 11.12  Flow diagram of A.S.T. method
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Due to the stiffness of the surface of the stabilised base course the deformation 
above the collapse can be practically ignored.

Figure 11.12 shows a flow diagram of the analysis.

11.3.2.4 Determining the Required Short-term Tensile Strength
The design values of the effects were c alculated in Sections 11.3.2.1   to 11.3.2.3. 
Now the working design resistance of the geosynthetic is analysed.

This consists of two different, individual analyses:

 – strength-related determination of the required short-term tensile strength (see 
Section 3). 
This analysis is performed separately for the machine and cross machine 
directions for anisotropic geosynthetic reinforcements.

 – strain-related determination of the required short-term tensile strength with 
the allowable long-term utilisation factor (see Section 3).
The largest short-term tensile strength FB,k0 determined at the given times is 
the governing strength.

The maximum value from the two individual analyses is adopted for design.

11.3.2.5 Analysing Anchorage Lengths
The geosynthetic reinforce  ment parallel to the highway must therefore be anchored 
outside of the subsidence prone area. Load distribution in the cross machine 
direction depends on the ground surface and, depending on the design method 
used, the design diameter of the potential collapse. The anchorage length can only 
begin at the edge of this imaginary collapse (see Section 11.2.2.2).

The design tensile forces Ed determined using the methods described in Sections 
11.3.2.1 to 11.3.2.3 are secured against pulling out in the fill soil. If only little 
room is available for anchorage the geosynthetics may be wrapped around or 
installed in an anchor trench.

The required anchorage length for the respective anchored direction of move-
ment is given by rearranging the equation for pull-out resistance as discussed in 
Section 2.2.4.11 with n = 2:

L
E

fA
d B

v k sgff k
≥

⋅
⋅ ⋅f k

γ
σ , ,k sg 2

 Eq. (11.27)

In the case of biaxial, anisotropic geosynthetics the sinkhole diameter D need no t 
be included for anchorage in the cross machine direction if engineering measures 
are taken to ensure that no load transfer occurs in that direction. The minimum 
requirements of column 3 in Table 11.3 shall be adhered to accordingly.

  The minimum requirements for the overlap lengths of extremely anisotropic 
reinforcements as given in Table 11.4 shall be noted for cross machine anchoring.
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11.3.2.6 Analysing Overlap Lengths
The overlap lengths in the machine and cross machine directions (see Sec-
tion 11.2.1) are designed such that the tensile force in the respective section be 
transferred with adequate safety. The governing tensile force Ed is calculated 
using the methods described in 11.3.2.1 to 11.3.2.3.

Analysis of the overlap lengths is carried out analogous to analysis of the an-
chorage length (see Section 11.3.2.5). The number of adoptable friction planes 
n is found to be n = 1 for complete failure of the composite soil layers above 
the geosynthetic and n = 2 for pull-out from the anchorage zone. The required 
overlap length in the machine direction (ÜL) and the cross machine direction (Ül) 
is given by Equation (11.28):

Ü Ü
E

f nL l
d B

v k sgff k
)ÜlÜ

, ,k sg
≥

⋅
⋅ f

γ
σ

 Eq. (11.28)

In the overlap zone the adopted characteristic value of the friction coefficient fsg,k 
is the smaller value of the friction angle between the geosynthetic reinforcement 
and the fill soil or between geosynthetic and geosynthetic. The friction bond is 
enhanced if fill soil with a higher friction angle is used in the reinforcement plane. 

Table 11.3  Minimum requirements for anchorage lengths

Load transfer 
model

Biaxial Biaxial Uniaxial

Reinforcement Isotropic Anisotropic Extremely 
anisotropic

1 2 3

Schematic 
principle

Anchorage length L L

L L D
L AL md

l A cmd +LAL cmd

,

,

L L

L L
L AL md

l A cmdLAL cmd

,

, ( )D+

L L

L
m
B

D

L AL md

l

d

≥
≥ ⋅
≥ ⋅ ⋅

⎧

⎨
⎪
⎧⎧

⎨⎨

⎩
⎪
⎨⎨

⎩⎩

,

.

.

.

0 5.
0 1.
2 0. ε

(The larger value 
is the governing 
value.)
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If an unfavourable friction coefficient is assumed for the geosynthetic/geosyn-
thetic contact plane, the friction bond can be improved by introducing a thin, 
intermediate aggregate layer.

For geosynthetics installed in parallel the design diameter D is included in the 
overlap length parallel to the highway (ÜL), calculated using Equation (11.28). 
In calculating the overlap length in the cross machine direction (Ül) enlargement 
by D is not necessary, because it is assumed that if a collapse occurs the load is 
redistributed longitudinally around the breach.

The following  minimum overlap length requirements thus follow as a function 
of the selected design method (Table 11.4):

Anisotropic, orthogonally installed geosynthetic reinforcements guaranteeing 
biaxial load transfer are dealt with as shown in column 3 of Table 11.4.

11 .3.3 Safety Theory Analysis

A bridging system reinforced with geosynthetics displays pronounced ductility. 
For short periods, and if larger deformations are allowed, the system can therefore 
bridge a collapse with a greater diameter than the design diameter (D) specified 
in the design. The tensile strength of the reinforcement is reached in the limit 
strain state, which is far removed from the allowable strain in the serviceability 

Table 11.4  Minimum requirements for overlaps

Load transfer 
model

Biaxial Biaxial Uniaxial

Reinforcement Isotropic Anisotropic Extremely 
anisotropic

Schematic 
principle

Overlap length �� ��

�� ��
U U D

U U
L AU md

l AU cmd

+UAU md,

,

�� ��

�� ��
U U D

U U
L AU md

l AU cmd

+UAU md,

,

�� ��

��

U U D

U
m
B

D

L AU md

l

d

+UAU md

≥
≥ ⋅
≥ ⋅ ⋅

⎧

⎨
⎪
⎧⎧

⎨⎨

⎩
⎪
⎨⎨

⎩⎩

,

.

.

.

0 5.
0 1.
2 0. ε

(The larger value 
is the governing 
value.)
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limit state. Thus, the bridging system displays residual safety and bearing capacity 
reserves which can be utilised in the event of larger than anticipated collapses 
occurring. In the design, the residual safety can be determined in an additional 
analyse and be taken into consideration in a hazard scenario.

It is recommended to first determine the reinforcement for the previously specified 
design state, i.e. for the design diameter (D) and the bridging duration (td). Both the 
serviceability and the STR limit states (complete stabilisation: Load Case 1; partial 
stabilisation: Load Case 2) are designed for. Analysis of the residual safeties can 
be useful in certain cases. This is the case, for example, if the anticipated sinkhole 
diameter does not appear to be sufficiently reliable statistically. The maximum 
bridgeable sinkhole diameter for LC 3 is determined for a specified bridging 
duration td (e.g. 1 week, 1 day). In contrast to the allowable design subsidence 
the maximum subsidence in the pavement plane in the serviceability limit state 
can be specified in cooperation with the client (rail, road, etc.).

Because  the required reinforcement anchorage and overlap lengths increase with 
increasing reinforcement utilisation factor, the required reinforcement anchorage 
and overlap lengths are also determined during the safety analysis. If the anchorage 
and overlap lengths are designed for the maximum bridging collapse diameter, the 
residual safeties determined may be utilised, if need be. If an anchorage or overlap 
is designed for the collapse design diameter only, the residual safeties are very 
low, because the bearing capacity of the anchorages becomes the governing factor.

11.4 Applying the Observational Method

Using the observational method the numerical analyses are supplemented by 
visual and/or instrumented inspections, which are carried on through both the 
construction phase and the design working life. This allows subterranean collapses 
and critical situations at the road surface to be detected in time.

The basis for the observational method is given by DIN 1054. The monitoring 
systems employed may also comprise warning systems.

The monitoring and warning systems are generally used in the following cases:

 – Design using the partial stabilisation principle:
depending on the duration of the load on the partial stabilisation visual ob-
servation of the road surface may be sufficient, if the observation intervals 
guarantee that any deformations of the road surface are detected in time.

 – Design taking arching into consideration:
in this case the deformations within or below the plane of the geosynthetics 
are monitored by instruments.

 – If the safety reserves are utilised as planned:
instrumented observation in the plane of the geosynthetics is also necessary 
here.
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The following methods may be used for inspection or in conjunction with a 
warning system:

 – Monitoring systems on the road surface:
 � visual inspection of the road surface including subsidence and cracking by 

regular foot and mounted inspections, if possible by the same inspector,
 � pavement subsidence measurements with the aid of transportable flatness 

measuring equipment,
 � geodetic measuring system with the aid of zone mark ings or elevation 

measuring points arranged in a grid using automatic-display electronic 
monitoring systems (e.g. monitoring grids or strain gauges embedded in 
asphalt),

 – Monitoring systems within or below the plane of the geosynthetics:
 � signalling nonwovens,
 � horizontal extensometer,
 � hydrostatic deformation monitoring devices,
 � geosynthetics with i ntegrated deformation monitoring devices.

11.5 Notes on Execution

When manufacturing bridging structures the following points shall be noted in 
addition to the information in Section 11.2.3:

 – The excavation level shall be adequately load bearing before applying the 
composite base course. It shall also be flat and include a gradient.

 – The lowest geosynthetic reinforcement layer is installed on an at least 10 cm 
thick and adequately compacted layer of fill soil.

 – The geosynthetics are installed flat and without folds.
 – To achieve high installation efficiency and to minimise overlapping, web 

dimensions are optimised in terms of site boundary conditions by compiling 
an installation plan.

 – The structural demands on the geosynthetics, soils, relative compaction, layer 
thicknesses, anchorage and overlap lengths in the longitudinal and transverse 
directions, and monitoring systems are specified in an installation plan. They 
are shown in cross section and in standard profiles and additionally noted in 
a quality assurance plan and controlled on site.

 – Any deviations from the execution plans are logged.
 – Particular care shall be taken that anisotropic geosynthetic reinforcement webs 

are correctly installed (e.g. direction of the principal tension in longitudinal 
or transverse direction, upper or lower layer in longitudinal or transverse 
direction).

 – Parallel geosynthetic webs are preferably installed staggered longitudinally.
 – Following installation geosynthetics shall be quickly covered or surcharged 

with cover fill to protect them from mechanical damage and weathering. 
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Uncovered geosynthetics may not be directly traversed. The geosynthetics 
may only be traversed by heavy equipment once an at least 25 cm thick, 
penetration-proof fill soil layer has been emplaced. Lesser thicknesses may be 
employed if this was taken into consideration when specifying the A2 value.

 – Where pipelines cross, penetration of the geosynthetic reinforcement shall be 
avoided wherever possible. If they are unavoidable, they shall be adopted in 
the structural analysis and included in the installation plan.

 – The fill soil is installed by end-tipping, graded and compacted. The fill soil 
may not be tipped directly onto the geosynthetic layers. The degree of com-
paction of the composite base course is specified in the structural analysis. 
A relative compaction Dpr = 100% shall be aimed for. The relative compaction 
achieved shall be demonstrated.

 – Adequate overlap length in the roll-o ut direction ÜL of geosynthetic webs 
installed parallel to the highway shall generally be demonstrated.
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11.7 Worked Analysis  Example 1

Preventive stabilisation of a trafficked area against collapse using a one-ply 
geosynthetic reinforcement.

Design using the B.G.E. method:

 – biaxial load transfer,
 – anisotropic geosynthetic reinforcement.

11.7.1 Specifications

Height of surcharge above reinforcement: H = 2.0 m
Diameter of circular collapse in the 
reinforcement plane as per specifications: D = 1.0 m
Wet unit weight of fill material above 
reinforcement (including pavement): �k = 22.0 kN/m3

Friction angle of the soil emplaced in the 
bridging zone: 
k = 35°
Cohesion of the soil emplaced in the 
bridging zone: ck = 0.0 kN/m2

Live load VHGV 60: qk = 33.3 kN/m2

Design working life: tb = 60 years
Load duration: td = 1 week
Deformation criterion on the road surface 
as agreed with operator: d D Ds sD s≤ ⋅

1
60

0 017.

Load case as agreed with operator: LC 2
Maximum allowable reinforcement strain 
for load duration td = 1 week: �md,max. = 6%
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11.7.2 Allowable Reinforcement Sag and Strain

Adopted sinkhole angle: Sk = 80°

Diameter of subsidence depression 
on road surface: D D H

s
k

= +D ⋅
=

2 1 71
tan ( )θ

m

Maximum allowable subsidence 
at the road surface: ds,max = 0.017 · Ds = 0.029 m

Decompaction factor for the emplaced soil 
on the bridging zone (estimated): Ce = 1.05

Reinforcement sag at the maximum 
allowable subsidence at the road surface: dmax = ds,max + 2 · H · (Ce – 1) 
  = 0.23 m

Allowable geometric strain in the reinforcement 
resulting from the maximum allowable 
subsidence at the road surface: εmd geom

d
D,
max

. %

= ⎛
⎝
⎜
⎛⎛
⎝⎝

⎞
⎠
⎟
⎞⎞
⎠⎠
⋅⎛
⎝
⎜
⎛⎛
⎝⎝

⎞
⎠
⎟
⎞⎞
⎠⎠

=

8
3

0

2

Maximum allowable reinforcement strain 
for a load duration of 1 week: ε εmd zul mε d geom md,zul md ,maxi ( , )εmε d,max

.= 0 0. 6

Reinforcement sag at the maximum 
allowable strain: d D

m

md zulmax ,D md

.

⋅D ⋅

=

3
8

0 1. 5

ε

11.7.3 Preselecting the Geosynthetics 

Machine direction Cross machine direction

Short-term 
strength

Fmd,B,k0 = 200 kN/m Fcmd,B,k0 = 50 kN/m

Strain for short-
term strength

�md,k0 = 10.0% �cmd,k0 = 10.0%

Axial stiffness
J

F
md

mdFF B k

md k
= =, ,B

,
,0

0
2 000

ε
kN/m J

F
cmd

cmFF d B k

cmd k
= =, ,B

,

0

0
500

ε
kN/m
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11.7.4 Determining the Actions

11.7.4.1 Normal Stresses

Partial safety factor for Load Case 2 
to DIN 1054 (STR): �G = 1.20, �Q = 1.30

Characteristic earth pressure angle: �k = 0

Ground angle:  = 0°

Characteristic earth pressure coefficient: K Kagh k a k
k

k
, ,k a

sin ( )
sin ( )

.

=K k
−
+

=

1
1

0 271

ϕ
ϕ

Because H/D = 2.0/1.0 = 2.0 the acting normal stresses are determined using the 

‘failure model with lateral reaction’ 1 3⎛
⎝
⎜
⎛⎛
⎝⎝

⎞
⎠
⎟
⎞⎞
⎠⎠

H
D

:

σ
γ ϕ

v G k

k
k

a k kD c
D

K H
D

, ,G

, tK ( )ϕk

=
γ⋅

⋅⎛
⎝
⎜
⎛⎛
⎝⎝

⎞
⎠
⎟
⎞⎞
⎠⎠

⋅
⋅⎛

⎝
⎛⎛
⎝⎝

⎞
⎠
⎟
⎞⎞
⎠⎠

⎡

⎣
⎢
⎡⎡

⎣⎣

⎤

⎦

4 1 4
⎥⎥
⎤⎤⎤⎤

⎦⎦⎦⎦

⎧
⎨⎨
⎧⎧

⎩
⎨⎨

⎫
⎬
⎫⎫

⎭
⎬⎬

⋅ ⋅
=

4
22 63 2

Ka k k, tan ( )
.

ϕ
kN/m

σ ϕv Q k k a k kK H
D,Q , tK ( )ϕk ⋅
⋅⎛

⎝⎝⎝
⎞
⎠
⎟
⎞⎞
⎠⎠
=

4 7 3. 0 2kN/m

11.7.4.2 Load Component Factors

ωvorh
cmd

md

J
J. .= = 0 250

X Xmd
vorh

cmd mX d+
− =XX d

1
1

0 80 1X d =X d 0 20
ω .

. .cmd mX d80 Xcmd 0

11.7.4.3 Design Values of Horizontal Tensile Forces

Adopting dmax. = 0.15 m:

H
X D

dmd d
md G v k Q v Q k

,
, ,G ,Q

max

( )v G k v Q k,G ,Q(
.=

⋅
=

γGG γQQ
2

8
24 43 kN/m

H
X D

dcmd d
cmd G v k Q v Q k

,
, ,G ,Q

max

( )v G k v Q k,G ,Q .=
⋅

=GG QQ
2

8
6 1. 1 kN/kk m
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11.7.4.4 Design Values of Actions
The design values of the actions are a function of the angle 7 of the geosynthet-
ics in the collapse boundary zone. This depends on the type of geosynthetic, the 
sinkhole radius r and the sag in the centre dmax.

Adopting r = 0.5 m and dmax. = 0.15 m, and assuming that the sinkhole depression 
is parabolic in both the machine and cross machine directions, the angle 7 at the 
edge of the geosynthetic reinforcement is:

α =

−
⋅ ⋅ +

⋅

⎡

⎣

⎢
⎡⎡

⎢
⎢⎢

⎢
⎢⎢

⎢⎣⎣
⎢⎢

⎤

⎦

⎥
⎤⎤

⎥
⎥⎥

⎥
⎥⎥

⎥⎦⎦
⎥⎥
= °a

d
r

r⋅ d

r
tan

( .r − )

.
.

max
max2

21.

0 1.
32 66

The actions in the machine and cross machine directions are then:

E
H

md d
md d

,
,

cos
.= =

α
29 02 kN/m

E
H

cmd d
cmd d

,
,

cos
= =

α
7 2. 6 kN/kk m .

11.7.5 Determining the Design Values of the Resistances 
in the Machine and Cross Machine Directions

11.7.5.1 Adopted Reinforcement
Geogrid A 200/  50, one-ply installed parallel to the highway:

Fmd, B, k0 = 200 kN/m               Fcmd, B, k0 = 50 kN/m

11.7.5.2 Design Value of the Tensile Strength, 
Criterion 1: Reinforcement Creep Failure

Coefficient for creep, loading duration up to 1 month, 
data provided by geosynthetics manufacturer: A1 = 1.5
Coefficient for reinforcement damage during transportation, 
installation and compaction, data provided by geosynthetics 
manufacturer: A2 = 1.05
Coefficient for connections (no joins or connections): A3 = 1.00
Coefficient for environmental impacts (pH 2 to 12), 
using data provided by the geosynthetics manufacturer 
for a 60 year design working life: A4 = 1.00
Coefficient for dynamic actions (no actions): A5 = 1.00
Partial safety factor for flexible reinforcement elements, LC 2: �B = 1.30
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R
F

A A A A Amd B d
mdFF B k

B
, ,B

, ,B .=
⋅A ⋅A ⋅

=0

1 2 3 4 5A A A⋅ ⋅A
97 68

γ
kN/m

R
F

A A A A Acmd B d
cmFF d B k

B
, ,B

, ,B .=
⋅A ⋅A ⋅

=0

1 2 3 4 5A A A⋅ ⋅A
24 42

γ
kN/m

11.7.5.3 Design Value of the Tensile Strength, 
Criterion 2: Reinforcement Creep Strain

Allowable reinforcement utilisation factor for �max = 6.0% 
(for a loading duration of 1 month), based on isochrones:  = 0.30

R
F

A A A Amd D d
mdFF B k

B
, ,D

, ,B .=
⋅

⋅A ⋅A
=0

2 3 4 5A A A⋅A A
43 96

β

γ
kN/m

R
F

A A A Acmd D d
cmFF d B k

B
, ,D

, ,B .=
⋅

⋅A ⋅A
=0

2 3 4 5A A A⋅A A
10 99

β

γ
kN/m

11.7.5.4 Governing Design Value of the Tensile Strength 
of the Reinforcement

Rd = min (RB,d; RD,d)

Rmd, d = 43.96 kN/m               Rcmd, d = 10.99 kN/m

11.7.6 Analysing Adequate Tensile Strength

Rmd,d = 43.96 kN/m > Emd,d = 29.02 kN/m

Rcmd,d = 10.99 kN/m > Ecmd,d = 7.26 kN/m

11.7.7 Analysing Anchorages

11.7.7.1 Specifications
Anchored forces, STR load case, LC 2: Emd,d = 19.05 kN/m 
 Ecmd,d = 4.76 kN/m

Geosynthetic/soil composite coefficient: 7 = 0.9

Partial safety factor for the pull-out resistance 
to DIN 1054, STR, LC 2: �B = 1.30

11.7.7.2 Required Reinforcement Anchorage Lengths 
in Machine Direction Outside of the Sinkhole-prone Area

L
E

HL req
md d B

k kH,
,

tan ( )
.=

⋅

⋅ ⋅ ⋅HH
=

γ

γ αk ⋅k ϕ2
0 6. 8 m  Adopted: LL,work = 0.7 m
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11.7.7.3 Required Reinforcement Anchorage Lengths in Cross Machine 
Direction Outside of the Sinkhole-prone Area

Without doline diameter:

L
E

HQ req
cmd d B

k kH,req
,

tan ( )
.w/o m=

⋅

⋅ ⋅ ⋅HH
=

γ

γ αk ⋅k ϕ2
0 1. 7  Adopted: LQ,work,w/o = 0.5 m

11.7.7.4 Required Reinforcement Anchorage Lengths in Cross Machine 
Direction Inside of the Sinkhole-prone Area

If the collapse hazard also exists outside of the embankment area, the doline 
diameter is included:

L L DQ req Q reqreq Q , .= +LQ req =w/o m1 1. 7  Adopted: LQ,work = 1.2 m

11.7.8 Overlap Analysis

11.7.8.1 Required Overlap Length in Machine Direction
��U L DL req L req, ,req L .+LL req =1 6. 8 m  Adopted: ÜL,work = 1.5 m

11.7.8.2 Required Overlap Width in Cross Machine Direction

��U
E

Hl req
cmd d B

k kH,
,

tan ( )
.=

⋅

⋅ ⋅
=

γ

γ αk ⋅ ϕ
0 3. 4 m  Adopted: Ül,work = 0.5 m

11.8 Worked Analysis Example 2

Preventive stabilisation of a road against collapse using a one-ply geosynthetic 
reinforcement, Design using the R.A.F.A.E.L. method:
 – uniaxial load transfer,
 – extremely anisotropic geosynthetic reinforcement.

11.8.1 Specifications

Height of surcharge above reinforcement: H = 2.5 m
Diameter of circular collapse in the 
reinforcement plane as per specifications: D = 3.0 m
Wet unit weight of fill material above 
reinforcement (including pavement): �k = 22.0 kN/m3

Friction angle of the soil emplaced in the 
bridging zone: 
k = 35°
Cohesion of the soil emplaced in the 
bridging zone: ck = 0 kN/m2

1492vch11.indd   261 12.03.2011   18:10:11



262

Live load VHGV 60: qk = 33.3 kN/m2

Design working life: tb = 60 years

Load duration: td = 1 month

Deformation criterion on the road surface 
as agreed with operator: ds � 0.02 Ds

Load case as agreed with operator: LC 2

11.8.2 Allowable Reinforcement Sag and Strain

Allowable pavement depression (ds / D � 0.02): ds,max. = 0.02 · D = 0.06 m

Decompaction factor for the emplaced soil 
on the bridging zone (estimated): Ce = 1.05

Reinforcement sag at the allowable 
subsidence at the road surface ds / D � 0.02: dmax = ds,max + 2 · H · (Ce – 1)
  = 0.31 m

Allowable geometric strain in the reinforce-
ment, resulting from the allowable subsidence 
ds / D � 0.02, (�max. shall be adhered to for a 
1 month loading duration): εmax

max .= ⋅ =
8
3

0 0285
2

2
d
D

Allowable strain in the reinforcement 
for the loading duration td = 1 month: �d = �max

11.8.3 Determining the Actions

11.8.3.1 Normal Stresses
Partial safety factors for Load Case 2 
to DIN 1054 (STR): �G = 1.20,   �Q = 1.30

Characteristic earth pressure angle: �k = 0°

Ground angle:  = 0°

Characteristic earth pressure coefficient:

K Kagh k ak
k

, ta .kn=K k °⎛
⎝
⎜
⎛⎛
⎝⎝

⎞
⎠
⎟
⎞⎞
⎠⎠

45
2

0 271
2ϕ

Vertical soil pressure resulting from the weight of the emplaced soil:

σ
γ

ϕ

ϕ

vgk

k
k

ak k

K H
D

D c
D

K
e ak k

=
−γk⋅ ⋅⎛

⎝
⎜
⎛⎛
⎝⎝

⎞
⎠
⎟
⎞⎞
⎠⎠

⋅ ⋅kK
⋅ −
⎛

⎝

− ⋅K k ⋅
⋅2

4

2
1

4

tan ( )
tan ( )

⎜⎜
⎛⎛⎛⎛

⎜
⎝⎝
⎜⎜⎜⎜

⎞

⎠
⎟
⎞⎞

⎟
⎠⎠
⎟⎟ = 40 7 2. k76 N/kk m
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Vertical soil pressure from live load:

σ
ϕ

vqk k
K H

Dq ek
ak k

= qk =
− ⋅K k ⋅

⋅tan ( )
.

4
217 69 kN/m

Design value of the normal stresses:

σ σ γ σ γvd vgk Gγ vqk Gγ⋅σ k + ⋅σvqk = 71 9 2. k91 N/kk m

11.8.3.2 Design Value of the Actions on the Geosynthetic Reinforcement

E Dd vd
d

⋅D +
⋅

=
ε

0 5 1 1
6

282 27. .D +5 1 282 kN/m

11.8.4 Determining the Design Values of the Resistances 
in the Machine Direction

11.8.4.1 Adopted Reinforcement
Geogrid X 1000/100, one-ply, installed longitudinally

Machine direction Cross machine direction

Short-term 
strength

Fmd,B,k0 = 1,000 kN/m Fcmd,B,k0 = 100 kN/m

Strain for nominal 
strength

�md,k0 = 6.0% �cmd,k0 = 12.0%

Axial Stiffness
J

F
md

mdFF B k

md k
= =, ,B

,
,0

0
16 700

ε
kN/m J

F
cmd

cmFF d B k

cmd k
= =, ,B

,

0

0
833

ε
kN/m

The web width is required to determine the overlap width 
in the cross machine direction: B = 5 m

11.8.4.2 Analysing Extreme Anisotropy
The two conditions in Section 11.3.2.2

J
J

md

cmd

cmd

md
= > = =20 10 12

6
1and

ε
ε

are adhered to, extreme anisotropy is thus demonstrated.
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11.8.4.3 Design Value of the Tensile Strength, 
Criterion 1: Reinforcement Creep Failure

Coefficient for creep, loading duration up to 1 month: A1 = 1.35

Coefficient for reinforcement damage during transportation, 
installation and compaction: A2 = 1.05

Coefficient for connections (no joins and connections): A3 = 1.00

Coefficient for environmental impacts (pH 2 to 12), 
for a 60 year design working life: A4 = 1.00

Coefficient for dynamic actions (no dynamic actions): A5 = 1.00

Partial safety factor for flexible reinforcement elements, LC 2: �M = 1.30

R
F

A A A A Ad B
B kFF

M
,

, .=
⋅A ⋅A ⋅

=0

1 2 3 4 5A A A⋅ ⋅A
542 67

γ
kN/m

11.8.4.4 Design Value of the Tensile Strength, 
Criterion 2: Reinforcement Creep Strain

Allowable reinforcement utilisation factor for �max. = 2.85% 
(for a loading duration of 1 month) based on isochrones, d = 0.40:

R
F

A A A Ad D
B kFF d

M
,

, .=
⋅

⋅A ⋅A
=0

2 3 4 5A A A⋅A A
293 04

β

γ
kN/m

11.8.4.5 Governing Design Value of the Tensile Strength 
of the Reinforcement

R Rd dR B D ,RdR Bi ( , )RdR DRdR D ., ,B dd 293 04 kN/m

11.8.4.5 Analysing Adequate Tensile Strength

R Ed dE =293 04 282 27.dE 282kN/ kN/m

11.8.6 Analysing Anchorages

Anchored force, Load Case LC 2: Ed = 282.27 kN/m

Partial safety factor for the pull-out resistance 
to DIN 1054: �B = 1.30

Geogrid/soil composite coefficient: 7 = 0.9
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11.8.6.1 Required Reinforcement Anchorage Lengths 
in Machine Direction Outside of the Sinkhole-prone Area

L
E

HL req
d B

k kH, tan ( )
.=

⋅
⋅ ⋅ ⋅HH

=
γ

γ αk ⋅k ϕ2
5 2. 9 m  Adopted: LL,work = 5.50 m

11.8.6.2 Required Reinforcement Anchorage Length 
in Cross Machine Direction

The reinforcement is installed below the entire width of the embankment with 
0.5 m overlap at the edges in the cross machine direction.

11.8.7 Overlap Analysis

11.8.7.1 Overlap Length in Machine Direction

��U L DL LL req +LLL req =, .8 2. 9 m  Adopted: ÜL = 8.5 m

11.8.7.2 Overlap Length in Cross Machine Direction
The following values from Table 11.4 result for the cross machine overlaps in 
the adopted uniaxial, extremely anisotropic bridging:

Ül,1 = 0.5 m Ül,2 = 0.1 · B = 0.5 m Ül,3 = 2 · �d · D = 0.17 m

The governing value is the greater of these:

max. Ül = max. (Ül,1, Ül,2, Ül,3) max. Ül = 0.5 m Adopted: Ül = 0.5 m
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  12 Dynamic Actions on Geosynthetic-reinforced Systems

12.1 General Recommendations

 Reliable current information on the behaviour of geosynthetic-reinforced struc-
tures under dynamic actions is presented. On the one hand, it is known that these 
structures display high load-bearing reserves, for example under seismic loads. 
On the other hand, where dynamic actions are adopted, the structures are cur-
rently dimensioned primarily on the basis of empirical data and/or experience in 
specific applications. The variety of impacts, including that of dynamic actions 
on the load-bearing behaviour of the structure, make the establishment of univer-
sal design approaches difficult. Below, current knowledge is explained together 
with approaches for adopting dynamic actions/stresses. The Recommendations 
are limited to considerations of the governing design approaches for practice-
oriented applications.

12.2 Dynamic Actions

All actions variable with time are regarded as dynamic actions as described in 
Section 6.1.4 of DIN 1054. These actions are:

Dynamic actions

� �
Natural actions Artificial actions

 – Seismic
 – Rock fall/avalanche
 – Wind, water

 – Rail live loads
 – Road live loads
 – Construction loads
 – Machines
 – Explosion, blasting
 – Impact, shock, collision

The actions in terms of DIN 1054 can be differentiated into dynamic, cyclic and 
shock-like actions.

 – Dynamic actions:
Refers to high-frequency actions. Inertial forces are not negligible, they can 
critically influence system behaviour.

 – Cyclic actions:
Refers to low-frequency actions where the inertial forces can generally be 
ignored (frequencies � 1 to 2 Hz).

Recommendations for Design and Analysis of Earth Structures using 
Geosynthetic Reinforcements (EBGEO). German Geotechnical Society.
© 2011 Ernst & Sohn GmbH & Co. KG. 
Published by Ernst & Sohn GmbH & Co. KG.
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 – Shock-like actions:
Refers to actions acting over a short period only. The time may be in the range 
of milliseconds up to several seconds; they upper bound is not fixed. Inertial 
forces may also act.

Additional distinguishing criteria include load-time history characteristics, effec-
tive spatial direction of the actions, source and frequency of occurrence:

 – Load-time history (Figure 12.1):
harmonic, periodic, transient, pulsing,

 – Effective direction:
direction of action relative to geosynthetic orientation,

 – Source:
seismic, explosion, rail traffic, road traffic, compaction processes, vehicle 
impact, rock fall, machines,

 – Frequency of action:
The frequency describes the probable number of occurrences of the dynamic 
actions relative to the lifetime of the structure.

Figure 12.1  Dynamic actions with time [11]
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12.3 Dynamic Effects

Dynamic effects refers to only those action effect components occurring as a 
result of dynamic actions as described in Section 12.2. They are determined as 
described in Section 12.7, depending on the limit state involved.

Note: The dynamic actions lead to dynamic effects in the geosynthetics. They 
are governed by geometric and material damping, porewater pressures 
and resonance phenomena. In saturated soils in particular, parts of the 
system or the overall system can be excited to produce vibrations at natural 
frequencies (resonance phenomena). It may be necessary to take mass 
moment of inertia effects from dynamic actions into consideration when 
determining dynamic effects.

12.4 Resistances

The design-relevant resistances of the composite geosynthetic-fill soil system 
can be impacted both individually and as composites:

 – Geosynthetics:
impacts on the structural resistance by fatigue and/or damage as a result of 
dynamic actions.

 – Fill soil:
impacts on the structural resistance (shear strength) by compaction, decompac-
tion, changes in porewater pressures, grain destruction, grain redistribution, 
changes in the void ratio, deformation.

 – Geosynthetic/fill soil composite system:
impacts on the composite action between geosynthetic and fill soil (e.g. due 
to decompaction, unloading phases and grain destruction, grain redistribu-
tion, etc.).

12.5 Dynamic Design Cases

Dynamic actions can be taken into consideration in a number of ways when 
dimensioning geosynthetic-reinforced structures/structural elements, depending 
on the frequency and magnitude of the actions. To facilitate uniform design pro-
cedures three Dynamic Design Cases are differentiated. They allow assessment 
of whether design for static actions only is adequate in the case considered, 
whether dynamic actions need to be adopted using quasi-static methods, or 
whether special deliberations in terms of dynamic actions/effects and resis-
tances are required. The frequency of occurrence of the dynamic action in the 
course of the assumed lifetime of the structure (load cycle) and the ratio of 
static action to dynamic action can be approximately defined as the distinguish-
ing criterion.
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Frequency:

n number of load cycles [–] n < 10 (rare) 
 10 � n < 106 (often) 
 n � 106 (constant)

Relationship:

ζ = −max. FdyFF n kyy k, ,k stat/ [max. Fmax. statFF k,stat ]  Eq. (12.1)

max. maxF F FdyFF n kyy AmF plmm k smax. FF tat k, ,k Amplm ,+2  Eq. (12.2)

where:

X ratio,
max. Fstat,k characteristic value of the maximum static action,
max. Fdyn,k characteristic value of the maximum dynamic action,
FAmpl,k characteristic value of the dynamic load amplitude.

The definition of the dynamic load components is shown for a cyclic action in 
the example in Figure 12.2 (using the example of normal stress).

Figure 12.2  Definitions

Annotation in Figure 12.2:

max. �dyn,k maximum dynamic stress,
min. �dyn,k minimum dynamic stress,
�dyn,m,k mean dynamic stress,
�dyn,k dynamic stress amplitude,
�stat,k maximum static stress,
f = 1 / T frequency.
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If an analysis of the static actions also takes the dynamic actions adequately into 
consideration in the terms of DIN 1054, no additional analysis steps are necessary 
(Dynamic Design Case 1).

If dynamic actions occur with a magnitude and frequency similar to that of the 
anticipated effects, the quasi-static equivalent load method is suggested as a 
general approximation method (Dynamic Design Case 2).

Where large dynamic actions and/or a large action frequency are involved, or 
when adopting large dynamic ground effects (e.g. resonance, liquefaction), geo-
synthetic-reinforced structures are designed taking the actual load-time histories 
in the time or, alternatively, the frequency domain into consideration (Dynamic 
Design Case 3). Suitable analysis procedures and methods are required for this, 
as well as special software applications. They are generally highly complex 
and demand expertise in both analysis and in determining the soil mechanics 
parameters.

The individual Dynamic Design Cases are discussed below.

Dynamic Design Case 1:
No special deliberations necessary. All dynamic effects are sufficiently accounted 
for when analysing with static actions.

Used for:

 – simple cases,
 – only one governing load component orthogonal to the geosynthetic layer,
 – planar applications,
 – Applications where no dynamic ground effects are anticipated.

Dynamic Design Case 2:
Dynamic actions shall be taken into consideration. They may be determined using 
quasi-static equivalent loads and approximation methods or, more accurately, 
using the recommendations for Dynamic Design Case 3.

Used for:

 – as for Dynamic Design Case 1
and

 – reinforcement in zones subjected to dynamic actions.

Dynamic Design Case 3:
Dynamic actions impact the structure. The structures are designed using suitable 
procedures/methods in the time or frequency domain, including the necessary 
laboratory testing for the actual object, or suitable field testing performed to 
determine the necessary parameters.
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Used for:

 – as for Dynamic Design Case 2
and

 – several governing load components, not only orthogonal to the geosynthetic 
layer,

 – planar/spatial applications,
 – applications for which statements on acceleration, vibration velocity and 

displacement are required and dynamic ground effects are anticipated.

The design procedure is shown schematically in the following organisation 
diagram (Figure 12.3). The individual design stages are described in the follow-
ing sections.

12.6 Dynamic Actions

12.6.1 Dynamic Actions – Live Loads

12.6.1.1 Adopting Live Loads
One principal application is that of dynamic live loads. In assessing whether 
Dynamic Design Case 1, 2 or 3 is present, the orientation of the geosynthetic in 
relation to the point where the load is introduced is of decisive importance. The 
distance of the geosynthetic layer from the point of load introduction is defined 
as the effective depth z. The magnitude of the dynamic action depends on the 
effective depth. Therefore, to determine the Dynamic Design Case the dynamic 
actions (here: normal stresses) and the frequency of occurrence are determined.

Figure 12.3  Design procedure
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The relationship between static and dynamic actions is defined below as described 
for normal stresses in Section 12.5:

ζ σ σdyn kyy stat k, ,k stat/  Eq. (12.3)

Only permanent load components are adopted as effective static load components 
�stat,k in the analysis. The dynamic normal stress component can be determined in 
detail after [16]. This approach for estimating the effective depth and the magnitude 
of dynamic normal stresses is recommended, taking the results and measurements 
in [7], [9] and [14] into consideration. The cone models that the approach is based 
on can be applied to determine the anticipated dynamic ground actions and may 
be used to practically determine dynamic surcharges in any geosynthetic layer. 
Impedance functions for any load transfer surface can be derived from the dynamic 
ground properties with the aid of an equivalent truncated cone. The accuracy of the 
results meets the demands for engineering applications [18]. More recent measure-
ments made in large-scale tests confirm this [23]. The following diagram shows 
the depth-dependency of dynamic live loads for typical traffic-related frequencies 
and circular foundations. The stresses in the direction of the load decrease slightly 
faster with depth for higher constrained moduli, such that the simplified diagram 
shown (Figure 12.5) may be used [18]. A number of dynamic parameters are drawn 
for different stress amplitudes and frequencies in Section 12.11.

In addition, predominantly dynamic horizontal stresses and shear stresses at any 
depth can be roughly estimated using the diagrams in Section 12.11.

Dynamic normal stress amplitude:

σ σdynyy z z yn kF, (k ) (skal ) ,σdynyy ( )zma  Eq. (12.4)

where:

Fskal (z) amplitude factor as shown in Figure 12.5,
max. �dyn,k (z=0) maximum dynamic action in the load transfer plane.

Figure 12.4  Dynamic and static normal stresses
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The dynamic horizontal stress amplitude may be estimated with the aid of the 
following equation. The dynamic horizontal stress amplitude is approximately 
given by:
σ σdyn h kyy dyn kyyK, ,hh ,0 . Eq. (12.5)

12.6.1.2 Allocation to Dynamic Design Cases – Live Loads
Allocation to Dynamic Design Cases is done on the basis of the location of the 
geosynthetic using Table 12.1. The depth below the load transfer plane and the 
shear strain adopted for that depth are critical. The limit values are governed by 
the frequency, the geometry of the action surface and the load. The distinguishing 
criterion for the Dynamic Design Cases is the adopted shear strain amplitude. 
Differentiation is based on the principles in [25]. Table 12.1 shows examples of 
the subdivisions. Section 12.11 gives the shear strain amplitude diagrams for a 
variety of load amplitudes (intermediate values may be interpolated).

Table 12.1  Minimum spacing/limit criteria for allocating to the Dynamic Design Cases

Load type: Live load Construction load/compaction
Dynamic
design case 1

� < 5 · 10–5 hmin > 0.30,
because not a permanent load

Dynamic
design case 2

5 · 10–5 < � < 1.3 · 10–4 –

Dynamic
design case 3

� > 1.3 · 10–4 –

Figure 12.5  Depth effect with frequency variation for a rectangular influence area 
(3 m � 1 m) and � = 52 kN/m2 for Es,k = 100 MN/m2 
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where:

� shear strain as a result of dynamic load amplitude,
hmin distance between load transfer location and first geosynthetic layer.

Figure 12.6  Example Dynamic Design Cases (DDC) for a rectangular influence area 
(3 m � 1 m) and � = 52 kN/m2 for Es,k = 100 MN/m2 

12.6.1.3 Design Recommendations
Recommendations for analysis methods and approaches are given below. Both 
quasi-static equivalent methods and time/frequency domain analysis methods 
are discussed.

Dynamic Design Case 1:
In Dynamic Design Case 1 the actions are adopted by means of equivalent loads 
as discussed in DIN Fachbericht 101 (DIN TR101), DIN 1054 and RiL 836. These 
static equivalent loads take all dynamic impacts adequately into consideration.

Dynamic Design Case 2:
The actions from dynamic loads can be modelled in a Dynamic Design Case 2 
analysis using a quasi-static approach as shown in Table 12.2. In contrast to 
Dynamic Design Case 1 the loads are introduced into the analysis using a load 
increase factor Y in order to incorporate the additional dynamic load components.
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Table 12.2  Determining the external dynamic actions for live loads

Load type: Road traffic Rail traffic

Size of load
max. �k,dyn (z=0) 

Y · equivalent 
distributed load
(to DIN TR 101)

Y · distributed load
(to RiL 836)

Load increase factor Y 1.0**) 1.0*)

Frequency range for load transfer 0 to 10 Hz 0 to 10 Hz

Depth effect Section 12.11 Section 12.11

Note: *) For preliminary design 	 = 1.0 may be adopted, see RiL 836 and [6], 
[23] for details.

 **) Current knowledge indicates that 	 = 1.0 may be adopted for the 
equivalent distributed load.

 An equivalent distributed load is adopted conservatively for the load. It 
may be necessary to adopt wheel loads in combination with load increase 
factors to investigate shallow geosynthetics layers.

The impedance functions and shear strain amplitudes are analysed separately as 
a function of the footing geometry after [15] for machine footings.

Dynamic Design Case 3:
Dynamic design case 3 is adopted if high dynamic loads occur and the geosynthetic 
is very close to the load transfer plane. The analysis and generation of load-time 
functions for dynamic actions from live loads for adopting in time or frequency 
domain analyses are described in [14]. This allows almost any dynamic action to 
be derived and the appropriate analyses to be performed. Standardised load-time 
functions derived from measurements may also be used for special cases. Mass 
moment of inertia effects and softening phenomena may be taken into consider-
ation. Alternatively, analysis using numerical methods in the time or frequency 
domain is possible [16].

12.6.2 Dynamic Actions – Explosions, Impact, Avalanches

Impact or explosion loads, although classified as ‘rare’, are allocated to Dynamic 
Design Case 3, because of the very high dynamic actions anticipated. On the 
whole, the dynamic actions from explosions or impacts on geosynthetic-reinforced 
structures have not been investigated. Approaches for rock fall ramparts based 
on testing are described in [17]. Approaches for modelling pulse-like loads on 
geosynthetic-reinforced systems as a result of explosions or rock fall/impact can 
be found in [24].
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12.6.3 Dynamic Actions – Seismic Loads

Seismic loads and their impacts are taken into consideration if structures are 
built in seismically active zones. Refer to DIN 4149 for adopting seismic loads 
in Germany. Seismically active zones are marked in the earthquake zone map. 
If geosynthetic-reinforced structures are erected outside of earthquake zone 0, 
dimensioning surcharges are adopted. Quasi-static equivalent methods (Dynamic 
Design Case 2) are adequate for dimensioning. In special cases detailed inves-
tigations and an analysis in the time/frequency domain are necessary (Dynamic 
Design Case 3). Practical experience demonstrates that geosynthetic-reinforced 
structures under seismic loads behave very favourably and display high load-
bearing reserves due to their flexibility and high friction angle [22]. The following 
procedures are recommended for adopting seismic loads:

Dynamic Design Case 1:
Not relevant.

Dynamic Design Case 2:
The surcharges resulting from seismic actions are suitably adopted for dimension-
ing. The impacts on the passive and active earth pressure and the slope or global 
stability in particular are investigated. LC 3 is generally analysed to DIN 1054 
with increased earth pressures or surcharges as a function of the seismic zone. It 
is not necessary to adopt the composite friction coefficient, or fatigue and con-
tinuous loads (frequency: n < 10 (rare)). Statements on anticipated deformations 
are not possible using this method. DIN 4149, 12.2 for the basis for analysis. The 
ultimate limit state analyses are performed for LC 3 with the following earth 
pressure coefficients:

K K ae ga+KK + γ1  Eq. (12.6)

where:

K earth pressure coefficient,
Ke seismic earth pressure coefficient,
ag maximum ground acceleration to DIN 4149:2005, Table 2,
�1 significance coefficient to DIN 4149:2005, Table 3,

Alternative approaches:

Active and passive earth pressure may be adopted in accordance with the Monon-
obe-Okabe method (M-O method) [12], [13], [18]. Determination of the active 
and passive dynamic earth pressure components, and the point of application of 
the load resultant for analysis are described in [12] and [13]. Particular attention 
is paid to water pressure, inasmuch as it impacts the structure’s zone of influence. 
Corresponding recommendations can be found in [12].
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Dynamic Design Case 3:
If statements on the anticipated deformations and/or water pressures require 
consideration or the structures are in Geotechnical Category 3, analyses in the 
time or frequency domain are necessary to allow mass moment of inertia effects 
to be suitably adopted. The same applies if liquefaction or resonance effects are 
anticipated. Analysis notes and recommendations can be found in [11], [12], [13] 
and [22]. Pilot and laboratory scale tests improve analysis accuracy [18]. Analysis 
can be carried out using suitable numerical program systems.

12.7 Determining the Dynamic Effects on the Geosynthetics

12.7.1 Dynamic Design Case 1

No separate analysis, design for static actions is adequate.

12.7.2 Dynamic Design Case 2

The dynamic effect in the geosynthetics layers is determined according to the 
limit state under consideration. The dynamic effect component is determined as 
the differential effect between the dynamic actions and the static actions only. 
Two computations are required. Where:

Computation 1:   Effects without dynamic actions Bstat,k,

Computation 2:   Effects with dynamic actions Btotal,k.

The dynamic effect component is given by the difference and is approximately 
determined as follows for each layer of reinforcement:

B B Bdynyy i k stat k i, (k ) ,tB otal ( )i , (k )−B k itB t l )i . Eq. (12.7)

This analysis is performed conservatively using the composite friction angle 
fs,k. The effects are then factorised according to limit state and load case and 
converted to design effects.

12.7.3 Dynamic Design Case 3

The surcharges are analysed separately with the aid of special design procedures 
and software applications (e.g. [14]). The results are examined using plausibility 
tests and comparative analyses.
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12.8 Determining the Resistances for Dynamic Actions

12.8.1 Pull-out Resistance of Reinforcement

12.8.1.1 Dynamic Design Case 1
Separate analysis of the influence of dynamic actions on the pull-out resistance 
is not required. Analysis is performed as described in Section 3.3.3.

12.8.1.2 Dynamic Design Case 2
The pull-out resistance is directly influenced by dynamic actions [3], [4]. This 
is taken into consideration in analysis necessary. If the influence of the pull-out 
resistance is not determined in tests as described in Section 12.9, the following 
approach may be adopted for dimensioning:

Table 12.3  Range for 
Dyn 

��dyn Range

1.0 X = 0.0 Static case

1 – X 0.0 < X � 0.80

0.20 0.80 < X

Figure 12.7  Determining �dyn 
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The approximate interface friction coefficient required to determine the pull-out 
resistance is determined as follows:

fs kff dyn syy tat k, tan= ⋅ ′λ λdynyy ⋅d ϕ . Eq. (12.8)

This relationship can be used to conservatively estimate the change in the fric-
tion coefficient. It takes into consideration a reduction in the friction bond as a 
result of dynamic actions. The pull-out resistance is determined as described in 
Section 3.3.3 using the above relationship and based on the total load (�stat + �dyn).

12.8.1.3 Dynamic Design Case 3
Object-related tests as described in Section 12.9 are used to determine the pull-
out resistance in Dynamic Design Case 3.

12.8.2 Structural Resistance of Reinforcement

12.8.2.1 Dynamic Design Case 1
Separate analysis of the dynamic actions on the structural resistance of the rein-
forcement is not required (A5 = 1.00).

12.8.2.2 Dynamic Design Case 2
The structural resistance of the reinforcement is calculated using the A5 coeffi-
cient to include the dynamic actions. The A5 coefficient takes account of fatigue 
phenomena and damage as a result of repeated actions, and ist determined in 
laboratory tests as described in Section 12.9. If no more precise data is available 
A5 assumes values of A5 = 1.0 to 1.5 as shown in Figure 12.8.

Table 12.4  Range for A5 

A5 Range

1.0 X = 0.0 Static case

1.0 to 1.5 0.0 < X � 1.00 Linear interpolation

1.50 1.00 < X

Note: Tests have been carried out on a number of products to allow fatigue to be 
taken into consideration. Damage in the soil composite has barely been 
investigated.

12.8.2.3 Dynamic Design Case 3
Separate analyses of the fatigue and damage behaviour of the geosynthetics are 
required as described in Section 12.9. The determination of structural resistance 
may only be specified on the basis of tests.
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12.9 Demands on Building Materials under Dynamic Loads

The following recommendations apply to the areas covered by Dynamic Design 
Cases 2 and 3 only.

12.9.1 Fill Soil

In addition to the demands of soil mechanics on the fill soil compliant with 
EBGEO, Section 2.1.2, the following demands shall be met for these structures.

12.9.1.1 Grain Sizes
Percentage grain diameter less than 0.063 mm: < 7.0% wt. (installed)

Percentage grain diameter greater than 100 mm: < 25.0% wt.

Max. grain: max. d < 150 mm

Grading curve: as well graded as possible 
 (close to the Fuller parabola)

12.9.1.2 Grain Shape, Grain Strength
Grain failure and edge wear can occur given very high dynamic load components 
and low grain strength. This leads to grain redistribution, impacts on the friction 
bond and deformation. The following recommendations relating to the fill soil 
grain properties aim to counteract these effects:

Figure 12.8  Determining A5 
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Grain shape: Squat (tested to DIN 52114 (DIN 4226)),

Grain strength: Impact destruction test/destruction test, 
limit value as defined in 
(TL-Min StB/TL Mineralstoffe DB AG).

12.9.1.3 Fill Soil Friction Coefficient
Use of soil with the required relative compaction and an installed friction angle 
of 
�k � 30.0° is recommended.

12.9.1.4 Relative Compaction
In contrast to ZTV E-StB and RiL 836 a relative compaction in the geosynthetic-
reinforced earth structure of

DPr � 100%

is demanded.

12.9.2 Geosynthetics

The basic demands on the reinforcement are defined in Section 2.2. In addition, 
the following material properties for Dynamic Design Case 3 shall be analysed 
using field and/or laboratory testing:

 – fatigue behaviour,
 – damage when installed,
 – composite behaviour.

12.9.2.1 Determining Fatigue Behaviour
The fatigue behaviour of geosynthetics subjected to dynamic effects can be 
investigated and described after [1]. The reduction factor A5, which takes the 
influence of fatigue into consideration, is adopted as described in Section 12.8.2 
and is determined in a pulsating load test. The test is performed in accordance 
with the notes below. If necessary preliminary clarifying tests are performed to 
specify the final test boundary conditions:

 – The load cycles selected for testing shall allow statements on the frequency 
of occurrence of the actions for the entire design working life of the structure.

 – A sinusoidal pulsating load is applied. The testing frequency is specified 
taking material warming into consideration; )Probe = approx.. 20 °C ± 5 °C 
(if necessary specimens shall be cooled for testing).

 – Any frequency-dependence in terms of fatigue behaviour shall be examined.

Measurements from [7], [20] and [28], displaying a dynamic effect component 
on the geosynthetic of up to 50% of the effect from the static base load, can be 
used to determine the dynamic effects on geosynthetics.
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This leads to the following extreme load spectra:

Figure 12.9  Load spectra for testing

Currently, the load spectra recommended for testing takes the maximum antici-
pated dynamic effect into consideration. When determining the utilisation factor 
the creep rupture strength of the geosynthetics for the test duration is taken into 
consideration. That is, a reduction coefficient A1 is taken into consideration for 
11 days for the example combination of 107 load cycles applied at a frequency of 
10 Hz, because this corresponds to the duration of the example test. Investigations 
by [20] have shown that it may be assumed that a load somewhere between the 
dynamic mean load and the upper load components in the described testing pro-
cedure corresponds to the utilisation factor in the static creep tests. The reference 
value used is the mean value of the short-term strength RB,k0. When determining 
the creep rupture strength using A1 it can therefore be assumed that an upper load 
Fupper corresponding to the utilisation factor is adequate and no further impacts 
on creep rupture strength from dynamic effects need be taken into consideration.

Note: To determine A5, RB,k0 can also be determined from five individual measure-
ments of a single geogrid strap or a 5 cm wide geotextile strip, analogous 
to DIN EN ISO 10319.

RB,k,dyn is the force corresponding to a 100% load on the geosynthetics for the 
test duration and thus the upper load Fupper during testing.

Testing programme:

Three specimens are loaded at frequencies up to 10 Hz (cooled, if necessary) for 
107 load cycles with load spectra as shown in Figure 12.9. The lower the frequency 
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in the test, the greater the load on the geosynthetics due to its relaxation behav-
iour. Therefore a frequency below the actual effect is selected. A test frequency 
of 10 Hz is generally regarded as the maximum, because this value may already 
approach the range of the live load excitation frequency. Seismic loads are not 
governing for these tests due to the small number of load intervals.
The creep rupture strength Rf following cyclic effects is determined in tensile 
tests similar to those for the reference values. A5 is determined from the quotient 
of the reference value RB,k0 and Rf:

A
R

R
B k

f
5

0, , . Eq. (12.9)

Note: Given sufficient experience three tests up to 105 cycles and one test up to 
107 cycles may serve as analyses.

The number of cycles determined for the defined operating period can be adopted 
as test stresses for temporary construction projects.
A detailed description of the test can be found in [26].

12.9.2.2 Determining Damage
The additional damage caused by the dynamic action (not installation damage) 
is examined on an object-related basis taking the anticipated load cycle number 
(frequency of actions) into consideration. Where necessary it is determined in 
field or laboratory tests.

Note: This damage is not assessed using the A5 coefficient investigations de-
scribed above. In one case excavation revealed no additional damage to 
the geosynthetics under dynamic actions [27].

12.9.2.3 Determining the Geosynthetic/Fill Soil Composite Coefficient
However, recent investigations described in [3], [4] and [15] show that dynamic 
actions influence the composite coefficient. Current research indicates that the 
interface friction coefficient falls with increasing load amplitude. According to 
[4] and [16] this can be determined in the laboratory for the respective fill soil-
geosynthetic combination if the approaches described in Section 12.8.1 are not 
adopted or accurate determination is required. Investigations of the friction bond 
are carried out based on DIN EN ISO 12957-1 or DIN EN 13738/DIN 60009 
taking the dynamic load component into consideration.
The following points shall be observed when performing tests:
 – The selected load cycle numbers shall allow a statement on the operational 

life of the structure.
 – A sinusoidal pulsating load is applied.
 – Any frequency-dependence in terms of the composite friction coefficient 

shall be examined.
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Pull-out test:

 – The cyclic (or sinusoidal) load component is transferred as a horizontal com-
ponent into the geosynthetic layer.

 – The acceptable pull-out force is a function of the maximum load level max. 
Fdyn, the magnitude of the sinusoidal component and the number of cycles, 
and depends on the use and effect conditions.

 – Every sinusoidal load cycle generally causes deformation in the geosynthetic. 
The deformation resulting from the cyclic pull-out test may not be greater 
than the deformation from a comparable static pull-out test (failure value) at 
the required load cycle number.

 – The tests may be evaluated to DIN EN 13738/DIN 60009.

Direct shear tests:

 – The interface friction coefficient between the geosynthetics and the fill soil 
is determined based on DIN EN ISO 12957-1.

 – A vertical sinusoidal pulsating load is applied. The frequency used depends 
on the application.
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12.11 Diagrams

Input data:
Frequenz:  f = 2 to 10 Hz Surface area: Rectangle where:
   B · L: 3.0 · 1.0 m
Load amplitude: 2 �dyn = 52.0 kN/m2 Constrained modulus: Es,k = 50.0 MN/m2
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Input data:
Frequenz:  f = 2 to 10 Hz Surface area: Rectangle where:
   B · L: 3.0 · 1.0 m
Load amplitude: 2 �dyn = 52.0 kN/m2 Constrained modulus: Es,k = 75.0 MN/m2
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Input data:
Frequenz:  f = 2 to 10 Hz Surface area: Rectangle where:
   B · L: 3.0 · 1.0 m
Load amplitude: 2 �dyn = 52.0 kN/m2 Constrained modulus: Es,k = 150.0 MN/m2
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Input data:
Frequenz:  f = 2 to 10 Hz Surface area: Rectangle where:
   B · L: 3.0 · 1.0 m
Load amplitude: 2 �dyn = 41.0 kN/m2 Constrained modulus: Es,k = 50.0 MN/m2

1492vch12.indd   291 12.03.2011   18:10:27



292

Input data:
Frequenz:  f = 2 to 10 Hz Surface area: Rectangle where:
   B · L: 3.0 · 1.0 m
Load amplitude: 2 �dyn = 41.0 kN/m2 Constrained modulus: Es,k = 75.0 MN/m2
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Input data:
Frequenz:  f = 2 to 10 Hz Surface area: Rectangle where:
   B · L: 3.0 · 1.0 m
Load amplitude: 2 �dyn = 41.0 kN/m2 Constrained modulus: Es,k = 150.0 MN/m2
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Input data:
Frequenz:  f = 2 to 10 Hz Surface area: Rectangle where:
   B · L: 3.0 · 1.0 m
Load amplitude: 2 �dyn = 23.8 kN/m2 Constrained modulus: Es,k = 50.0 MN/m2
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Input data:
Frequenz:  f = 2 to 10 Hz Surface area: Rectangle where:
   B · L: 3.0 · 1.0 m
Load amplitude: 2 �dyn = 23.8 kN/m2 Constrained modulus: Es,k = 75.0 MN/m2
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Input data:
Frequenz:  f = 2 to 10 Hz Surface area: Rectangle where:
   B · L: 3.0 · 1.0 m
Load amplitude: 2 �dyn = 23.8 kN/m2 Constrained modulus: Es,k = 150.0 MN/m2
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Input data:
Frequenz:  f = 2 to 10 Hz Surface area: Rectangle where:
   B · L: 3.0 · 10.0 m
Load amplitude: 2 �dyn = 52.0 kN/m2 Constrained modulus: Es,k = 50.0 MN/m2
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Input data:
Frequenz:  f = 2 to 10 Hz Surface area: Rectangle where:
   B · L: 3.0 · 10.0 m
Load amplitude: 2 �dyn = 52.0 kN/m2 Constrained modulus: Es,k = 75.0 MN/m2
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Input data:
Frequenz:  f = 2 to 10 Hz Surface area: Rectangle where:
   B · L: 3.0 · 10.0 m
Load amplitude: 2 �dyn = 52.0 kN/m2 Constrained modulus: Es,k = 150.0 MN/m2
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Input data:
Frequenz:  f = 2 to 10 Hz Surface area: Rectangle where:
   B · L: 3.0 · 10.0 m
Load amplitude: 2 �dyn = 41.0 kN/m2 Constrained modulus: Es,k = 50.0 MN/m2
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Input data:
Frequenz:  f = 2 to 10 Hz Surface area: Rectangle where:
   B · L: 3.0 · 10.0 m
Load amplitude: 2 �dyn = 41.0 kN/m2 Constrained modulus: Es,k = 75.0 MN/m2
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Input data:
Frequenz:  f = 2 to 10 Hz Surface area: Rectangle where:
   B · L: 3.0 · 10.0 m
Load amplitude: 2 �dyn = 41.0 kN/m2 Constrained modulus: Es,k = 150.0 MN/m2
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Input data:
Frequenz:  f = 2 to 10 Hz Surface area: Rectangle where:
   B · L: 3.0 · 10.0 m
Load amplitude: 2 �dyn = 23.8 kN/m2 Constrained modulus: Es,k = 50.0 MN/m2
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Input data:
Frequenz:  f = 2 to 10 Hz Surface area: Rectangle where:
   B · L: 3.0 · 10.0 m
Load amplitude: 2 �dyn = 23.8 kN/m2 Constrained modulus: Es,k = 75.0 MN/m2
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Input data:
Frequenz:  f = 2 to 10 Hz Surface area: Rectangle where:
   B · L: 3.0 · 10.0 m
Load amplitude: 2 �dyn = 23.8 kN/m2 Constrained modulus: Es,k = 150.0 MN/m2
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