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Preface: Notes from the Editors 

The present volume contains the contributions to the “Technical Workshop on 
Reinforcements and Drainage in Soil Structures” which took place in Barcelona (Spain), from 
June 25th to 27th, 2024. 

The event was organized by the joint collaboration of the Soil Reinforcement (TC-R) and 
Hydraulic Applications (TC-H) technical committees of the International Geosynthetic 
Society (IGS), and the Reinforced Fill Structures (TC-218) of the International Society for 
Soil Mechanics and Geotechnical Engineering (ISSMGE).  

The workshop attracted professionals from all over the world, proving to be an attractive 
and productive endeavor in which ideas, concepts, and products were shared, discussed, and 
improved upon. Participants traveled from all over Asia (Australia, China, India, Japan, 
Malaysia, New Zealand, United Arab Emirates), Americas (Canada, USA, Chile), and Europe 
(Austria, Belgium, France, Germany, Greece, Hungary, Italy, Netherlands, Portugal, 
Slovenia, Spain, Turkey, and UK). 

Attendees and collaborators include 41 industry related participants (i.e., consultants, 
manufactures, and/or engineers) and 22 academy related participants, from which 3 were 
post-graduate students. From this, 30 collaborations were received, with a total of 48 authors 
and 27 different speakers. Collaborations were categorized in five distinct sections according 
to the following topics: 

�x Geosynthetic materials and soil interaction 
�x Numerical modelling approaches 
�x Design guidelines and methods 
�x Case histories 
�x Climate impact and sustainability aspects 

The following table details the scientific impact of the event by analyzing the average Hi-
value (H-index: numerical scale that neutrally represents how effective a researcher has been) 
from the authors and presenting authors (speakers): 

 

 

 

 

 

Category # 
H-index 
(total) 

H-index 
(last 5 years) 

Description 

Speakers 27 16.67 10.33 Average H-index by speaker * 

Authors 48 9.38 5.81 Average H-index by author * 

* Hi-values obtained from Google Scholar (https://scholar.google.com/); search 
conducted in July 2024. 

https://scholar.google.com/);
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Finally, the organizing committees TC-R, TC-H and TC-218, Editors, and the International 
Geosynthetic Society would like to thank also the collaboration of the following Sponsors: 

 

  

https://www.pavitex.com/ https://www.huesker.com/ 
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PROTECTION OF REINFORCED SOIL STRUCTURES USING 
GEOSYNTHETIC CEMENTITIOUS COMPOSITE MATS  

Lee K. Church1 and Flavio Cosma1 

1 Concrete Canvas Ltd, Cowbridge Road, Talbot Green, Pontyclun CF72 8HL United Kingdom 
E-mail: info@concretecanvas.com, web page: www.concretecanvas.com  

Key words: Soil reinforcement, Reinforced fill structures, GCCM. 

Abstract. Geosynthetic Cementitious Composite Mats (GCCMs) are geosynthetics that 
contain cementitious material, which harden on hydration to form a thin, durable, concrete 
layer. This presentation considers the use of GCCM’s to protect Geosynthetic Reinforced Soil 
structures. It focusses on the three main applications where GCCMs can be used: a) the 
provision of a robust facing element to prevent UV degradation, vandalism and animal 
damage of geosynthetic reinforced wrap faced structures, b) the provision of top of wall 
drainage to collect surface water and prevent saturation of the reinforced soil block and c) 
the provision of toe drainage to prevent saturation and erosion of foundation soils. The 
characteristics and properties of GCCMs relevant for each application are reviewed and 
compared with traditional concrete solutions to determine when they can be used to protect 
Reinforced Soil structures. 
 
1 INTRODUCTION  

In the past decade, GCCMs have been used in civil and geotechnical engineering to 
provide erosion control solutions for a number of applications. Rather than replace existing 
erosion control geosynthetics such as Turf Reinforcement Mats (TRM’s) which improve the 
resistance of vegetation to erosion, GCCMs are used as an alternative to conventional 
concrete, such as poured, precast and sprayed solutions. They are often used when vegetation 
cannot grow or needs to be prevented from establishing in order to avoid long term 
maintenance issues. GCCMs are commonly being used in conjunction with conventional 
geosynthetics to provide a complete project solution, one such application is in the design of 
Reinforced Soil Structures (RSS). Here we will consider the properties of GCCMs that may 
enable them to be used as an alternative to conventional concrete in these applications. 

2 GCCM PROPERTIES 

ASTM D4439 ‘Standard Terminology for Geosynthetics’ defines GCCMs as ‘a factory-
assembled geosynthetic composite consisting of a cementitious layer contained within a layer 
or layers of geosynthetic materials that becomes hardened when hydrated’. As shown in 
Figure 1, GCCMs typically consist of 3 layers: - A fibrous top surface that wicks water into 
the central layer, which is composed of a dense, 3-dimensional fibre reinforced matrix filled 
with a cementitious blend that has a high early strength gain. The hardened central layer acts 
to protect a bottom waterproof polymeric layer. The layers act to contain the cementitious 
blend during transport and installation, ensuring a consistent density of cement throughout the 
material and control of the water: cement ratio on hydration. Properly manufactured GCCMs 
cannot be over hydrated as they will fully set underwater, which greatly facilitates hydration 
on site by removing the need for careful water: cement ratio control. GCCM physical 
properties change with the addition of water and in service the GCCM becomes a thin rigid 

mailto:info@concretecanvas.com,
http://www.concretecanvas.com
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element. Once cured, GCCM’s performance is evaluated by a flexural bending test, which 
ASTM D8058 sets out the procedure for measuring GCCM Initial Flexural Strengths (the first 
crack of the cementitious material) and the Final Flexural Strength (the ultimate strength of 
the geosynthetics). ASTM D8364 is the Standard Specification for GCCM materials, defining 
three classes of GCCM and setting minimum performance properties such as ASTM D8058 
flexural strength, ASTM D8329 compressive strength, abrasion resistance and puncture 
resistance. The cured performance properties of GCCMs enable them to be suitable for use in 
the design of RSS drainage and facings as discussed below.    

3 CREST DRAINAGE FOR SURFACE WATER RUNOFF 

Incorrect surface water management and drainage design can be a significant contributing 
factor to potential RSS failure. Saturation of a reinforced soil mass (that cannot drain) will 
build up hydrostatic forces and increase lateral pressures, reducing the factor of safety in a 
reinforced soil structure design. Collecting and removing water before it enters the reinforced 
zone of influence can reduce the likelihood of water related failure. The GCCM can be 
installed immediately after RSS construction as its flexural properties enables the GCCM to 
practically accommodate potential settlements from the RSS. This provides a significant 
benefit over poured concrete, which can crack under settlement and enable water ingress into 
the reinforced soil mass.  

Larger GCCM drainage channels can also be used to collect surface water runoff before it 
reaches the RSS, thereby preventing saturation of the reinforced mass and reducing the risk of 
increasing hydrostatic pressures. This can be a preferred solution if the catchment area 
upslope is large and would result in significant water runoff heading towards the RSS. These 
channels collect and direct the water away from the RSS. An example of a GCCM drainage 
channel to the back of an MSE Wall reinforced soil mass is shown in Figure 2. 

4 TOE DRAINAGE  

Toe of RSS drainage design is critical in preventing erosion at the base and edges of the 
structure. Designers need to ensure that any flowing water (including water from weep holes) 
is safely directed away from the structure and cannot erode foundation soils which could 
cause undermining leading to likely failure. Insufficient toe drainage design can result in 

Figure 1. typical GCCM cross section Figure 2. GCCM channel behind RSS mass  
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saturation of foundation soils, which can compromise an RSS by causing soil softening and 
deterioration of the engineering properties of the foundation.  

GCCM’s can provide an effective toe drainage solution to these issues. The abrasion 
resistance of the GCCM prevents scour and erosion of drainage channels that are subject to 
sediment flow and ensures that watercourses in front of RSS’s are not undermined (Figure 3). 
GCCMs can also be mechanically fixed to hard facings, so any back of wall internal drainage 
can discharge through the wall and onto the GCCM, preventing scour and undermining at the 
toe of the structure. The weed suppression benefits of GCCMs, prevent possible drainage 
capacity reduction through vegetation growth and silting, reducing future maintenance needs.  

5 FACING TO RESINFORCED SOIL STRUCTURES 

Geosynthetic wrap faced structures may be specified for RSS construction and can reduced 
construction costs over hard facing systems. Vegetation typically provides sufficient 
protection to geosynthetic elements from UV resistance. However, establishing vegetation 
cover on steep slopes is not always possible and depends on a number of factors including but 
not limited to: final slope face angle, orientation/exposure to sunlight, quality of topsoil 
behind the wrap face and irrigation. Seasonal weather changes can also prevent year- round 
vegetation growth. Other factors that could affect geosynthetic durability include damage 
from wildlife or vandalism. When vegetation does not establish or if the structure is damaged, 
permanent repair solutions need to be considered in order to prevent further degradation of the 
geosynthetic structure face and its eventual propagation into the integrity of the rest of the 
reinforced soil structure, if left unrepaired.  

GCCM’s can be used as a permanent facing option to protect unvegetated or damaged 
reinforced soil structures, replacing conventional concrete solutions. The GCCM can be 
draped over the face and anchored along the perimeter edges to prevent wind and water 
ingress. The roll applied GCCM can be easier to handle than precast elements, minimising or 
eliminating the need of temporary scaffolding for construction. The GCCM flexural strength 
allows it to accommodate potential reasonable settlement or movement of the reinforced soil 
mass. GCCMs have been used to protect geosynthetic wrap slopes and walls worldwide. 
Examples are shown in Figures 4, 5 and 6.  

 
 

Figure 3. GCCM toe drain to gabion faced wall Figure 4. GCCM protection of wrap faced bund 
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7 CONCLUSIONS 

The physical and practical properties of GCCMs enable them to be incorporated in RSS 
design to replace conventional concrete techniques. When designing new structures, GCCMs 
can be specified into crest and toe drainage designs to provide low permeability, low 
maintenance drainage channels directing water away from reinforced soil structures and 
foundation soils, preventing potential structure failure. For existing reinforced soil structures 
that cannot vegetate or are subject to physical damage, GCCMs can be used as a protective 
facing to ensure the longevity of the structure. GCCMs have a distinct advantage over poured 
or sprayed concrete in these applications as they can accommodate acceptable post 
construction settlements, providing the performance of conventional concrete solutions, but 
with the flexibility of geosynthetics. 

8 REFERENCES 

ASTM D4439. Standard Terminology for Geosynthetics. 
ASTM D8030/D8030M. Standard Practice for Sample Preparation for GCCM. 
ASTM D8058. Standard Test Method for Determining the Flexural Strength of a 

Geosynthetic Cementitious Composite Mat (GCCM) Using the Three-Point Bending 
Test. 

ASTM D8173. Standard Guide for Site Preparation, Layout, Installation and Hydration of 
Geosynthetic Cementitious Composite Mats. 

ASTM D8329. Standard Test Method for Determination of Water/Cementitious Materials 
Ratio for GCCMs and the Measurement of the Compression Strength of the 
Cementitious Material Contained Within. 

ASTM D8364/D98364M Standard Specification for GCCM Materials. 
BS8006-1:2010+A1:2016 Code of practise for strengthened/reinforced soils and other fills, 

BSI. 
BS EN 14475:2006 Execution of special geotechnical works – Reinforced fill, BSI.  
Concrete Canvas Ltd. CC Civil Brochure 2405.01.EN 
FHWA-NHI-10-024 FHWA GEC 011 – Volumes I&II . Design and Construction of 

Mechanically Stabilized Earth Walls and Reinforced Soil Slopes – Volumes I&II , 
National Highway Institute.  

Figure 5. GCCM facing to unvegetated wrap faced RSS Figure 6. GCCM facing to EPS and reinforced soil wall 
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THE NOVEL GEOCELL ANCHOR CAGE SYSTEM  

Gali Madhavi Latha 

Department of Civil Engineering, Indian Institute of Science,  
Bengaluru - 560012, India 

E-mail: madhavi@iisc.ac.in, web page: www.civil.iisc.ac.in/people/madhavi-latha-g/  

Key words: Geocell, Basal geogrid, Anchor pins, 3D printing, Plate load tests 

Abstract. This study proposes a new technique called ‘Geocell Anchor Cage (GAC)’, in 
which the geocell reinforcement layer is supported by a structure comprising of a grid and 
several anchor pins to enhance the overall performance of the geocell layer in reinforcement 
applications. Plate load tests were carried out on sand beds with a geocell mattress, and a 3D 
printed polymeric GAC positioned either above or below the mattress, with each geocell 
pocket reinforced by an anchor pin positioned exactly at the centre. Results revealed that the 
inclusion of GAC has substantial benefits in terms of increased load-carrying capacity and 
reduced footing settlements. Among the two tested configurations of GAC, the one in which 
the GAC is placed below the geocell layer is proved to be more effective, with the settlements 
reduced by an order of 38%. Based on the response of the geocells measured through 
pressure sensors and strain gauges, the internal mechanisms responsible for the beneficial 
effects of GAC are investigated.  
 
1 INTRODUCTION  

Geocells, by virtue of their shape and depth, provide greater load bearing capacity and 
reduce lateral deformations in soils confined by them under static and cyclic loading 
conditions (Bathurst and Karpurapu, 1993; Rajagopal et al., 1999; Latha and Somwanshi, 
2009). Mechanisms of geocell reinforcement include all-round confinement effect, stress 
dispersion effect, lateral restraint effect and membrane effect. When a geocell layer is placed 
within a soil system, one or more of these mechanisms aid in achieving increased load 
carrying capacity, improved stability, controlled soil flow and reduced settlements. Because 
of these merits, geocells are extensively used in pavements, slopes, foundations, 
embankments, and reinforced earth (RE) walls (Leshchinsky and Ling, 2013; Latha, 2021). 
Since its inception, geocell network is continuously evolving into a better reinforcing system, 
with improvements like textured walls to enhance the frictional resistance of soils, high 
strength polymers to provide better confinement and ultrasonically welded joints to maintain 
homogeneous strength of the cellular systems. However, the basic structure of the geocell 
layer remains the same, with interconnected cellular pockets filled with soil. Though the 
inclusion of a basal geogrid can restrict the deformation of the geocell layer to a certain 
extent, it cannot control the stress distributions within the geocell pockets, as its presence 
below the geocell layer limits its scope for any interventions within the cell pockets. It cannot 
restrict the outward movement of soil from the geocell layer under general shear conditions 
and hence it cannot stop the density changes within the geocell pockets. In this context, a 
simple structural add-on to the geocell mattress, which provides basal support as well as 
anchorage to the cells can be extremely advantageous. With this idea, the present study 
investigates the development of a novel geocell anchor cage (GAC) system, which interacts 
with the surrounding and infill soil more effectively and helps in substantially enhancing the 

mailto:madhavi@iisc.ac.in,
http://www.civil.iisc.ac.in/people/madhavi-latha-g/
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load carrying capacity of geocell reinforced sand beds. In this system, a geogrid with several 
anchor pins strategically located to reinforce each of the geocell pockets is manufactured and 
its addition to the geocell reinforcement is investigated. To suit the geometry of the 
commercially available geocells, the GAC is customized and manufactured through 3D 
printing. 

2 DESCRIPTION OF GEOCELL ANCHOR CAGE  

Geocell Anchor Cages of desired dimension were manufactured through Fused Deposition 
Modeling (FDM) 3D printing using Poly Lactic Acid (PLA) filament. Though the options for 
choosing the dimensions and the geometry of the GAC were plenty, a specific geometry is 
chosen for this study to primarily establish the beneficial effects of the GAC.  The geometric 
details of the GAC used in the present study are shown in Fig. 1. More details of the 
manufacturing of GAC and its geometry can be found in Latha et al. (2024). The GAC offers 
multiple advantages over the basal geogrid layer, which include (i) central anchor support to 
the infill, which allows better stress distribution within the cell (ii) additional and well-
distributed reinforcement effect (iii) additional confinement and (iv) improved membrane 
effect during bending. 
 

 
 

Figure 1: Details of Geocell Anchor Cage (a) plan view (b) perspective view (c) sectional elevation (d) close-up 
view of the pin 
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3 PLATE LOAD TESTS  

A commercial High-Density Polyethylene (HDPE) geocell mattress with 200 mm pocket 
size, 100 mm height and 1.5 mm wall thickness was used in this study. The ultimate tensile 
strength of the geocell wall and the junction seem strength were determined as 12.31 kN/m, 
and 12.76 kN/m, respectively. The tensile strength of the 3D printed polymeric grid (without 
anchor pins) was determined as 20 kN/m from the wide width tension test in both the machine 
direction (MD) and cross-machine direction (CMD). Poorly graded river sand was pluviated 
to a relative density of 70% to create the sand beds in a steel test tank. A square steel plate of 
200 mm width and 20 mm thickness was used to apply load on the sand bed created within 
the tank. Settlement of the footing and surface deformations of the sand bed were measured 
using noncontact displacement sensors.  Further, strain gauges and pressure cells were used to 
understand the variation of strain on the geocell wall and pressure mobilized on the wall of 
geocell pocket, respectively. In test series with geocell reinforcement without GAC, the width 
of the geocell mattress (b) was varied as 3B, 4B and 5B, where B is the width of the plate. 
Load tests with geocell and GAC were carried with the width of the geocell mattress as 3B 
and keeping the anchor cage either below or above the geocell mattress (Fig. 2).  

 

  
Figure 2: Geocell anchor cage configurations in plate load tests (a) below the geocell mattress (b) above the 

geocell mattress 

4 RESULTS AND DISCUSSION 

From the load tests, it is clearly established that GAC helps in effective integration of soil 
and geocell layer through basal support and anchorage. Inclusion of GAC has substantially 
increased the load carrying capacity, irrespective of the position of the GAC. However, 
maximum benefit in terms of increase in load carrying capacity and reduction in settlements 
at a given load was observed when the GAC was placed below the geocell mattress, with the 
anchor pins positioned upwards. The difference between the performance of the upward and 
downward configurations of the GAC is significant. The anchor pins act as shear connectors 
between the geocell and the geogrid. The sand inside and around the geocells develops 
frictional contact with geocell, anchor pins and geogrid, thereby linking them all. Under this 
condition, the soil-geocell-GAC system deforms as a stiffer layer, thereby reducing the 
permanent deformations in the geocell layer. Under the applied load, along with the geocell 
mattress, GAC also experiences bending. When GAC bends under the load, in the 
configuration where the pins are upward (GAC below the geocell mattress), the pins deform 
inwards, converging within the concave shape of the geogrid surface. While geocell layer 
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provides confinement and membrane support, the converging pins provide secondary 
confinement and act like reinforcing anchors within the confined soil, like soil nails. The 
combined influence of tension membrane mechanism offered by the polymeric grid and 
secondary confinement offered by the anchor pins of GAC is responsible for the substantial 
increase in the bearing capacity with the GAC configuration in which anchor pins are upward. 
In the configuration in which the anchor pins are positioned downward, they diverge under 
the application of load and become inefficient in providing secondary confinement effect. 
With the inclusion of GAC, the value of Bearing Capacity Ratio (BCR) with a geocell layer 
of width 3B is computed as 3.46 with its pins up configuration and 2.45 with its pins down 
configuration. The percentage reduction in settlements is 58% and the pins down 
configuration was not able to reduce the settlements because the basal geogrid effect is 
missing in this configuration and the anchor pins are diverging during loading, thus not 
providing adequate hinderance to the settlements in the sand bed. 

5 CONCLUSIONS 

- The provision of GAC significantly improves the load carrying capacity and reduces 
the settlements of the geocell reinforced sand beds. For the tested GAC 
configuration, the bearing capacity increased by more than three times and the 
settlements reduced by about 58%. 

- The major factors responsible for the increased load carrying capacity obtained with 
the inclusion of GAC are tension membrane support, effective connection of geocell 
with the geogrid through anchor pins and frictional sand medium and secondary 
confinement effect due to anchor pins. 

- Placing the GAC below the geocell mattress with pins positioned upward into the 
infill soil yields better benefits compared to placing it above the geocell mattress with 
pins positioned downward into the infill soil. 
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Abstract. The study investigates the impact of soil confinement and interaction on the long-
term tensile response of geosynthetics. To achieve this goal, a novel large-scale laboratory 
apparatus was developed; it allows us to investigate the pullout behaviour of geogrids 
embedded in a compacted granular soil and subjected to sustained tensile loadings. 
Comparisons between confined tensile strains and strains obtained from in-air tensile creep 
tests suggest that the creep reduction factor used in the limit state design approach may be 
conservative. Moreover, another key outcome of the research is the proposal of a procedure 
for determining the interface parameter necessary to design the length of the reinforcement. 
This procedure takes into account the viscous effects of polymeric materials under 
serviceability conditions during the design working life of the geosynthetic-reinforced soil 
structure. 
 
1 INTRODUCTION  

The durability of geosynthetics influences the design of civil and environmental 
engineering works. Regarding tensile strength, the value obtained from standard tensile tests 
conducted in-air on wide-width specimens (UNI EN ISO 10319, 2015; ASTM D6637, 2015) 
must be reduced using factors that account for the potential mechanical damage during 
installation, chemical and environmental degradation, and the effects related to the viscous 
nature of the polymers. The reduction factor related to the viscous properties of geosynthetics 
(i.e., creep factor) is generally the most significant, especially for polyolefins.  

Contrary to the results of standard creep tests, tensile strains under sustained load are 
relatively limited when the reinforcement is in contact with soil (Bathurst et al., 2005; 
Carrubba et al., 2000; Tatsuoka, 2008). However, the viscous behavior could still impact the 
soil-geosynthetic interface under serviceability conditions. Since this issue has not been 
thoroughly examined in scientific literature nor fully addressed in the design of civil and 
environmental engineering structures, further detailed research is warranted. 

In response to this need, a new large-scale prototype pullout apparatus was developed and 
built to investigate the time-dependent variations in confined geosynthetic strains under 
sustained load (Cardile et al., 2021). This essay details the long-term pullout apparatus, 
presenting preliminary results from tests conducted on geogrids embedded in a compacted 
granular soil. 
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2 EXPERIMENTAL STUDY  

2.1 Apparatus 

The long-term pullout apparatus consists of: a large steel box (625 × 400 × 1700 mm); a 
pair of metal sleeves 200 mm long; an internal clamp to hold the geosynthetic specimen; a 
rubber membrane to apply the vertical loads; a reserve tank to compensate for lack of air; a 
completely mechanical system for the application of the sustained load made up of weights, 
gear wheels and pulleys; six rotary variable displacement transducers (RVDT) to measure the 
geosynthetic displacements; and a system for data acquisition.  

2.2 Long-term pullout tests 

The long-term pullout tests are currently in progress on two twin apparatuses under 
controlled conditions of temperature and humidity, applying a vertical effective stress of 50 
kPa. Two identical specimens of geosynthetic have been chosen (i.e., HDPE uniaxial extruded 
geogrid) and embedded within a sand with gravel classified as SW according to USCS 
(ASTM D2487, 2017). The soil was compacted until reaching the 95% of the maximum dry 
unit weight obtained by Standard Proctor compaction tests (UNI EN ISO 13286-2, 2010). 
Sustained pullout loads have been set to 50% and 70% of the peak pullout resistance obtained 
by a pullout test performed according to ASTM D6706–01 (2013) at a constant rate of 
displacement (CRD) of 1 mm per minute, under the same vertical effective stress. 

3 LONG-TERM BEHAVIOR OF THE GEOSYNTHETIC  

Displacements recorded at various points along the geogrid have been utilized to compute 
the confined tensile strains, �1conf, over time. These strains have been compared to those from 
tensile creep tests performed in-air at the same loading level, showing that they are lower. 
Furthermore, the confined strains exhibit a reduced gradient due to the mobilization of pullout 
interaction mechanisms along the geogrid. Should this trend continue, the time to reach 
potential creep rupture under pullout conditions would be significantly extended compared to 
the time observed in conventional creep tests. This finding implies that the creep reduction, 
which is used to decrease the tensile strength of geosynthetics in current design practice 
(ISO/TR 20432, 2007), may be overly conservative. 

4 LONG-TERM BEHAVIOR OF THE INTERFACE  

The design of geosynthetic-reinforced soil walls and slopes typically utilizes Limit 
Equilibrium methods (LEM), which require the determination of the apparent coefficient of 
friction between soil and the geosynthetic (�1s/GSY). Considering the impact of creep 
phenomena on the deformation of geosynthetics over time, it is essential to examine if the 
apparent coefficient of friction should be reduced to account for these factors. To explore this 
matter, isochronous curves on a µs/GSY�í �1conf plane have been built, where �1conf represents the 
strains calculated along the geogrid section nearest to the clamp. Two different µs/GSY values 
have been computed for the two different levels of sustained load tested experimentally; for 
each load level, the �1conf strains mobilized at specific times have been also calculated. The 
resulting isochronous trend has been derived from the curve fitting of the µs/GSY�í �1conf pairs, 
demonstrating that reinforcement strains in the anchorage zone continually increase. It is 
important to verify if their final value achieved at the end of the design working life is 
compatible with the structure serviceability. 
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5 DESIGN PROCEDURE 

When design methods based on the ultimate limit state are employed, the design parameter 
µs/GSY could be selected using the µs/GSY�í �1conf isochronous curves to also address the 
serviceability limit state. A design procedure has been defined (Fig. 1) and it involves 
entering an isochronous µs/GSY�í �1conf graph with a horizontal segment representing the 
allowable strain for a given structure. When this segment intersects both the curve for strain at 
the end of the design life and at the end of construction, the corresponding µLTC

s/GSY value 
(long-term creep apparent coefficient of friction) can be read in the vertical axis. 

 

 
Figure 1: Long-term apparent coefficient of friction assessed at a prescribed limiting value of post-

construction strain in reinforcement by using isochronous curves (modified from Cardile et al., 2021). 

6 CONCLUSIONS 

This essay presents a novel large-scale prototype apparatus designed to analyze the long-
term pullout behavior of a soil-geogrid interface under a sustained tensile load: 

- Preliminary results indicate that the strains accumulating in the confined 
reinforcement are lower than those observed in standard tensile creep tests, 
suggesting that the creep reduction factor may be overly conservative.  

- Isochronous curves have been constructed to correlate the apparent coefficient of 
friction mobilized at the interface with the geosynthetic confined strains under a 
sustained load. These curves indicate that the current selection of interface 
parameters may result in tensile strains incompatible with the structure serviceability.  

- A procedure has been proposed to ensure that limit equilibrium analysis, typically 
focused on the ultimate limit state, also accounts for aspects related to the 
serviceability limit state. 
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Abstract. The present work compiles results from pullout tests campaigns carried out in 
recent years. Tests are focused on polyester (PET) strap reinforcement of varied grades (or 
ultimate tensile strengths and, consequently, stiffness) subjected to different confining 
pressures and installation conditions. Reinforcements have homogeneous HDPE sheaths with 
continuous surfaces. Assessments of possible post-pullout damage and the consequences of 
said deterioration are explored. General conclusions regarding design and construction 
practices are commented. 
 
1 INTRODUCTION  

Design of reinforced soil structures typically considers working stress conditions (i.e., far 
from failure conditions), where, even for extensible geosynthetic reinforcements, maximum 
strains are not expected to surpass a 1% threshold (Miyata et al. 2018). The use of strap 
reinforcements (and other geosynthetic materials) requires a proper characterization of the 
interface shear behaviour between the embedded load-bearing elements and surrounding soil. 
Pullout tests are particularly useful to quantify interface shear response, including strength 
and stiffness parameters required for an optimized reinforcement design while ensuring safety 
conditions. The present study details several pullout tests carried to evaluate the performance 
of polyester (PET) strap reinforcement, with a special emphasis on the effect of different 
installation conditions observed in the field. 

2 TEST PROCEDURE 

Test were carried out in a rigid steel box, measuring 1250 mm in length, 500 mm in width, 
and 750 mm in height. Dimensions were selected in accordance to ASTM D6706-01 (2021). 
Figure 1 shows the laboratory equipment, including installed instrumentation. Past pullout test 
campaign for polymeric and steel reinforcements carried out by the authors, including soil 
characteristics, in-depth equipment and procedure description, and numerical simulations of 
results can be found in Damians et al. (2024). 

The present work is focused on the qualitative rather than quantitative assessment of 
installation methods for polymeric straps. For this, three types of tests were carried out. First, 
standard pullout tests with a reinforcement length of 900 mm (see Figure 2a) were undergone.  

mailto:anibal.moncada@upc.edu,
https://camins.upc.edu/en
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(a) 

 
(b) 

Figure 2. Polyester strap configuration (Grade 30) for (a) standard tests with variable embedded length (900 mm 
in the figure) and (b) modified test with a back anchorage system and rectangular trench to simulate real 

installation conditions. 

Second and third, using a tail-end anchorage system, pullout tests were carried out with 
and without a rectangular trench in the middle of the reinforcement length (see Figure 2b), 
respectively. The back anchorage system is composed of a 400-mm-long steel rod tied to a 
100-mm-high bent steel triangle. The purpose of both elements is to simulate common 
installation practices used to remove wrinkles and slightly pre-tension the reinforcement 
straps. The trench section consists of an almost-vertical, 200-mm-deep, 400-mm-long trench 
covering the whole width of the pullout box, resulting in an effective reinforcement length of 
500 mm. As soil was placed a-top the reinforcement, only the sections outside the trench 
where properly compacted (i.e., the area outside the red section in Figure 2b). For all 

 
Figure 2: Pullout test equipment located in the geotechnical laboratory of the DECA in UPC. 
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conditions, vertical loads were applied to simulated depths of 0.3-m, 3-m, and 7-m. Test were 
carried out using 90-mm-wide, 3-mm-thick PET strap reinforcements with an HDPE sheath 
with an ultimate tensile strength of 34.4 kN/strap at 11.2% strain. 

 
Figure 3. Pullout force results at z = 7 m for a smooth-surface, grade 30 PET strap reinforcement considering 

standard and modified test conditions (see Figure 2). 
 
A scenario in which the reinforcement was directly put inside the trench (i.e., without the 

back-end anchorage) was not tested as it was not considered a representative representation of 
in-field installation practices. 

3 TEST RESULTS 

Figure 3 shows pullout load (in kN/strap) and head displacement (in mm) for a simulated 
depth of 7 m. Results include three different tests (i.e., using a conventional setup, with a 
back-end anchorage, and a back-end anchorage including a trench under the middle of the 
reinforcement). Obtained results show that the presence of a trench increases pullout capacity. 
Likewise, the presence of the tail-end anchorage provides further pullout capacity. Results at 
3-m and 7-m of depth showed that the presence of a trench is detrimental to the pullout 
capacity when compared to the anchorage strap, contrary to the 0.3-m of depth results. 
Results show a matching initial trajectory, up to approximately 8 mm of displacement, 
between the three scenarios. Likewise, both test with tail-end anchorage (with and without a 
trench), share a common trajectory up to 12 mm of displacement, approximately. These 
displacement values match to the initiation of tail-end displacements for each case. The use of 
an anchorage results in increased stiffness at the tail-end of the reinforcement, meaning that 
relative displacements occurred at a higher pullout load, nevertheless, the development of the 
pullout load will first depend on the soil-reinforcement interaction and reinforcement 
stiffness. It must be noted that, after each test, the steel triangle used to fix the polymeric strap 
with the anchorage rod presented severe deformations. 

For the standard and anchorage-only (i.e., no trench) tests, specimens presented slight 
(barely visible) sheath damage. For tests with a trench and tail-end anchorage, strap 
reinforcements suffered noticeable damage to the protective sheaths, mainly located at 300 
mm from the pullout box metal sleeve, which matches the beginning of the excavated trench. 
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Sheath damage consist of ruptures (no larger than 30-mm in length) and small indentations. 
Observed damage appears to be limited to the protective sheath, meaning that the load-
resisting polyester fibres remain exposed but (possibly) unharmed, even after over 50-mm of 
head displacement. In theory, under service conditions, the stresses at the end of the 
reinforcement are near to, if not, null, meaning that the damage caused by the existence of a 
trench under the strap near the tail-end should only be a concern for extreme situations (e.g., 
high seismic demand). Be it that the case, the lack of visible damage to the polyester fibres 
indicate that short-term structural instabilities should not be of concern. On the other hand, the 
exposure of PET fibres could represent an opportunity for long time deterioration. Moisture 
can easily reach fibres, leading to concerning chemical damage, depending on pH, for 
example. Likewise, further relative movement between the soil and reinforcement could 
results in further damage to the fibres. 

4 CONCLUSIONS 

- Pullout test using PET strap reinforcements were carried out simulating 0.3-m, 3-m, 
and 7-m of depth with different boundary conditions. Test included loose and tail-end 
anchoraged straps as well as a partial-length trench beneath the reinforcement. 

- The use of an anchorage, with and without a trench, results in increased pullout 
capacity. For the fixed tail-end cases, at 0.3 m of depth, pullout capacity is increased 
with the excavated trench, while decreasing at 3-m and 7-m of depth. 

- After pullout failure, straps were carefully exhumed and inspected. Every test yielded 
slight damages to the HDPE sheath. Scenarios with a rectangular trench presented the 
most severe damage, particularly within the beginning of the excavated area. 

- Sheath damage after pullout failure could lead to a progressive long-term degradation 
of the reinforcement which should be explored. 
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Abstract. The increasing demand for sustainable construction practices and cost 
minimization has spurred interest in using locally available soil for reinforced fill structures. 
However, cohesive soils on-site often require stabilization treatments to enhance volume 
stability, strength, compressibility, permeability, and durability. These treatments can induce 
chemical reactions that dry the soil and alter the clay's surface mineralogy, impacting the pH 
level. Soils with a pH consistently above 9 is deemed not suitable for conventional PET 
geogrids due to hydrolysis susceptibility. This research examines the performance of PET 
geogrids with polyethylene-sheathed tendons in alkaline environments. Through experimental 
laboratory analyses and exhumation campaigns to assess the real-world conditions and 
prolonged exposure effects on these geogrids and geostrips, the study presents some 
considerations on the effects of a specific geogrid structure and coating. 
 
1 INTRODUCTION  

In the construction industry, the cost, longevity, and durability of construction systems are 
continuously challenged by evolving environmental and economic conditions, necessitating 
robust and effective solutions. Using locally available soil can minimize natural resource 
exploitation and improve cost-effectiveness. However, cohesive soils with high plasticity may 
be unsuitable without treatment, such as chemical stabilization. Lime and cement are 
commonly used to enhance clayey materials by reducing plasticity, improving workability, 
and achieving long-term strengthening through soil drying and mineralogy modification. 
These techniques can create highly alkaline environments, initially with a pH above 12, 
decreasing over time.  

2 BEHAVIOR OF PET BASED REINFORCEMENT IN HIGHLY ALKALINE 
ENVIRONMENTS AND AVAILABLE STANDARDS  

Numerous publications discuss the degradation of PET fibers, with a key document being 
"Durability of Geosynthetics" by Greenwood, Schroeder, and Voskamp, reviewed by an 
international committee. This publication provides a thorough overview of testing and 
assessment methodologies for evaluating polymer life-limiting mechanisms. It identifies two 
independent hydrolysis mechanisms for polyester fibers. In acidic or neutral environments, 
"internal" hydrolysis occurs, related to the carboxyl end groups at polymer chain ends. In 
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alkaline soils (pH > 9), a second degradation form, "external" hydrolysis, occurs alongside 
internal hydrolysis, eroding the fiber surface and reducing strength proportional to the cross-
sectional area change. Alkaline hydrolysis depends on the transport of hydroxyl ions through 
convection and diffusion, requiring moisture in the surrounding soil. Unprotected yarns are 
highly susceptible to alkaline solutions, rapidly losing tensile strength. However, the impact 
on products with specific coatings or manufacturing processes can vary significantly. 
The reinforcement object of this research is made of strips comprising a core of high-tenacity 
polyester tendons encased in a tough polyethylene sheath, eventually bonded in the shape of 
geogrid or just left as geostrips (Fig.1). 
 

 
Figure 1. Bonded geogrids and geostrips cross sectional structure  

 
Since 1999, Paraproducts were subjected to multiple tests to determine the effect of a range 

of alkaline solutions on samples of material. One of the research projects was carried out on 
the material exposed to installation damage test. Some of the tests were conducted at pH 
levels of 10, 12 and 14. The experimental hydrolysis conditions considered solutions at 60°C 
for 6 months (considered equivalent to 120 years at 20°C). Unlikely PVC, EVA or SBR 
coatings that offer no significant resistance to the diffusion of water vapor, a thick PE sheath 
was found chemically inert and not affected by any of the alkaline conditions and aqueous 
treatment. The research highlighted the importance of reinforcement section configuration on 
the propagation of alkaline solutions, with tendons fully encased in PE sheaths. It was 
observed that once the alkaline solution wicked into the lane, it saturated the void area and 
reacted with the polyester yarn, dissolving the surface of the filaments until the sodium 
hydroxide concentration dropped below the level required for the attack. Further tests on 
geostrips submerged in a solution with a pH of 13, aligning with the maximum pH expected 
in cement-stabilized backfill, demonstrated a retained strength of 98%, according to EN 
14030 (currently EN ISO 12960). 

The current standard for determining the long-term strength of geosynthetics is detailed in 
ISO TS 20432, which outlines methodologies for deriving reduction factors for geosynthetic 
soil reinforcement materials. Hydrolysis is identified as the main degradation cause for PET, 
with temperature significantly accelerating this process. Although fully coated polyester 
shows potential for slower degradation, PET is mentioned not to be used in environments 
with a pH greater than 9 unless durability is demonstrated. ISO TS 20432 also allows 
determining the degradation rate by analyzing exhumed products exposed to similar 
environments, installing, and retrieving samples to assess durability. The observation period 
must be long enough to extrapolate to the full design life, with sufficient specimens examined 
to account for statistical variability. 
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3 EVIDENCE FROM SERVICE EXPERIENCE  

These geogrids and geostrips have been extensively used in projects with highly alkaline 
environments due to lime or cement stabilization techniques. The first series of tests was 
conducted at three sites in the United Kingdom using bonded PET, which has a short-term 
tensile strength of 50 kN/m, combined with a green or stone facing system of Double Twist 
mesh with a polymer coating. The campaign, overseen by a BBA (British Board of 
Agreement) officer, involved proper sample labeling and third-party analysis to determine the 
pH at the time of exhumation and the retained strength of the geogrids. The residual strength 
of the geogrids after exhumation showed that almost no effects from installation damage, 
durability or creep had been suffered (Table 1). 
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Site 1 
Glasgow PG 50/05 50 kN/m Lime 11.1-11.9 9.5 

(9.2-9.8) 37 kN/m  100% 2 years 

Site 2 
Glasgow PG 50/05 50 kN/m Lime 11.0-12.0 9.1 

(8.4-10) 34 kN/m 98% 5 years 

Site 3 
Luton  PG 50/05 50 kN/m Cement 11.0-12.0 11.7 

(10.9-12.0) 
35 kN/m 96% 3.5 

years 

Table 1. Exhumation phase in two different sites in the UK 
 

The second series of tests was conducted in Forlì, Italy. On-site, the employed solutions 
included the bonded PET geogrids with 550 kN/m tensile strength for basal reinforcement 
over piles, bonded PET geogrids with 150 kN/m tensile strength for primary reinforcement of 
a reinforced fill structure, geostrips for the vertical concrete facing panel walls. The project 
involved the construction of an embankment measuring 530 meters in length and a viaduct 
spanning 320 meters, both of which were constructed over cohesive alluvial soil. This soil is 
characterized by compressible sandy silt and clay, interspersed with sand and gravel layers. 
The soil stabilization was achieved with 2% lime. The installation of this embankment started 
in 2005 till  2008, therefore these structures are 18 years old. The procedure followed was as 
per previous sites (Fig. 2). 
 

   
Figure 2. Exhumation of geogrids (550 kN/m and 150 kN/m) in Forlì and collection of the soil samples. 

 
In the laboratory, pH tests were conducted according to ISO 10390 standard on both the 

natural soil and samples of lime-stabilized soil. For the natural soil, an Initial Consumption of 
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Lime (ICL) test was performed to verify the minimum amount of lime required for effective 
stabilization. The pH level of the natural soil was measured at 8. The residual pH levels of 
samples of lime-stabilized soil in direct contact with the geogrids ranged between 10.9 and 
11.2, consistent with expectations. All geogrids showed almost no strength loss compared to 
the characteristic tensile strength (Table 2). 
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PG 150/05 
Sample 1 

150 kN/m  102 kN/m 
  99% 

18 years 

PG 50/05 
Sample 2 

100% 

PL 550/05 
Sample 3 

550 kN/m 373 kN/m 
100% 

PL 550/05 
Sample 4 100% 

Table 2. Results from exhumation in Italy 

4 CONCLUSIONS 

The study focused on evaluating the long-term performance of polyester based geogrids 
encased in tough polyethylene sheath, often utilized in lime or cement-stabilized backfills. 
After description of some of the extensive test analysis carried out from various laboratories, 
four distinct sites were selected where these geogrids had been installed and exhumations 
conducted to retrieve both soil and geogrid samples. These samples were subsequently tested 
at accredited laboratories to assess their current status and durability. The analysis revealed 
that two of the four jobsites, the pH of the soil had decreased to more moderate levels, 
conversely, the pH at the other two jobsites remained high, exceeding 11, which is supposed 
to be particularly critical for the durability of PET yarns, especially in an 18-year-old project. 
Despite these challenging conditions, the reinforcement performance of all exhumed geogrid 
showed almost no reduction in strength. These findings underscore the robustness and 
important impact of diverse types of coatings and production methodologies on the exposure 
of the PET yarns in highly alkaline environments, confirming their suitability for long-term 
infrastructure projects. The successful performance of these PET geogrids shall pose some 
questions on the way the standards for the determination of durability of geosynthetics 
approach the reinforcements analysis, considering only uncoated yarns, without a deeper 
assessment on ambient conditions such as exposure to fine soils that unlikely damage a tough 
coating nor investigate the propagation of alkaline solutions in damaged conditions. Further 
research is ongoing to better understand and define the propagation effect of alkaline 
solutions and how this contributes on the long-term performance of geosynthetic 
reinforcements. 
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Abstract. The use of geosynthetic reinforcements in different applications has been proven 
over the last decades to be a very beneficial and valid technique. For a safe design of such 
structures the long-term behavior and especially the available resistant tensile force over the 
time under variable boundary conditions, such as temperature, chemical influences or 
loading conditions, must be well known and understood. The known effects, which lead to a 
reduction in tensile strength, are considered in the design by applying so called reduction 
factors. So far, those reduction factors are determined separately without considering a 
possible interdependency. Latest research results are indicating that this can lead to major 
misjudgements. The main mechanism of the chemical degradation of polyester in high 
alkaline environment is the so called alkaline or “external” hydrolyses. In contrast to the 
internal hydrolyses, which provokes an evenly distributed, very slow degradation of the whole 
cross-section of the synthetic material, the external degradation generates a much faster 
“surface corrosion” with creation of fissures or cracks. If this does occur while the material 
is loaded, the fissures are widened, and their propagation are dramatically accelerated. The 
understanding and consideration of chemical degradation under mechanical stress is from 
crucial importance. This research will present results for products made of PET with different 
production technologies, where above-described mechanism has been investigated in more 
detail and conclude with a recommendation, how to proceed based on those findings. Tests 
have been conducted with samples embedded in eluate as well as in partially and fully 
saturated soils under a constant load, which approximately equals the design strength. 

1 INTERNAL AND EXTERNAL HYDROLYSIS OF PET IN ALKALINE 
ENVIRONMENT  

Hydrolysis is the process of splitting a chemical bond by reaction with water. Two types of 
hydrolysis can be observed in PET. The so called internal and external hydrolysis. Internal 
hydrolysis occurs in neutral conditions with pH-values in-between 4 and 9. The 
corresponding mechanical degradation occurs evenly over the entire cross-section. 
Degradation by internal hydrolysis is relatively slow, and strength loss over a 120-year period 
is low. For geosynthetic reinforcing products in general around a few percent. Under alkaline 
conditions with pH values above 9, external hydrolysis also sets in. In contrast to internal 
hydrolysis, external hydrolysis progresses much faster and causes surface corrosion leading to 
voids, cracks, and perforation. The loss of strength is disproportionately higher. 
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2 DEGRADATION OF PET IN ALKALINE ENVIRONMENT UNDER STRESS IN 
A LEACHATE  

Müller-Rochholz and Bronstein (1994) analysed the influence of high pH-values in 
combination with stress (tensile load) on the degradation process of PET fibres. They found 
that the degradation process does speed up significantly under these conditions. This is 
because the tensile forces widen the microcracks and the cracks propagate, which leads to a 
reduction in the cross-sectional area and thus to a lower tensile strength. Also, the specific 
surface area has an influence on the degradation process. To analysis this, geogrids made of 
PET strands have been tested. The samples have been tensioned by 35% of their ultimate 
strength, which corresponds approximately to the design strength of the material. It could be 
observed that the former transparent strands became milky, which is because micro cracks 
occurred in the material and changed the light refractive index. The whiter the surface the 
more micro cracks have appeared. After 28 days at a temperature of 50°C the geogrid failed. 
In a repeated test at 20°C it was observed that the degradation process decreases in speed but 
still occurs. After 64 days in those conditions the residual strength reduced by 45%. 

3 DEGRADATION OF PET IN ALKALINE ENVIRONMENT UNDER STRESS 
EMBEDDED IN SOIL  

All those tests have been executed by placing the samples in an eluate. This might not 
reflect the real conditions, where the material is embedded in soil. Therefore, further test 
series have been developed, where the samples are embedded in soil and loaded at the same 
time. Within a master thesis at the TU Deggendorf a test set-up has been developed, which 
allows the testing of the samples embedded in partially saturated and saturated soils 
(Strahberger, 2023). As a result, it was found out, that also embedded in a lime-sand mixture 
under ambient temperature between 13°C and 19°C the PET strands ruptured both in the 
saturated soil and in the partially saturated soil. 

4 CONCLUSIONS 

The presentation reports on the inner and outer hydrolysis of PET with special focus on 
reinforcement applications. Whereas the inner hydrolysis is a relatively slow and 
homogeneous degradation process, the degradation due to external hydrolysis can have a 
major impact on the safety level of the structure. Different research results are presented and 
show that this degradation process occurs with PET fibres as well as with PET strands, which 
are placed under tension in an eluate or embedded in partially saturated or saturated soils. If 
reinforcing PET products are planned to be used within high alkaline environments their 
suitability should be tested under tension and embedded in the planned material. A possible 
test set-up is presented, and reference is made to a test procedure. 
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Abstract: It has historically been assumed that coated polyester geogrids are not suitable for 
applications where the pH of the soil around the geosynthetic is greater than 9. These 
applications primarily include cohesive soils treated with lime, or ground hardened concrete 
or cement mixtures. The pH of these admixtures is often suggested to be in the range of 11-12 
but actual field data are difficult to locate. However, it is known that a target pH of greater 
than 12.4 is used when clayey soils are stabilized with hydrated lime. Another environment of 
high pH is freshly cured concrete, which is reported to have a pH of greater than 12. There is 
a new interest in looking at the hydrolysis behavior of coated PET geogrids at pH levels 
greater than 9. This effort is buoyed by some of the limitations of the work previously done on 
this topic. 

1 INTRODUCTION  

It has long been recognized that poly(ethylene terephthalate) (PET) has a different 
mechanism for hydrolysis, depending upon the pH of the solution (2-6). In pH solutions of 9 
and below, water is adsorbed by the PET fibers and hydrolysis takes place throughout the 
entire thickness of the fibers. In higher pH solutions, however, base-catalyzed hydrolysis 
occurs on the outer surface of the fibers and the PET is hydrolyzed, then eroded from the 
surface. The result is that the remaining material retains its original properties even though the 
fibers are getting smaller and smaller. This occurs this way because ions are too large to 
permeate polymers. Therefore, only the accessible part of the fiber reacts with the hydroxide 
ions. 

2 ALKALINE CHEMISTRY  

The chemistry of alkaline solutions needs to be considered when performing hydrolysis 
experiments or contemplating the long-term performance of PET coated geogrids. This was 
pointed out in a review article by Van Shoors (Shoors, 2007). The most important aspect is 
the reaction of any metal-hydroxide solution with atmospheric carbon dioxide. Examples for 
NaOH and Ca(OH)2 are shown below (Eqs. 1 and 2): 

 
2NaOH + CO2 = Na2CO3 + H2O (1) 

Ca(OH)2 + CO2 = CaCO3 + H2O (2) 

Equation (1) shows that sodium hydroxide is converted to sodium carbonate. This is 
important because sodium hydroxide is a strong base while sodium carbonate is a weak base. 
The weak base would be far less reactive towards PET. Secondly, since they are both bases, 
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the pH would not show a dramatic change during this conversion. For example, the pH of a 
0.1N solution of sodium hydroxide is 13.0 and the pH of a 0.1N solution of sodium carbonate 
is 11.6. If 75% of the sodium hydroxide was converted to carbonate, the pH would still be 
around 12.4. Therefore, the conversion from a strong base to a weak base is difficult to detect 
by a simple pH measurement. Equation (2) shows the reaction between calcium hydroxide 
(hydrated lime) and carbon dioxide. In this case, it is possible to detect this reaction because 
the product, calcium carbonate is insoluble in water. Therefore, a white precipitate is formed 
when carbon dioxide is present. This chemistry makes hydrated lime a very good carbon 
dioxide trap and some have proposed this reaction as a way to reduce CO2 emissions into the 
atmosphere. These reactions need to be considered in the context of the long-term 
performance of coated PET geogrids. In some cases, like fresh concrete, there will be a high, 
yet rapidly declining pH. In other applications, like lime treated soil, there will be a more 
constant high concentration of calcium hydroxide. 

3 FIELD STUDIES  

Wan et.al. (Wan, 2013) measured pore water pH values in curing concrete before and after 
atmospheric carbonation. They showed that the pH could drop from over 13 to around 8 as a 
result of CO2 exposure. Roadcap et.al. (Roadcap, 2005) reported calcium carbonate (calcite) 
deposits up to four inches deep in wetlands near closed steel mills in the Lake Calumet region 
of Chicago caused by atmospheric carbonation. They also proposed air sparging as a way to 
treat high pH solutions.  

Two papers were found that showed the pH in aqueous solutions near poured concrete. The 
first was a Research Note from the Oregon Department of Transportation (ODOT, 2003). The 
pH of water in a drainage ditch near a freshly poured foundation shaft. Measurements were 
made right after the pour and 31 hours later. The results within a few feet of the shaft showed 
a maximum pH of 10.4 right after the pour and a pH of 8.2 at the same location 31 hours later. 
A location several meters from the shaft peaked at 9.6 and was down to 7.3 after 31 hours. 
This shows how quickly the pH can change from water dilution and atmospheric carbonation. 
Thomle (Thomle, 2010) studied the pH of water exposed to pervious concrete. He showed 
many results from many sites obtained over a period of several years. The main conclusion of 
this study was in the majority of cases, the pH of waters near pervious concrete is around pH 
9 in two years.  

And finally, three papers were published by the Geosynthetics Institute (Koerner, 2002, 
2003, 2005) where pH measurements were taken at the geogrid-block face interface of 
Segmented Retaining Walls. The first two involve the same test wall. The wall included three 
different manufacturers of blocks and pH measurements were taken between the blocks and 
the geogrid for over 2 years time. The results showed that at the beginning, the pH of the three 
blocks were 10.5, 10.0, and 9.2. After two years, the values had dropped to 8.8, 8.7, and 8.3. 
The results showed that within two years, the pH was less than 9.0 for all three of the tested 
materials. Incidentally, only the pH was measured. It is not known how much of the solution 
was calcium hydroxide and how much was calcium carbonate. The third paper reported the 
results of pH measurement taken on 25 different retaining walls in 7 different states in the US. 
The ages of the walls were from 0.5 to 8 years and measurements were made only a single 
time. The results showed that two walls were 9.0 or greater (9.4 and 9.0), two walls were 
between pH 8.0 and 9.0 (8.2 and 8.0) and the other 21 walls had pH values less than 8.0. 
Again, it has been shown that the pH near cured concrete is not very high. 
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4 BENCH SCALE LABORATORY TESTING  

A simple beaker experiment was conducted that measured CO3 and OH ions using two 
indicators: Phenolphthalein (ph 8-9) and Methyl Orange (pH 3-4). Differential titration was 
performed to track hydroxide ions as a function of stirring. Figure 1a shows the concentration 
of OH ions present after stirring for 28 hours. An additional laboratory test employed a small 
tank with a recirculation pump. The sample approach was followed. Figure 1b shows the test 
results. 

5 COATING AND OTHER DESIGN FEATURES  

A Types of coatings used on currently produced PET geogrids includes Poly(vinyl) 
chloride (PVC), Polyethylene (PE), Poly(vinyl) alcohol (PVA), Ethylene Vinyl Acetate 
(EVA), Styrene Butadiene Rubber (SBR), and Bitumen. This list is probably not complete but 
the point is there are many different coating types which will dramatically affect the long-
term performance of these products. Most, if not all, of these are more resistant to the effects 
of high pH than the PET alone, so the coating will definitely delay the onset and minimize the 
severity of the hydrolysis reaction.  

One may argue that looking at only the uncoated fiber properties is the most conservative 
approach. However, the coating type and its application is one area where a superior producto 
is only observed by testing it in its final, coated, form.  

In terms of resistance to hydrolysis, there have not been many papers that have addressed 
this. In the landmark paper on this topic in the USA (Salman, Elias, 1997) a coated producto 
did show the lowest rate of hydrolysis in water (pH = 7). The coated product also had a lower 
rate of strength loss in pH=12. The uncoated product lost 4.1%/year while the coated producto 
lost 1.6%/year. The two polyesters had the same molecular weights, but the coated fibers 
were thicker (21 vs. 17 ��m) while the uncoated fibers had a lower CEG value (18 vs. 27 
meq/kg). Jeon et al. (Jeon, 2005) compared an acrylic coated grid to a PVC coated grid and 
concluded the PVC coating offered superior protection. However, the results were not 
compared with an uncoated product and there were few details about how the test specimens 
were prepared. 

Besides the type of coating, there are many different constructions of PET geogrids. Some 
products consist of straight fiber bundles while others have twisted or knitted fiber bundles. 
There are also products in which individual bundles are coated and impregnated with the 
coating before the final product is constructed while others are produced first and then coated. 
Some coatings are much thicker than others. Experience from laboratories has shown these 
products to be extremely difficult to dissolve for CEG and viscosity (molecular weight) 
testing. When one combines all the different coatings with all the different constructions, the 
variability in hydrolysis resistance may be expected to vary. However, it is also quite likely 
that many of these products are far more resistant to the effects of high pH than the bare PET 
fibers. 

6 CONCLUSIONS 

- Field studies indicate that high pH is not encountered very often and when it is, if 
atmospheric CO2 is present, the chemistry rapidly changes and becomes much less 
aggressive. 
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- Except in the case of hydrated lime modified soils, where the pH is targeted to be 
12.4, a highly alkaline environment is just not likely for the other civil engineering 
applications. 

- Bench-scale testing suggests that carbonation chemistry is very fast when air or 
aerated water (partially saturated) conditions exist. 

- Final products should be tested for hydrolysis resistance. 
 

  
Figure 1: Percent hydroxide ions present: (a) after stirring (NaOH vs Ca(OH)2) and (b) after circulation 

(Ca(OH)2). 
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Abstract. Numerical models, particularly using the finite element method, are becoming 
increasingly popular, for example to assist the design of geosynthetic reinforced soil 
structures and/or analyse their performance. Geosynthetics are often represented by a 
stiffness (and sometimes a tensile strength). As durability is key for the design and 
performance of geosynthetics, representing their response using non-linear constitutive 
models allowing for durability is essential. Thus, it is important to understand how damage 
may influence the load-strain response and how such changes can influence design tensile 
properties. Recent research work on this topic is summarised, highlighting how simple 
hyperbolic-based constitutive models can be used to represent the tensile response of 
geosynthetics, for both their as-received and damaged conditions. The model parameters 
have physical meaning and can be linked to the material tensile properties. The approach 
adopted allows estimating the model parameters after damage from model parameters of 
undamaged samples and reduction factors for the damage agent or mechanism considered. 
This approach has large potential for application in geotechnical design, as estimated 
constitutive models allowing for durability may be implemented in software, e.g., using finite 
element method, and lead to more realistic designs. 
 
1 CONSTITUTIVE MODELS FOR GEOSYNTHETICS  

Geosynthetics exhibit mechanical behaviour that is a combination of typical responses of 
elastic solids, viscous liquids, and plastics, primarily temperature dependent (McGown et al., 
2004). Constitutive models depend on polymer type, temperature and load conditions, strain 
rate, load direction, and stress confinement. The tensile force-strain response of geosynthetics 
is complex, can be highly non-linear, and is affected by damage and degradation (durability 
aspects). Often, constitutive models for geosynthetics are phenomenological, as they rely on 
curve fitting of experimental data to estimate model parameters. Bathurst and Kaliakin (2005) 
distinguish simple mathematical models, polynomial models, rheological, hyperbolic-based 
models, models based on the isochrone concept, elastic-viscoplastic, elastoplastic-
viscoplastic, and bounding surface models. 

Polynomial models and hyperbolic-based models (Equations 1 and 2) have been used to fit 
the short-term tensile response of geosynthetics. Equation 1 refers to a hyperbolic shape, 
while Equation 2 combines a hyperbola for low strains and an exponential function for high 

mailto:mlopes@ua.pt,
https://www.ua.pt/pt/decivil
mailto:mpaula@ip.pt,
https://portal3.ipb.pt/index.php/pt/ipb


Technical Workshop on Reinforcement and Drainage in Soil Structures. June 2024, Barcelona.  
Technical Committees on Soil Reinforcement (TC-R, IGS) & Hydraulic Applications (TC-H, IGS), and 

Reinforced Fill Structures (TC-218, ISSMGE) 
Session: Numerical modelling approaches 

32 
 

strains, to capture a stiffening response of some geosynthetics. Herein: tensile load per unit 
width (T), tensile strain (�0), model parameters (a, b, and c), strain at maximum load (�0max). 

T =
�B

a+ b�B
 

 
(1) 

T = 
�B

a + 2b�B
+

1
2b

e
Fc(�B
F�Bma x)2
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2 METHODOLOGY  

Recent research work on this topic is summarized, highlighting how simple constitutive 
models can be used to represent the tensile response of geosynthetics. The approach adopted 
included: 1) obtaining tensile experimental data for intact and damaged geosynthetics; 2) 
fitting data with polynomial and hyperbolic-based models; 3) estimating model parameters; 4) 
investigating links between model parameters and material properties. 

The main objective was to implement simple relations to estimate model parameters for 
damaged samples from tensile properties of reference and damaged materials. The 
geosynthetics studied included geotextiles, geogrids, and reinforcement geocomposites; the 
damage induced encompassed: i) mechanical damage; ii) abrasion damage; iii) sequential 
mechanical and abrasion damage; iv) field installation damage; v) natural weathering; vi) 
artificial weathering. The work summarised has been reported by: Paula and Pinho-Lopes 
(2018a), Paula and Pinho-Lopes (2018b), Paula and Pinho-Lopes (2021), Lombardi et al. 
(2022), Carneiro et al. (2023), Lombardi et al. (2023a) and Lombardi et al. (2023b). 

3 CONSTITUTIVE MODEL AND ESTIMATES OF MODEL PARAMETERS  

3.1 As-received geosynthetics 

The constitutive models analysed (polynomial and hyperbolic-based) can fit experimental 
data for as-received (intact) samples well; confirmed by statistical analysis of the goodness of 
fit. Model parameters of polynomial equations have no physical meaning. Parameters of 
hyperbolic-based models may be associated with the tensile properties of geosynthetics (Liu 
and Ling, 2007). Initial work (e.g., Paula and Pinho-Lopes, 2021) led to the adoption of 
adjustment coefficients, to calibrate such relationships. Although some authors argue that CT 
is a material constant, the results showed a different trend (particularly after damage). 

Equation 3 (Liu and Ling, 2007) relates model parameter a to the initial tangent stiffness 
(Ji). Equation 4 (Lombardi et al., 2023b), obtained from Equation 3 (�0 �0max), relates model 
parameter b to: tensile strength (Tmax), strain at maximum load (�0max) and model parameter a. 
Equation 4 (Lombardi et al., 2023b) is derived from Equation 2 applying boundary conditions 
and relates model parameter c to �0max and parameters a and b. 

a =
1
Ji

 
 

(3) 

b =

FaTmax + 2�Bmax + 
¥4�Bmax

2 + a2Tmax
2

4�BmaxTmax
 

 
(4) 

c = 

Fln �@

2b�Bi
a + 2b�Bi

�A

(�Bi 
F �Bmax)2  
 

(5) 

3.2 Damaged geosynthetics 

The constitutive models for damaged geosynthetics showed similar trends to the 
undamaged materials. As all models analysed are phenomenological, they can accurately 
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reproduce the force-strain response after damage. The hyperbolic-based model parameters (ad, 
bd and cd) were estimated from curve fitting. These parameters can be estimated from 
Equations 3 to 5 using the tensile properties exhibited by the damaged geosynthetics: initial 
stiffness, Ji,d; tensile strength, Tmax,d; corresponding strain, �Hmax,d. 

If the damage induced does not alter the shape of the tensile force-strain curve, estimating 
model parameters after damage is likely to be possible. Thus, simple relations to estimate 
model parameters for damaged samples were explored, using tensile properties of as-received, 
reference, samples (Ji,r, Tmax,r, �Hmax,r) and of damaged samples (Ji,d, Tmax,d, �Hmax,d). For that, 
reduction factors for Ji, Tmax and �Hmax after damage were used. The reduction factor for 
property X (RX) is the ratio of the values of property X after damage (Xd) to that of the 
reference sample (Xr). The most recent and promising relations obtained refer to applying 
Equations 3 to 5 to obtain estimates of tensile properties of damaged geosynthetic (Ji,de, 
Tmax,de, �Hmax,de), using mean values of reference properties (Ji,r, Tmax,r, �Hmax,r) and reduction 
(scaling) factors (RJi,d, RT,d, R�H,d).  

4 CONCLUSIONS 

Simple hyperbolic-based models can qualitatively describe the tensile load-strain response 
of geosynthetics, both undamaged and damaged, either mechanical damage (in laboratory and 
under real conditions), abrasion damage, sequential mechanical and abrasion damage, and 
weathering (natural and artificial). Hyperbolic-based models are the most promising, as they 
allow describing the load-strain curves of most geosynthetics studied (before and after 
damage) only from their tensile properties: Ji, Tmax and �0max. Regardless of the type of damage, 
if there are no changes to the shape on the force-strain curve, hyperbolic-based models can 
describe the tensile response of damaged samples using data from undamaged samples and 
scaling factors. 

The proposed process can be summarized as: 
1. Characterise the full tensile response of a chosen geosynthetic (reference sample). 
2. Use curve fitting to approximate that response by a hyperbolic-based equation and 

derive the corresponding model parameters (ar, br, cr); alternatively, these can be 
related to Ji, Tmax and �0max using Equations 3 to 5. 

3. Obtain reduction factors for Ji, Tmax and �Hmax after damage (using laboratory or field 
tests, or from the literature, depending on the context): RJi, RTmax, R�Hmax. 

4. Estimate model parameters for the damaged sample (ad,e, bd,e, cd,e) using the proposed 
equations (Equations 3 to 5) and mean values of undamaged tensile properties (Ji,r, 
Tmax,r and �Hmax,r) and reduction (scaling) factors (RJi,d, RT,d, R�H,d) 

5. Implement the estimated hyperbolic equation for the damaged sample on numerical 
software. 

This approach allows estimating the response of damaged samples using tensile tests 
results of both reference and damaged samples. It contributes to defining simple constitutive 
models allowing for durability, which can be implemented in geotechnical software. 
Ultimately, more realistic responses of geosynthetics will be used in design. 
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Abstract. Plenty of numerical models aimed to simulate and predict the stress-strain 
response of geosynthetic reinforced soil walls can be found in the literature, most of which 
are focused on the mechanical response. Geosynthetic materials have proven to have a time-, 
load-, temperature-, and, to some extent, moisture-dependent response. Thus, it seems natural 
to study thermal and hydraulic dependencies in numerical models. The present work details 
numerical models focused on mechanical and thermo-hydraulic responses. When 
appropriate, variable atmospheric boundary conditions, including temperature, relative 
humidity, and precipitation records are used. Constitutive models for reinforcement materials 
with temperature and moisture dependencies are explored. Mechanical simulations are 
compared with analytical design methods. Conclusions include comments and suggestion of 
the overall numerical modelling of reinforced soil walls. 
 
1 INTRODUCTION  

The important role of temperature and relative humidity on the mechanical and chemical 
degradation of PET fibres due to hydrolysis is well documented in the literature. AASHTO 
(2020) specifies that the design ambient temperature for a reinforced soil wall backfill 
material is the mean of the average yearly air temperature and the normal daily air 
temperature for the warmest month at the wall site. Design temperatures greater than 30ºC 
and 35ºC for permanent and temporary walls, respectively, are identified as aggressive soil 
conditions and thus require special attention during design. 

Moreover, the response of extensible polymeric reinforcement materials, such as polyester, 
is load-, time-, and temperature-dependent. Thus, great care must be taken when choosing a 
unique stiffness value for numerical simulations and analytical methods. 

The present work focuses on thermo-hydraulic simulations to study the in-soil 
environmental conditions using various atmospheric registries, and mechanical simulations to 
be compared with analytical methods. 

mailto:anibal.moncada@upc.edu,
https://camins.upc.edu/en
http://www.cimne.com
https://vsl.com
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2 THERMO HYDRAULIC MODELLING  

Thermo-hydraulic (TH) finite element models were undergone to study the distribution of 
in-soil temperature, relative humidity, and degree of saturation. Figure 1a shows the finite 
element mesh geometry of the TH model. Several atmospheric boundary conditions were 
studied, composed of in-air temperature (T) and relative humidity (RH) (see Figure 2a), as 
well as rain (water flux condition). Further details on initial and boundary conditions can be 
found in Moncada et al. (2023a).  

Figure 2b show a in-soil temperature profile at 5 m from the vertical facing. Relevant 
temperature variations are observed only within the first 3 meters of depth. Numerical results 
show that maximum temperature values are reached within the first 3 meters from the vertical 
boundary. At greater depths, temperature values are less variable, and lower in magnitude, 
and are close to the average yearly atmospheric temperatures and not the warmest month 
temperatures. 

3 MECHANICAL MODELLING  

The latest revision of the European design standard (prEN1997-3 202x) allows numerical 
models to be used as a primary design approach for walls that fall within and beyond the 
scope of analytical models. Numerical models must include construction stages and account 
for serviceability limit states (SLS) and ultimate limit states (ULS). A common approach 
when calculating both numerical and analytical methods is to use a stiffness modulus 
corresponding to, for example, 2% strain and 1000 hours (Allen and Bathurst 2019), obtained 
from isochronous stiffness curves from product specific laboratory data. For ULS design, a 
material factor (�Jm) must be applied to the soil strength parameters to reduce the soil strength 
(i.e., a reduction of tan(�I) and cohesion). If equilibrium conditions are met (i.e., no structural 
collapse occurs), then the limit state conditions are satisfied. prEN-1997 (202x) defines a 
material factor of �Jm = 1.25 for ULS conditions. The present study also uses �Jm = 2.00 to 
examine the influence of weaker soil on numerical model outcomes. Figure 1b shows the 
model geometry including al relevant structural components. 

Numerical simulations were compared with analytical models detailed in AASHTO (2020) 
(i.e., Stiffness method, Coherent Gravity method (CGM), and Simplified method). Each 
analytical method provided a required reinforcement arrangement, labelled A, B, and C, 

  
(a) (b) 

Figure 1. Finite element mesh geometry for (a) thermo-hydraulic and (b) mechanical simulations (adapted from 
Moncada et al., 2023a, 2023b). 
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respectively. Figure 3a shows the maximum axial load for each reinforcement layer obtained 
from the numerical simulations and analytical methods. The Stiffness method results in 
considerably lower loads than those obtained by the CGM and the Simplified method, 
particularly towards the lower half of the structure. Numerical simulation results fall below all 
analytical values. Simulations follow the linear trend over the top half of the wall. However, 
as depth increases, numerical results deviate from the constant load trend predicted by the 
analytical models. Figure 3b shows the shear strains across the structure. As the material 
factor increases, shear strains increase at the bottom of the reinforced soil zone. In this region 
a linear failure zone can be imagined consistent with expectations using active earth pressure 
theory applied to extensible reinforced soil masses (dashed line in Figure 3b). 

4 CONCLUSIONS 

- Relevant temperature fluctuations were restricted to the first 3 meters of distance 
from the horizontal and vertical boundaries. For greater distances from the exposed 
boundaries, in-soil temperatures were close to the annual mean in-air temperature for 
each boundary condition. 

- The AASHTO (2020) approximation to estimate in-situ soil temperatures for design 
from ambient temperature records was found to be reasonably accurate up to 3 meters 
of depth. At greater depths, the AASHTO approximations were conservative for 
design (and thus safe) as temperatures from numerical analyses were lower for all 
boundary condition cases. 

- The Stiffness method provided the most optimized design (lowest maximum tensile 
load in each layer). The Simplified method and CGM required higher grade 
reinforcement for the bottom-most layers. 

- Numerical model results were in closest agreement with the Stiffness method 
predictions for the maximum reinforcement load at end of construction. As permitted 
by prEN-1997, the use of numerical models for design, if properly used and verified, 
facilitate design for serviceability and ultimate limit states. 

 

  
(a) (b) 

Figure 2. (a) Temperature and relative humidity boundary conditions for Barcelona, Spain, and (b) vertical 
temperature profile at 5m from the vertical facing for a 5-year period (Modified from Moncada et al. 2023a). 
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(a) (b) 

Figure 3. (a) Simulated shear strains (in %) for �Jm= 1.0 (top) and �Jm= 2.0 (bottom) and (b) calculated maximum 
reinforcement tensile loads using the three analytical design methods and numerical results with unfactored soil 

strength (�Jm= 1.0) (Modified from Moncada et al. 2023b). 
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Abstract. The behavior of back-to-back mechanical stabilized earth (MSE) walls is 
significantly influenced by the geometry, especially the horizontal distance between the back 
of the reinforced soil zone of the two MSE walls. In the Federal Highway Administration 
(FHWA) design guidelines, two cases are considered based on the horizontal distance. 
However, no justification is provided for this assumption. Therefore, research is needed to 
investigate the interaction effect of back-to-back MSE walls with different horizontal 
distances. In addition, the assumption does not provide a clear provision regarding facing 
conditions. This paper presents a numerical investigation of the interaction effect of the static 
behavior of back-to-back MSE walls with different facing conditions. A parametric study is 
conducted to investigate the effect of horizontal distance, soil friction angles, and wall heights 
on the lateral soil thrust and required tensile strength. Results show that the maximum facing 
displacement, lateral soil thrust, and required reinforcement tensile force of the back-to-back 
MSE walls with different facing conditions generally increase nonlinearly with increasing 
horizontal distance up to a certain critical value. Design recommendations that account for 
the interaction effect between the back-to-back MSE walls with different facing conditions on 
external stability and internal stability are provided. 
 
1   INTRODUCTION  

Back-to-back MSE walls are commonly used for bridge approaches, highways, and 
railways. Compared to traditional embankments, back-to-back MSE walls can save more 
space and have a promising application prospect, especially in urban regions with limited land 
resources. The static behaviour of back-to-back MSE walls is significantly influenced by the 
geometry, which is typically described by the RWH or the horizontal distance between the 

mailto:li-fuxiu@whu.edu.cn
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MSE walls. In the FHWA design guidelines, two cases are provided to consider the influence 
of horizontal distance on the external stability of back-to-back MSE walls (Figure 1). 
However, there is a lack of research to verify the rationality of this assumption. The 
assumption does not provide a clear provision regarding facing conditions, such as modular 
block facing, incremental panel facing, and full-height rigid facing. In addition, the FHWA 
design guidelines do not consider the influence of interaction effect on the internal stability of 
back-to-back MSE walls. This study presents a numerical study to investigate the interaction 
effect of back-to-back MSE walls with different facing conditions. 

 

 
Figure 1: Illustration of back-to-back MSE walls 

2   INTERACTION EFFECT  

Numerical models were developed for the field-instrumented MSE walls with different 
types of facing, and the simulated results are in reasonable agreement with field 
measurements. A parametric study is conducted to investigate the influences of horizontal 
distance between the two MSE walls, soil friction angle, and wall height on the interaction 
effect of back-to-back MSE walls. The interaction of back-to-back MSE walls with different 
facing conditions were analyzed and compared. Results show that the maximum facing 
displacement, lateral soil thrust behind reinforced soil zone, and required reinforcement 
tensile force of the back-to-back MSE walls with different facing conditions generally 
increase nonlinearly with increasing horizontal distance up to a certain critical value, and the 
effects of interaction between the back-to-back MSE walls are stronger for lower friction 
angle and higher wall. The critical horizontal distances for different friction angles and wall 
heights are generally close to the theoretical FHWA values for the full active failure wedge to 
be developed and could be approximated as 0.5. The FHWA method significantly 
underestimates the lateral soil thrusts for the range of horizontal distances involving 
interaction between the back-to-back MSE walls (Figure 2a). The FHWA stiffness method 
does not consider the influence of the interaction effect (Figure 2b).  
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(a)                                                         (b) 

Figure 2: Influence of horizontal distance on lateral soil thrust and required reinforcement tensile strength 
for back-to-back MSE walls with modular block facing: (a) lateral soil thrust; (b) required tensile strength. 

3   INFLUENCES OF FACING CONDITIONS  

For the back-to-back MSE walls with modular block facing and full-height rigid facing, the 
interaction effects are similar. For the back-to-back MSE walls with incremental panel facing, 
the high reinforcement tensile stiffness could provide strong anchorage resistance, and the 
interaction effect between the MSE walls is stronger than those of the back-to-back MSE 
walls with modular block facing and full-height rigid facing. Design recommendations on 
lateral soil thrust and required reinforcement tensile strength calculations that account for the 
interaction between the back-to-back MSE walls with different facing conditions are provided 
in Figure 3. 
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  (a)                                                                              (b) 

Figure 3: Design recommendations for back-to-back MSE walls with different facing conditions. (a) 
external stability; (b) internal stability. 

4   CONCLUSIONS 

- Lateral soil thrust and required tensile strength increase nonlinearly when the 
horizontal distance increases from -0.7H to 0.5H, as the interaction effect of back-to-
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back MSE walls with different facing conditions becomes smaller, and then remains 
essentially constant for larger horizontal distances. 

- The increasing effect of lateral soil thrust and required tensile strength with 
increasing horizontal distance is more significant for lower soil friction angle and 
taller wall. The critical horizontal distances for different friction angles and wall 
heights are generally close to 0.5. 

- Design recommendations that account for the interaction effect of back-to-back MSE 
walls with different facing conditions on the external stability and internal stability 
are proposed. The proposed method considers the reduction of lateral soil thrust 
behind the reinforced soil zone and required reinforcement tensile strength with 
decreasing horizontal distance. 
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Abstract. Voids may form under thin fills and embankments due to karstic terrain, mining 
operations, permafrost thawing, pipe failure or local subsidence at the surface of a landfill 
closure. A strategy that can be used in anticipation of void formation is to introduce a 
geosynthetic reinforcement layer at the base of the fill at the time of construction that can 
temporarily support the fill over the void until remediation. This paper describes a series of 
numerical models of the reinforced fill over a void problem using the finite difference method 
(program 2DFLAC). The rate-dependent hyperbolic isochronous load-strain model for the 
reinforcement developed by the writers is used to model the polymeric geosynthetic 
reinforcement layer. 
 
1 INTRODUCTION  

Voids may form under thin fills and embankments due to karstic terrain, mining 
operations, permafrost thawing, pipe failure or local subsidence at the surface of a landfill 
closure. A strategy that can be used in anticipation of void formation is to introduce a 
geosynthetic reinforcement layer at the base of the fill at the time of construction that can 
temporarily support the fill over the void. The problem of a reinforced fill over a void is 
conventionally addressed using analytical solutions for reinforcement tensile strength and 
strain limit states (e.g., Giroud et al., 1990; BS 8006-1 2010). These solutions have the 
disadvantage that the influence of rate-dependent (load-strain-time) behaviour of the 
reinforcement is not considered. Furthermore, the coupled behaviour of the reinforcement and 
fill layer are ignored. For example, there is the expectation that as the reinforcement stiffness 
increases the vertical deflection of the fill will decrease. This paper describes a series of 
continuum numerical models of the reinforced fill over a void problem that capture the 
coupled effect of the reinforcement, soil materials, and problem geometry using the finite 
difference method (program 2DFLAC – Itasca 2011). 

 2 NUMERICAL MODEL  

The general arrangement and domain for the long void (plane-strain) numerical model is 
shown in Fig. 1. Details of the modelling approach can be found in Naftchali and Bathurst 
(2024). To simplify numerical modelling and focus attention on the influence of the fill 
materials, problem geometry and the reinforcement, the foundation was taken as rigid rock. 
Geosynthetic reinforcement products are rate-dependent materials meaning that their stiffness 
is load-, strain- and time-dependent. The relationship between tensile load and strain for a 
particular isochronous time t and strain �H can be expressed as: 

mailto:bathurst-r@rmc.ca;
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T(�H,t) = J(�H,t) × �H (1) 

Here, J is the creep-adjusted secant stiffness at elapsed (isochronous) time and tensile strain. 
The non-linear hyperbolic isochronous stiffness model described by Bathurst and Naftchali 
(2021) is used in this study.  In this model, the reinforcement secant stiffness is: 

o

1
J( , t)

1 1
J (t) (t)

�H � 
�� �H

�F  

(2) 

Here, Jo(t) is the initial tangent stiffness of the isochronous curve for time t, and �F(t) is a 
parameter that captures the curvature of isochronous load-strain and stiffness curves with 
strain �H. Reinforcement materials with �F(t) = �’�� �U�H�S�U�H�V�H�Q�W���L�G�H�D�O�L�]�H�G�� �H�O�D�V�W�L�F�� �E�H�K�D�Y�L�R�X�U�� �D�W���H�D�F�K��
isochronous time. The tangent stiffness (Jt(�H,t)) is required in the 2DFLAC numerical code. 
Differentiating Eq. 2 gives:  

t 2

o
o

1
J ( , t)

1 1
J (t)

J (t) (t )

�H � 
�ª �º

�� �H�« �»�F�¬ �¼ 

(3) 

The full parametric study from which some results are extracted here included a range of fill 
heights H = 0.25 to 9 m, void widths from b = 0.25 to 7 m, four different sand fills and six 
geosynthetic reinforcement products with combinations of Jo(t) = 500 to 10,000 kN/m and 
�F(t) = 20 to �’���N�1���P�����7�K�H���O�D�W�W�H�U���U�H�S�U�H�V�H�Q�W�V���D�Q���L�G�H�D�O�L�]�H�G���O�L�Q�H�D�U���H�O�D�V�W�L�F���P�D�W�H�U�L�D�O�� 

3   EXAMPLE RESULTS 

Some example results are shown in Fig. 2. The reinforcement deflection, surface 
deflection, reinforcement load and strain increase as the void width increases when all other 
parameters remain the same. This is not unexpected. Fig. 2b shows that maximum surface 
deflections for b = 3 m are large and likely beyond acceptable performance limits for a road 
surface, but are shown here to illustrate trends in numerical outcomes. It is difficult to 
quantify the width of the surface deflection bowls in these numerical simulations because the 
surface gradients beyond the edge of the void are very shallow. Nevertheless, from Fig. 2b for 
the same void width, the width of the deflection surface (Ds) does not appear to be influenced 
by the reinforcement stiffness. Fig. 2c can be used to check that the strength limit strength for 
a candidate reinforcement product is not exceeded, i.e., the allowable tensile strength is 
greater than the maximum tensile load in the reinforcement i.e., Tal �•�7max. The allowable 
tensile strength is computed as Tal = Tult/RF where parameter RF is the combined strength 

 

Figure 1: Base case problem domain. Note: Numerical grid dimensions are illustrative only. Finer grid node 
spacing was used in the vicinity of the reinforcement where stress gradients are greater. 
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reduction factor due to creep, installation damage and durability mechanisms.  A value of RF 
= 3 is reasonable for PET geogrids. A value of RF = 5 may be appropriate for polyolefin 
geogrid materials that tend to exhibit greater creep than PET geogrids of similar strength and 
when all other conditions are the same (Bathurst and Naftchali 2021; Naftchali and Bathurst 
2023). Fig. 2d shows cases with the maximum reinforcement strains exceeding or 
approaching 5%. The largest strains and loads (Fig. 2c and 2d) were at the void edges for b �•��
2 m. This may be due to the formation of a soil arch above the void that transfers the fill soil 
weight to the edges of the void. Reinforcement strains are judged to be excessive for b �t��2 m 
�D�Q�G���$�����W����� ���������N�1���P�����D�Q�G���I�R�U���E��� �������P���D�Q�G���F(t) = �’�� 

4 CONCLUSIONS 

For the range of parameters investigated in the numerical modelling study by Naftchali and 
Bathurst (2024) the following observations were made: 
 
1. Maximum reinforcement tensile strains and loads occur directly above the centre of the 

void if the maximum reinforcement strain does not exceed 5%.  
2. For reinforcement materials with Jo(t) < 5000 kN/m there are detectable differences in 

numerical outcomes. The influence of reinforcement rate-dependency (creep) is greater for 
wider voids (b > 2 m). 

3. For sheet reinforcement geosynthetics with little or no rate-dependency, there is a limiting 
performance benefit for single-layer reinforcement with isochronous secant stiffness 
greater than Jo(t) = 5000 kN/m for void widths up to 3 m.   

4. The rate-dependency of reinforcement materials with the same value of Jo(t) is largely 
captured by parameter �F(t). As parameter �F(t) decreases (i.e., the reinforcement material 
becomes more rate-dependent), the reinforcement deflections, fill surface deflections, and 
reinforcement strains increase, and the reinforcement loads decrease. This is because the 
effective stiffness of the geosynthetic material decreases, leading to the same qualitative 
behaviour as rate-independent reinforcement (1/�F(t) �:���������D�Q�G���G�H�F�U�H�D�V�L�Q�J���-o(t). 

5. Increasing the void width resulted in an increase in reinforcement deflection, surface 
deflection, and maximum reinforcement tensile load and strain. 

6. The influence of the fill height to void width (H/b) on reinforcement deflection, load and 
strain in the reinforcement is judged to be small. However, increasing H resulted in 
decreasing surface deflection.  

7. The maximum surface and reinforcement deflections, reinforcement tensile strains and 
loads decreased with increasing compaction of the granular fill soil in these simulations, 
when all other parameters were the same. 
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c) 

 
d) 

Figure 2: Influence of width of void on numerical outcomes for H/b = 1 and reinforcement stiffness Jo(t) = 
�����������N�1���P���D�Q�G���S�D�U�D�P�H�W�H�U���$���W����� ���’���D�Q�G���������N�1���P�����D�����U�H�L�Q�I�R�U�F�H�P�H�Q�W���G�H�I�O�H�F�W�L�R�Q�����E�����V�X�U�I�D�F�H���G�H�I�O�H�F�W�L�R�Q�����F����

reinforcement load, and; d) reinforcement strain. H = height of fill layer and b = width of void. 
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Abstract. Reinforced soil walls perform relatively well under seismic action due to their 
flexibility. The current design practices consider the seismic action either by an analytical 
approach (Mononobe-Okabe formula) or by a pseudostatic analysis (geotechnical software). 
In both cases the seismic action is considered as a constant force acting in the horizontal 
direction outwards of the MSE wall. A vertical seismic force component may be added, which 
is generally a fraction of the horizontal one. Besides the simplified approaches, the seismic 
load can be considered in a more complex way by using accelerograms in FEM software. 
This method requires seismic records of the region as well as detailed geotechnical 
parameters for the foundation and backfill. The above mentioned dynamic approaches are 
discussed in the article along with their advantages and limitations. Some seismic 
recommendations from design codes are also included. Lastly, it is explained why the choice 
of the dynamic analysis method depends on the complexity of the situation. 
 
1 INTRODUCTION  

Reinforced soil walls are becoming increasingly popular due to their ease in construction, 
good appearance, and relatively low carbon footprint. It has been proven that the compacted 
soil within these structures has excellent damping capabilities (Kramer, 1996). Consequently, 
MSE walls tend to be quite resilient when subjected to seismic events. On the other hand, due 
to their heterogeneity, certain difficulties arise when attempting to predict the effects of an 
earthquake on a MSE wall. The existing design methodologies typically incorporate seismic 
effects through either analytical approaches such as the Mononobe-Okabe formula  or 
pseudostatic analyses using geotechnical software (AASHTO, 2012; Bowles, 1995; EN1998-
5, 2004). In these approaches, seismic action is generally considered as a constant horizontal 
force exerted outward from the Mechanically Stabilized Earth (MSE) wall. Occasionally, a 
vertical seismic force component is included as a fraction of the horizontal force. 

 
2 MSE WALLS DESIGN  

Mechanically Stabilized Earth walls are designed to satisfy several controls such as 
external, internal, and compound stability. The external stability is similar to other retaining 
wall types with checks in i) foundation base pressure, ii) base sliding, iii) overturning and iv) 
deep seated global stability. The internal stability includes the choice and design of the 
reinforcements/facing panels so that the following are within acceptable limits: i) the peak 
tension in the reinforcements, ii) the pullout capacity of the reinforcements, iii) sliding 
between the reinforcements and iv) facing elements stability. Lastly the compound stability 
refers to the failure modes that combine both internal and external stabilities. This type of 
control consists of finding potential failure surfaces that pass through the reinforced soil mass 
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and simultaneously extend in the surrounding areas. For a compound failure to happen it is 
required that one (or more) reinforcements fail in tension or pullout.  

The seismic action is considered as a special load that applies on the MSE wall. 
Earthquakes are characterized by vibrations of the earth that travel in the form of waves 
(primary, shear, Rayleigh, love). Since it is a dynamic load, it has not been easy to consider its 
effects in the design of an earth retaining wall.  

The main seismic design approaches are summarized below. 

2.1 Analytical seismic design (Mononobe-Okabe formula) 

One of the most widely used equations for seismic design of earth retaining structures is 
the Mononobe – Okabe method (Mononobe, 1929; Okabe, 1926) of calculating the coefficient 
of dynamic earth pressure Kae (active coefficient) and Kpe (passive coefficient) shown in 
Equation 1.      

 

  
 

 
Where : 

- �.�������W�K�H���L�Q�F�O�L�Q�D�W�L�R�Q���R�I���W�K�H���E�D�F�N���I�D�F�H���R�I���W�K�H���Z�D�O�O 
- ���������W�K�H���V�H�L�V�P�L�F���I�R�U�F�H���D�Q�J�O�H���D�V���S�H�U���H�T�X�D�W�L�R�Q������ 
- �3�����/�������V�R�L�O���I�U�L�F�W�L�R�Q���D�Q�J�O�H���D�Q�G���V�R�L�O��– wall friction  
- kh, kv : horizontal and vertical seismic coefficients 

 
Initially obtained as an extension of the Coulomb theory of earth pressure, this method 

combines the wall geometry parameters, friction properties and seismic coefficients 
(Coulomb, 1776). The Mononobe – Okabe approach is based on several assumptions such as: 
the retaining wall is rigid, the soil behind the wall is cohesionless and the seismic action is 
considered as constant. All these assumptions may lead to inaccurate evaluation of the seismic 
force that acts on the MSE wall. However, due to its simplicity it is recommended in design 
normative (AASHTO, 2012; EN1998-5, 2004) and widely used by engineers.   

2.2 Analysis using engineering software 

Geotechnical engineers have two main options for calculating the effect of an earthquake 
using a software: limit equilibrium and finite elements FEM (or finite differences FDM) 
software. These two types of software are quite different between them, although in some 
cases their results are comparable.  

The limit equilibrium software evaluate the safety coefficient of a MSE wall or slope with 
regard to a predefined failure plane that is often circular. Depending on the position where the 
failure plane is passing, it is evaluated the internal/external or compound stability. The 
resisting mechanism at the failure plane consists of local friction and cohesion for the soil and 
tensile/pullout strength of the eventual reinforcements. The seismic action is applied as a 
pseudostatic force that has a specific value and direction. This type of software just calculates 

(1) 

(2) 
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the forces equilibrium and takes no account of elements deformability and time dependency 
of dynamic loads. 

The FEM/FDM software are more complex than limit equilibrium ones and contain plenty 
of material models for soil and reinforcements. They include the deformability of the 
elements and dynamic loads (in explicit analysis). The model is analyzed to find the effect of 
the loads on the system, but a failure plane is not necessarily present. The seismic load may 
be represented as a pseudostatic force, but also as a variable motion of the foundation.  

It is quite common for engineers to use the pseudostatic force approach for representing the 
seismic action on the model. This is mainly due to the simplicity of this modeling option and 
because it is available in most of the software. 

2.3 Discussion on seismic analysis methods 

Analytical calculations are still widely used for the seismic design of MSE walls. Both 
Eurocode and AASHTO have sections dedicated to this. The external stability in EN1995 is 
evaluated using the dynamic pressure that the soil at the back of the wall exerts on it, while in 
AASHTO an additional inertial force of the reinforced soil mass is included (Figure 1). 

 

 
Figure 3: Scheme of dynamic loads on a MSE wall (AASHTO, 2012) 

When verifying the external stability of the wall using analytic formulas, one considers the 
dynamic pressure of the soil behind the MSE wall and also a part of the inertial force acting in 
wall itself. For the internal stability design, only the inertia of the active wedge behind the 
facing of the wall is used in the calculation of the dynamic force on the reinforcements. The 
shape of the wedge depends on whether the reinforcement is geosynthetic or steel. 

The pseudostatic representation of the seismic action in different software is typically done 
by applying the horizontal acceleration in all the model. This seems to be more unfavorable 
than the analytical approach, which reduces the inertia force in the MSE wall area.  

The key factor in the pseudostatic analysis is the horizontal acceleration coefficient “ag” 
(usually taken equal to PGA – peak ground acceleration), which is multiplied with the soil 
factor “S” and divided by a reduction factor of two for walls that can accept displacement 
(AASHTO, 2012; EN1998-5, 2004). The reduction factor aims to account for the differences 
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of the pseudostatic analysis to the real seismic motion, for example: soil damping, direction 
change, amplitude, and frequency variation. In other words, applying the PGA as a 
pseudostatic force would be too conservative since it only happens for a very short time in 
reality. Although it is widely accepted, the pseudostatic force method remains a simplification 
and may give unrealistic results especially for high seismicity areas.  

The most advanced seismic calculation is currently done using complex models and 
applying on them seismic accelerograms in an explicit time history analysis. In this type of 
calculation, one needs to define special behaviors for soil and reinforcements that take into 
account the dynamic nature of the load. For implementing such a model one needs to consider 
soil damping. The latter can be quite challenging since several options exist and they all vary 
for different soils. So, damping requires a certain level of expertise for choosing the one that 
better represents the backfill of the wall without greatly increasing the computation time. 

 
 3 CONCLUSIONS 

Seismic analysis of MSE walls can be performed either by analytical or numerical 
methods. Both contain assumptions and simplifications in the input and output data. 
Analytical methods are widely accepted and recommended in different normative. Numerical 
approaches with geotechnical software aim to give more details with regard to output and 
seem to be more conservative than analytical ones when pseudostatic analysis is used.  

The benefit of FEM/FDM software is that they give an estimation of the behavior of the 
structure by predicting its stresses and deformation in any location. However, the uncertainty 
of the input parameters and material behavior is always present in dynamic calculations.  

For most cases the pseudostatic analysis would be a convenient method as long as it does 
not lead to big changes compared to the static design of a MSE wall. In highly seismic areas it 
might be worth to investigate the application of complex models using time history analysis. 
It is possible that the soil damping characteristics would lead to a more optimized design.            
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Abstract. Much progress has been made to migrate from deterministic design approaches for 
mechanically stabilized earth (MSE) wall structures to (probabilistic) reliability-based 
design.  The latter ensures that the margin of safety against not satisfying a particular limit 
state is expressed probabilistically. Deterministic factor-of-safety design, load and resistance 
factor design (LRFD) and partial factor approaches cannot provide the designer with the 
probability that a limit state is satisfied at time of design. A probabilistic approach provides a 
more nuanced appreciation of margins of safety in this regard. This extended abstract 
demonstrates the general approach using as examples the limit states associated with internal 
stability of geosynthetic MSE walls. An important feature of the general approach is a 
quantitative link to the deterministic factors of safety used in past practice. The same general 
approach can be applied to other cases such as reinforced fills over a void, and reinforced 
granular bases supporting a footing over soft foundations provided model bias statistics are 
available. 
 
1 INTRODUCTION  

The prevailing approach for the design of reinforced soil structures is deterministic in 
which the margin of safety against a particular limit state not being satisfied is calculated as a 
single-value factor of safety. In this approach, all input parameters are assumed to be single-
valued and uncertainty in their choice is ignored, or at best, a characteristic value is assumed 
to ensure design outcomes are conservatively safe. In fact, soil strength and unit weight are 
best understood as random variables characterized by a mean value and standard deviation (or 
equivalently, coefficient of variation (COV)). Furthermore, the analytical models that appear 
in the reinforced soil literature for both the load and resistance sides in limit state equations 
have different levels of accuracy when the predicted load and resistance values can be 
compared to corresponding measured load and resistance values. The term model bias, or 
method bias is often used to quantify the magnitude of model accuracy where bias is the ratio 
of a measured value to a predicted value. A bias value of unity implies a perfect model which 
is a rare occurrence in soil-structure interaction problems which is the focus of this short 
paper. Reliability-based design is gaining traction in geotechnical engineering because it 
provides a more nuanced appreciation of margins of safety by expressing the margin of safety 
as the probability that a target factor of safety will not be satisfied (or equivalently, a target 
reliability index, �E). A shortcoming of conventional deterministic factor of safety approaches 
is that two structures may have the same factor of safety for the same limit state, but their 
margins of safety in probabilistic terms can be very different. 

2 GENERAL LIMIT STATE FUNCTION  

A general expression for a simple limit state function with a single load term and a single 
resistance term for reliability-based design is: 
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Here, Rn and Qn are the nominal resistance term and nominal load term, respectively. These 
are unfactored values that are computed using analytical equations or single specified values 
as is done in conventional deterministic analyses. Quantities, �OR and �OQ are resistance bias and 
load bias terms, respectively, where bias was defined earlier.  The four quantities �OR, �OQ, Rn 
and Qn are random variables described by mean and COV, and are most often satisfactorily 
assumed to be lognormally distributed. The probability (Pf) that the limit state (Eq. 1) is not 
satisfied is: 
 

fP  = P(g < 0) = 1  ( )�� �) �E  (2) 
 
Pf can be computed using Monte Carlo simulation. Alternatively, reliability index �E can be 
computed using the closed-form solution of Bathurst and Javankhoshdel (2017)����Probability 
of failure Pf and �E are related using the standard normal cumulative function (NORMSDIST 
in EXCEL).  Fig. 1 shows a plot of the lognormal distribution of g values. The probability of 
failure (i.e., the probability that the limit state function is not satisfied) is shown by the area 
under the distribution of g that falls below g = 0. The same figure illustrates that �E is the 
number of standard deviations between g = 0 and the mean (�P) of the distribution for g. The 
closed-form solution for �E is: 
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(3) 

The coefficients of variation (COV) for the random variables introduced thus far are denoted 
as COVRn for nominal resistance, COVQn for nominal load, COV�OR for resistance bias, and 
COV�OQ for load bias. The values of COVRn and COVQn capture all sources of uncertainty in 
the estimate of these nominal values at time of design excluding model accuracy which is 
quantified by the bias statistics for the load and resistance models. Uncertainty at time of 
design is related to the confidence in the choice of input parameters such as the friction angle 
and unit weight of the soil, experience with the models, and how well the project design 
models fall within the envelope of monitored structures and laboratory tests that were used to 
calibrate the original load and resistance models. Parameters �UR and �UQ are Pearson’s 
correlation coefficients between variables Rn and �OR, and between Qn and �OQ, respectively, 
and represent bias dependencies with nominal values. Parameter �Un is the “nominal” 
correlation coefficient between Rn and Qn. This quantity is non-zero when there are common 
input parameters in the analytical equations for the nominal load (Qn) and nominal resistance 
(Rn) terms. The statistical quantities in Eq. 3 can be collected into terms A and B leading to: 
 

n����� ���$ �O�Q���) ���������%�u  (4) 
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The ratio of the mean estimate of nominal resistance (�PRn) and mean estimate of nominal load 
(�PQn) is taken as the nominal factor of safety layer, hence:  
 

Rn n
n

Qn n

�� �5
F

�� �4
� �  (5) 

Eq. 4 and 5 provide a quantitative link between the conventional notion of factor of safety 
used in deterministic design practice, and probability of failure, or equivalently, reliability 
index used in modern reliability-based design practice. Eq. 4 shows that there is a linear 
relationship between reliability index and the logarithm of the nominal factor of safety. 

3 EXAMPLE FOR MSE WALL INTERNAL LIMIT STATES  

In this section, examples of the tensile strength limit state and pullout limit state for a 
geosynthetic MSE wall are demonstrated in the context of the reliability-based design 
framework described above. The nominal load and nominal resistance values, Qn and Rn, are 
found in AASHTO (2020) using the stiffness method for the load side, and are not reported 
here due to space constraints. The bias statistics for both limit states can be found in Bathurst 
et al. (2019). Fig. 2a and 2b show that computed �E values versus nominal factor of safety 
present as straight lines using the semi-logarithm axes in the plot. Also shown on the right-
hand vertical axis are the equivalent Pf values. As expected, as the nominal factor of safety 
increases, the margin of safety in probabilistic terms increases. However, for the same 
nominal factor of safety, probabilistic margins of safety decrease as COVQn and COVRn 
change through 0.1 to 0.3. Superimposed on these figures is �E = 2.33 and Pf = 1/100. These 
are recommended margins of safety for internal limit states for MSE walls for both reliability-
based design and for load and resistance factor design (LRFD) calibration. These margins of 
safety may appear low, but recall that these systems are highly strength redundant because of 
the multiple reinforcement layers; e.g., if one layer does not perform satisfactorily, there are 
other layers that can compensate. In these examples, the designer first carries out a trial design 
with nominal values of Rn and Qn. and computes the nominal factor of safety (Fn). Using these 
figures and a selected level of confidence for load and resistance values (COVQn and COVRn), 
the corresponding probabilistic margin of safety can be calculated. For example, COV values 

 
Figure 1: Probability that limit state function is not satisfied and relationship between probability of failure Pf 

and reliability index �E. 
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of 0.1, 0.2 and 03 can be chosen to reflect high, typical and low levels of confidence, 
respectively. If the margin of safety is too low, then the deterministic design is modified to 
(say) increase Rn. In this example, this may mean increasing the strength or stiffness of the 
reinforcement, and for the pullout limit state, increasing the length of the reinforcement.   

4 CONCLUSIONS 

This extended abstract provides a brief introduction to reliability-based design concepts for 
reinforced soil structures using the example of two internal limit states for geosynthetic MSE 
walls. The same approach has been applied to other MSE wall systems with different 
reinforcement types and different load and resistance models by the author and co-workers. 
The same general approach can be applied to problems such as reinforced fills over a void, 
and reinforced granular bases on soft foundations provided model bias statistics are available. 
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a) b) 
 

Figure 2: Probability of failure Pf and �E versus nominal factor of safety for two internal limit states for 
geosynthetics MSE walls:  a) tensile strength limit state, and; b) pullout limit state. 
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Abstract. This paper shows the statistics on the Polyester (PET) strap pullout model's 
accuracy. An empirical modification method to improve accuracy is proposed for the existing 
models. A new non-linear model is also presented, with the best accuracy based on bias 
values' mean, coefficient of variation (COV), and dependency with predicted pullout capacity 
(�U) and test conditions. This study contributes to pullout limit state assessments using 
deterministic or reliability-based analysis and design approaches. 
 
1 INTRODUCTION  

There are two geosynthetic reinforcing materials: sheet and strap types. Recently, PET 
straps have been used more frequently in mechanically stabilized earth walls. However, the 
design model to calculate the pullout capacity for PET straps has not yet been developed 
enough. The research group this presenter attends investigated appropriate models by 
reliability analysis method (Miyata et al, 2019). 

2 OUTLINE  OF RESEARCH 

Our research group developed a database of 296 pullout tests from 81 test series with 
single and closely spaced parallel double PET strap configurations. The data were taken from 
laboratory and in situ pullout tests. The reliability of existing linear and bi-linear models and a 
new non-linear model with the same empirical coefficients as the existing models was 
investigated. The reliability of each model was assessed using bias analysis, where bias is the 
ratio of measured to predicted capacity. 

3 ANALYSIS RESULTS 

Outlines of investigated models and their bias statistics for single or double strap 
conditions are shown in Figure 1 and 2 respectively. A good model will have a mean of bias 
close to 1, a small COV, and �! nearly zero. NL-1 is the best for single strap condition and NL-
3 is the best for double strap condition. 

4 SUMMARY  

- This paper visually demonstrates the effect of model type on the estimation of the 
pullout capacity of PET straps, based on previous research results (Miyata et al, 2019). 
Please see Bathurst et al. (2020) about the model application to design. 
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Figure 1: Investigated pullout models and their bias statistics for single PET strap condition (Miyata et al, 2019). 

 

 
Figure 2: Investigated pullout models and their bias statistics for double PET strap condition (Miyata et al, 2019). 
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Abstract:  Clause 9 of the new Eurocode 7 “EN 1997-3: Geotechnical design” Part 3 
(Geotechnical structures) is a new section dedicated to Reinforced fill structures, addressing 
reinforced wall and abutments, reinforced slopes, basal reinforcement for embankments 
(including load transfer platforms over inclusions and areas prone to development of voids), 
and veneer reinforcement. Both Ultimate Limit States and Serviceability Limit States design 
requirements are presented. This extended abstract summarizes -in an almost verbatim way- 
main content given in the EN 1997-3 (Clause 9) and EN 1997-1 (Clause 8.2). 
 
1 INTRODUCTION  

The new Eurocode EN 1997-3: Eurocode 7 �� Geotechnical design �� Part 3: Geotechnical 
structures will be published soon (expected date: December 2024). Section 9 is dedicated to 
Reinforced fill structures, addressing (see Fig.1): A-reinforced wall and abutments, B-
reinforced slopes, C-basal reinforcement for embankments (including load transfer platforms 
over inclusions and areas prone to development of voids), and D-veneer reinforcement. 
Current extended abstract and related presentation will be particularly focused on reinforced 
wall and abutments, and reinforced slope cases (A-B from Fig.1). 
 

 
Figure 1: Reinforced fill structures within the scope of Clause 9 of EN 1997-3. 
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2 BASIS OF DESIGN 

Design situations, geometrical properties, zone of influence and actions shall be analyzed 
previous to the Limit states. As example, for design situations, the physical conditions that 
define geotechnical design situations shall include the geometrical properties of the site and 
the geotechnical structure, the geometrical and material properties of the ground and 
groundwater, and the environmental influences on the structure, ground, and groundwater. 
Geotechnical design situations should also include stages of execution, service life, repair, 
and maintenance, potential impact of execution methods on geometrical and ground 
properties, consideration of practicability and buildability, anticipated transient or permanent 
changes that will alter the ground or groundwater conditions, their geometrical properties, or 
the behavior of the ground-structure interaction, and anticipated placement and removal of 
ground or storage of building material in the zone of influence (as per FprEN 1997-1:2024, 
4.1.2.1 and 4.2.5). 
 
2.1 Ultimate Limit States (ULS) 

It shall be verified that a reinforced fill structures will not exceed any of the potential 
ultimate limit states for external stability caused by the failure due to loss of overall stability, 
loss of bearing resistance, failure by sliding, and failure by loss of static equilibrium.  

The following potential ultimate limit states related to internal and compound stability 
shall be verified for all reinforced fill structures (Fig. 2): 

- rupture of the reinforcing element; 
- rupture of any connection between a reinforcing element and a facing element of the 

structure, caused by failure of one or a combination of the following elements: 
- reinforcing element at the connection, facing element at the connection, and 

connector, if any; 
- rupture of any seam or joint between the reinforcing elements themselves; 
- failure along slip surfaces that pass wholly or partially through the reinforced block, 

either through the fill or along a reinforcing element; 
- failure at the interface between the fill and the reinforcing element beyond the 

assumed slip surface (pull-out); 
- failure at the interface between the fill and the reinforcing element within the active 

zone of the assumed slip surface ('stripping'); 
- failure by sliding between the ground and the bottom reinforcing element; 
- failure by sliding between the reinforced block and its foundation; 
- excessive deformation of the reinforced fill that causes failure of a nearby structure; 
- bearing failure of the ground; and 
- extrusion of any weak foundation soils.  

The following potential ultimate limit states shall be verified for the facing system and all 
its connections (Fig. 3): 

- structural failure of the facing element; 
- equilibrium failure of the facing element; 
- connection failure between reinforcing elements and facing units if they are 

structurally connected; 
- shear failure between face elements, i.e. bulging; 
- shear failure between face elements and reinforcing elements; 
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- toppling of top facing elements not connected to reinforcing elements; and 
- rotation of large facing elements connected to reinforcing elements at one elevation. 

 

 
a)     b)     c) 

Figure 2: ULS for internal failure mechanisms for reinforced fill structures: (a) tensile failure, (b) pull-out of 
reinforcing elements, and (c) sliding along the interface between fill and reinforcing elements. 

 

 
  a)           b)       c)    d)         e) 

Figure 3: ULS for reinforced fill structures involving internal failure mechanisms: (a) connection rupture, (b) 
shear failure between face elements (bulging), (c) shear failure between facing elements and reinforcing 

elements, (d) toppling of top facing elements not connected to reinforcing elements and (e) rotation of large 
facing elements. 

2.2 Partial factors 

Partial factors for the verification of reinforced fill structures at the ultimate limit state 
shall be determined according to FprEN 1997-1:2024, using either the Material Factor 
Approach or the Resistance Factor Approach. Partial factors for the verification of resistance 
of reinforced fill structures for fundamental (persistent and transient) design situations are 
given in FprEN1997-3:2024, Table 9.4, which, as Nationally Determined Parameters (NDP), 
can be modified according to National Annex requirements for better fitting national 
interests/actual national practice.  

2.3 Serviceability Limit States (SLS) 

The following potential serviceability limit states shall be verified for all reinforced 
structures: 

- deformations of the reinforced fill structure itself; 
- differential settlement along the facing due to subsoil deformation; 
- differential movement between facing and reinforcing element; 
- deformation of the reinforced fill structure, which can cause serviceability limit states 

of nearby structures or services that rely on it; 
- bulging and deformation of the face; and 
- cracking or spalling of precast facing elements due to differential settlement or 

movement. 

Potential serviceability limit states other than those given in above should be verified in 
particular cases, if representative/required. In accordance with EN 1990:2023, 5.1(2), if there 
are no explicit serviceability criteria, then the verification of serviceability limit states of 
reinforced fill structures may be omitted provided ultimate limit states are verified. 
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Additional details are also given regarding Robustness, Geotechnical reliability, and 
Ground investigation including minimum extent of field investigation requirements. 

3 MATERIALS   

Three categories of reinforcement are considered: geosynthetic reinforcement, steel 
reinforcement, and polymeric coated steel woven wire meshes; for each category there are 
specific requirements for the determination of the design tensile resistance, the pullout 
resistance, the direct shear resistance, and the resistance of connections with the facing system 
(facing connection – reinforcement at connection point, and connector element). 
 
4  GEOTECHNICAL ANALYSIS  

Related to the different modes of failure for reinforced slopes, walls, and bridge abutment 
structures, internal failure mechanisms should be verified using one or more of the following 
methods: coherent gravity, tie-back wedge, multiple wedge method, or slope stability. It 
should be highlighted that, as an alternative to previous methods, numerical methods may be 
used provided it has been calibrated for the specific reinforced fill system and validated for 
the specific design situation. Also, other methods may be used, provided they have been 
validated in accordance with the following, for different levels of validation (FprEN 1997-
1:2024, 7.1.1): 

- confirm that comparable experience exists showing that the calculation model is 
suitable for the local conditions (low); 

- confirm that any calculation model used falls within the limits of application (low-
normal); 

- confirm that the assumptions underlying the calculation model are relevant for all 
relevant design situations (normal); 

- document the assumptions made in the calculation model (normal); 
- document literature reference that the calculation model has been used for 

comparable design situations (normal); and 
- calibrate the calculation model for all relevant design situations against another 

suitable calculation model or site observations (high). 

Regarding the design procedure for numerical models (FprEN 1997-1:2024, 8.2 and Table 
8.1), verification of ultimate limit states should be verified using both Input (factors on 
material properties �JM from Set M2) and/or Output (factors on material properties �JM from Set 
M1) factoring approaches (see FprEN 1997-3:2024, Table 9.4 (NDP), for partial factors for 
the verification of resistance of reinforced fill structures for fundamental design situations). 
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Abstract:  Drainage is an essential feature in the design and construction of reinforced soil 
structures. Both cohesive marginal fills and granular fills with relatively high permeability 
may be subject to hydraulic conditions which may cause saturation either at the bottom, at the 
top, or behind the reinforced soil block, hence requiring the design of the drainage system. 
Various types of draining geocomposites and draining geogrids can be used as drainage 
medium, in addition to the traditional coarse granular soils. The different drainage conditions 
that can be encountered should be analysed and the design for each case should be carried 
out, including the selection of the suitable draining geosynthetics. 
 
1 INTRODUCTION  

Reinforced soil structures (RSS) are usually designed to be stable under static and seismic 
conditions by assuming a defined pore pressure parameter ru or a defined position of the 
phreatic surface. Under this assumption, pore water pressure increases with depth throughout 
the soil profile. However there are situations where the phreatic surface raises very quickly 
compared to its “at rest” position: this is typically the case when the RSS lays in the proximity 
of a river; if the river is subject to flooding, then its level will raise very quickly and the water 
table will raise as well, up to a certain distance, which may include the RSS; eventually the 
flooding will extinguish and the water level in the river will lower rather quickly, sometimes 
in few hours; but it may happen that the water table in the RSS cannot lower so quickly, 
because the water flow and velocity are limited by the permeability of the soil; hence it may 
happens that in the RSS the water table is high, while in front of it the water level has already 
returned to the usual level; such difference in water level will produce increased water thrust 
in the RSS; this situation is addressed by the design engineers through stability analyses in 
rapid draw down conditions, which usually lead to two solutions: a) increase the tensile 
strength and length of geogrids compared to the drained conditions; b) provide a drainage 
system for removing the excess water pressure.  

In other cases the water table may convey high water flow at the back of the RSS, due to 
outlets from ponds, lateral discharge from roads, spills from pipes, etc.; in such situation the 
permeability of the fill may be insufficient to assume that the fill itself will be in free draining 
conditions;  again this may lead the design engineer to two solutions: a) increase the tensile 
strength and length of geogrids compared to the free drained conditions; b) provide a drainage 
system for removing the excess water pressure at the back of the RSS. 

Moreover experience has shown that RSS may get saturated from the top, due to snow 
melt, rain or runoff water percolation, only down to a limited  depth from the top.  Soil below 
that limit may be unsaturated or not be subjected to pore water pressure.  When the top part of 
the RSS get saturated, the local increase in pore water pressure generates horizontal thrusts 
and a decrease in effective stress which, if not considered in design,  may lead to a top – down 
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hydraulic induced failure mechanism. This type of failure has been experienced in particular 
both with segmental concrete block walls and green faced RSSs. As a result, the spacing, 
strength, main length and wrapping / connection length of  geogrid layers, required to sustain 
the additional horizontal thrust generated by the  hydraulic pressure at the top of the structure, 
need to be defined; and / or a drainage system has to be designed for removing the excess 
pore water pressure at the top of the structure. 

The three situation of water flow from the bottom and consequent rapid draw down, flow 
from the back and flow from the top of the RSS will now be analysed, and the suggested 
design method for the required drainage systems will be indicated. 

2 WATER FLOW FROM THE BOTTOM AND RAPID DRAW DOWN  

Let’s consider the case when the RSS lays in the proximity of a river; after a river flooding 
the water level in the river will decrease rather quickly, while in the RSS the water table may 
remain high for hours or days, that is an excess pore pressure may remain in the fill and the 
water table will be similar to the one shown in Fig. 1. Stability analyses in rapid draw down 
conditions will require increased tensile strength and increased length of geogrids compared 
to the drained conditions. In fact due to the pattern of the water table, the horizontal thrust is 
increased by the unbalanced water pressure, while the effective vertical stresses are decreased 
below the water table, thus decreasing the resistance of the reinforcement to direct shear and 
pullout. 

    
Figure 1. Typical position of the water table in rapid draw down conditions and internal drainage system made 

up of geocomposite strips.  
 

The internal drainage system can consist of strips of draining geocomposites (GCD), 
having width B and lateral spacing Sh, as shown in Fig. 1. 

If the water level increased of a height Hw (m),  by estimating the time td required for draw 
down (seconds), the velocity  of water level decrease in the river Vr (m/s) will be: 

Vr = Hw / td           (1) 
If the vertical permeability of the soil K is higher than Vt, then the fill will actually be in 

self draining conditions, and no drainage system is required. Instead, if the vertical 
permeability of the soil K is lower than Vr, during rapid draw down an excess water pressure 
will remain in the fill, possibly for a time long enough to produce a sudden decrease in 
stability conditions. Hence, we are left with two only possibilities: 
a) Substitute the fill with a soil having higher permeability, such that K > Vr; 
b) Evaluate the maximum pore pressure left by the rapid draw down and design the RSS for 

such pore pressure. 
For case b), with reference to Fig. 2, the design procedure set by Rimoldi (2016) affords to 

�F�D�O�F�X�O�D�W�H�� �W�K�H�� �U�H�V�L�G�X�D�O�� �S�R�U�H�� �S�U�H�V�V�X�U�H�� �û�8�� ���N�3�D���� �R�U�� �W�K�H�� �U�H�V�L�G�X�D�O�� �Z�D�W�H�U�� �O�H�Y�H�O�� �û�+W and the pore 
pressure parameter ru, in both cases with and without the internal drainage system consisting 
of strips of GCD. Then the stability of the RSS at the end of the rapid draw down shall be 
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evaluated by performing specific stability analyses; “traditional” stability analyses can be 
performed (setting all amplification and reduction factors equal to unity), just including the 
�U�H�V�L�G�X�D�O�� �S�R�U�H�� �S�U�H�V�V�X�U�H�� �D�V�� �û�8�� �� �R�U�� �Uu �R�U�� �û�+W (according to the stability analysis method or 
software used); the length and tensile strength of reinforcing geosynthetics shall be varied, by 
�W�U�L�D�O�V�� �D�Q�G�� �H�U�U�R�U�V���� �� �X�Q�W�L�O�� �D�� �P�L�Q�L�P�X�P�� �)�D�F�W�R�U�� �R�I�� �6�D�I�H�W�\�� ����R in Eurocode 7)  in draw down 
conditions is achieved. 

The design of the required GCD can be carried out according to the method set in ISO/TR 
18228-4, based on the charts providing the specific flow rate of the selected GCD, as function 
of the hydraulic gradient and the applied pressure, for the applicable contact combination, that 
in the case of soil in contact with both faces of the GCD is Soft/Soft (S/S). 

 

 
Figure 2. Scheme for rapid draw down conditions when geocomposites for drainage (GCD) at the back of the 

RSS and/or GCD strips inside the reinforced body are provided. 

3 DESIGN OF THE DRAINAGE SYSTEM AT THE BACK OF THE RSS  

When there is high water flow at the back of the RSS (Fig. 2), due to outlets from ponds, 
lateral discharge from roads, spills from pipes, etc., the permeability of the fill may be 
insufficient to assume that the fill itself will be in free draining conditions; then the design 
engineer has two possibilities: 
a) increase tensile strength and length of geogrids compared to the free drained conditions; 
b) provide a drainage system, consisting of a continuous layer of GCD laid along the 

�H�[�F�D�Y�D�W�L�R�Q���O�L�Q�H���D�W���L�Q�F�O�L�Q�D�W�L�R�Q���������D�V���V�K�R�Z�Q���L�Q���)�L�J�����������I�R�U���U�H�P�R�Y�L�Q�J���W�K�H���H�[�F�H�V�V���Z�D�W�H�U���S�U�H�V�V�X�U�H��
at the back of the RSS.  
For case b) the design of the drainage system at the back of the RSS, with reference to Fig. 

2, should be carried out according to the procedure set by Rimoldi (2016). 

4 DESIGN OF THE DRAINAGE SYSTEM FOR TOP – DOWN SATURATION  

A RSS may get saturated from the top, due to snow melt, rain or runoff water percolation, 
usually only down to a limited depth from the top.  Soil below that limit may be unsaturated 
or not be subjected to pore water pressure.  When the top part of a RSS get saturated, the local 
increase in pore water pressure generates horizontal thrusts and a decrease in effective stress 
that, if not considered in design, may lead to a top – down hydraulic induced failure 
mechanism. This type of failure has been experienced in particular both with segmental 
concrete block walls and green faced structures. As a result, the spacing, strength, main length 
and wrapping / connection length of geogrid layers, required to sustain the additional 
horizontal thrust generated by the hydraulic pressure at the top of the structure, need to be 
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defined; and / or a drainage system has to be designed for removing the excess pore water 
pressure at the top of the structure. 

Let’s imagine that a green faced RSS, with geogrids wrapped around at the face, get 
saturated from the top, down to Zw depth from the crest (Fig. 3), and that in this space there 
are geogrid layers, with a set anchorage length for the wrapped-around part: the increase in 
pore water pressure will produce an increased thrust on the face; the top geogrid layers are 
subjected to the minimum vertical pressure, hence to the minimum pull-out resistance; then 
the increased thrust on the face may produce pull-out of the top geogrid, firstly; then the 
second geogrid from the top will have to bear the thrust of the top two layers; if the pull-out 
resistance of the second geogrid is not adequate for such increased thrust, even the second 
geogrid will fail in pull-out; and so on; hence a progressive failure, like a progressively 
opening zipper, may occur. 

In such situation there are two possibilities: 
a) Design the geogrids, in terms of length, tensile strength, and wrap-around length, based on 

stability analyses carried out considering the saturated portion at the top (see Fig. 3); 
b) Design the geogrids in dry conditions (see Fig. 3) and provide a drainage system inside the 

top part of the RSS. 
In the latter case the design of the drainage system, with reference to Fig. 3,  should be 

carried out as follows: 
1) Evaluate the maximum water level Ht on top of the RSS  
2) Provide GCD or GCD strips between the crest and the top geogrid layer, at depth Z1 below 

the crest  
3) Design the GCD or GCD strips. 

The design of the drainage system at the top of the RSS, with reference to Fig. 3, should be 
carried out according to the procedure set by Rimoldi (2016). 

 
Figure 3. Scheme for water flow from top of the RSS. 
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1 INTRODUCTION  

    In 1973 the United Kingdom Department of Transport (DOT) initiated a study of 
reinforced soil.  During 1970-90s a group of highway authorities including the North East 
Road Construction Unit (NERCU), West Yorkshire Metropolitan County Council 
(WYMCC), Transport Road Research Laboratory (TRRL) and a number of universities 
and material manufacturers, contributed to the development of the technology. 
Advancement of knowledge included theoretical, analytical, and design and construction 
principles and the development of new, non-metallic, reinforcing materials which could be 
used with waste materials as fill,  Bridle and Porter (2002). The study culminated in the 
publication of the first Code of Practice for Reinforced Soil, BS 8006 (1995). 

2   REINFORCED SOIL CONSTRUCTION WITH  POLYMER  STRAPS 

    The first use of polymer strap reinforcement specifically produced for reinforced soil 
construction was introduced in 1975 with the development of the WEBSOL proprietary 
reinforced soil system by Soil Structures, Price (1979), Kempton at al., (1985). This was 
based on the elemental facing construction method using a T shaped facing unit.  The 
system found wide use initially in the Middle East were fill  suitable for steel reinforcing 
members could prove difficult  to obtain. Polymer straps are flexible and it is important to 
remove any slack prior to placing the fill.  As the material is delivered on 50m reels this is 
conveniently achieved by placing the reinforcement as continuous webbing (hence the 
name) and tensioned using a back bar to provide uniform tension along the length of the 
structure, Figure 1.  This ensures that adjacent facing panels remain aligned during 
construction. 

       
Figure 1. Reinforced soil bridge abutments using polymer strap reinforcement. 

    The settlement within the soil mass is accommodated by the facing panels closing up an 
equivalent amount of the internal settlement of the fill.  This is made possible by forming a 

mailto:c.j.f.p.jones@ncl.ac.uk
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discrete horizontal gap between the facing panels by the use of compressible gaskets. The 
closure of the panels (vertical movement) will  vary from application to application 
depending on the geometry of the structure, foundation material, quality of the fill,  size of 
the facing panels and the degree of compaction. Typical movements show vertical closures 
of 5 - 15mm for facing panels 1.5m high. Horizontal movement of the facing panels 
associated with the development of strain compatibility between the fill  and the 
reinforcement is due to tilt  of the facing panels can be significant and can have an 
influence on the appearance of the structure although serviceability is unlikely to be 
affected by tilt. All  facing panels in this form of construction tilt  during compaction of the 
fill,  the pivot point depending on the geometry of the facing. To accommodate the forward 
tilt  of the facing panels they are frequently provided with an initial backward tilt  between 1 
in 20 and 1 in 40.  
   The suitability of polymer strap reinforcement for use with poor quality fill in Britain 
was established by the National Coal Board (NCB). The NCB arranged a programme of 
full -scale trials based on real working structures. The findings of the trials concluded that 
glass fiber hairpin reinforcement, polyester reinforcing geostraps and HDPE geogrids were 
suitable for use with mine stone fill but steel reinforcement was not, due to corrosion. The 
materials could only be used in permanent structures if they had an Agreement Certificate. 
A later study confirmed that the same materials were suitable for use with pulverized fuel 
ash fill, Jones et al. (1990). 

3   POLYMER REINFORCING STRAPS OVER VOIDS 

    The report by Winter et al. (2022) has identified a number of recent construction 
procedures associated with polymer reinforcing straps which can cause difficulties 
including distortion of the facing leading to the need for reconstruction. Figure 2 from 
Winter et al. (2022) shows that the use of a back bar to tension the straps prior to placing 
fill  has been discarded. Cutting the polymer straps into individual lengths and nailing the 
ends into the fill  whilst laying the straps over a trench in the fill  to provide tension in the 
reinforcement by the next layer of fill  implies that the concept of strain compatibility 
between the fill  and reinforcement is not accepted as the defining reinforced soil 
mechanism.  This procedure is likely to result in nonuniform compaction of the fill,  
unknown tension in individual reinforcing straps, potential voids beneath the reinforcing 
straps in the trench resulting in differential tilt  and movement of facing panels and damage 
to the reinforcement. A research study at Newcastle University has shown that suspending 
polymer reinforcing straps over a void/trench can result in major damage (see Fig. 2; 
Hughes, 2000). 
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Figure 2. Cutting polymer reinforcing straps into strips and placing over a void in the fill (Hughes, 2000).  

4   DEVELOPMENTS  

4.1 Long term strength 

    Polymer tape reinforcement has been the subject of numerous studies to prove the 
properties relating to long-term strength and its application to reinforced soil construction in 
seismic areas, Greenwood et al. (2001), Kempton et al. (1985). 

4.2 Use of cohesive fill  

    Many codes of practice do not permit the use of cohesive soil in the construction of 
reinforced soil. The reasons given are potential problems of low strength, high moisture 
content, creep, low bond strength and rises in pore water pressure which take time to 
dissipate. Heshmati (1993) studied the effects of combining a drainage material with 
reinforcement in clay soil. It was shown that the drainage and reinforcement were equally 
important in producing a stable structure. However, placing a geotextile drain in conjunction 
with reinforcement can result in a reduction in strength. An essential requirement is that 
combined functions have to be made integral, as in the geogrids combining drainage and 
reinforcement (see Fig. 3). 

 
Figure 3. Geogrid combining drainage and reinforcement. 

4.3 Electrokinetic reinforcements 

    In 1996 the concept of electrokinetic geosynthetics (EKG) was introduced which permits 
reinforced soil design to be based on the combined electrokinetic and mechanical properties 
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of soil which in turn provides cost and environmental benefits, BS 8006 (2011). One form of 
EKG is based on polymer tape reinforcement. 
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Abstract. In recent times, more importance has been given to closure on sludge pond mainly 
due to environmental issues and regulations, especially to mining, chemical and utilities 
companies. An unclosed tailing pond could potentially bring negative effects to the 
environment. The sludge pond typically contains deposits that are very soft where the 
construction vehicle is not allowed to access on the surface of the pond. Sludge pond capping 
using geosynthetics has been refined and standardized over the years to provide a time and 
cost-effective capping strategy. The entire area of soft sludge pond will be covered with 
reinforcement geotextiles which allows access of light weight earthwork equipment without 
pretreatment of the soft deposit to form a working platform on the soft sludge pond. The 
reinforcement geotextiles utilize tension membrane effects mechanism in a soft foundation 
with large differential deformation. Innovative installation and backfill methods have been 
developed according to site conditions. Several case studies of successful applications of 
reinforcement geotextiles used in sludge pond capping will be discussed. 
 
1 INTRODUCTION  

Sludge ponds are formed when particles are mixed with water and are deposited in 
depressions in the ground or in earthen containment facilities. Sludge ponds may be the result 
of natural processes where soil sediments combine with surface water run-off or may result 
from industrial (man-made) processes where industrial (waste) by-products are combined 
with process water. Typical industrial processes that utilize sludge ponds are industrial 
manufacturing (e.g., sludge ponds arising from chemical processes); mining (e.g., tailing 
dams); utilities operation (e.g., coal ash dams); public health processes (e.g., sewage treatment 
ponds). 

When sludge ponds become full then a decision must be made whether to extend their lives 
or close and reclaim them. If the industrial process is to continue, then the full sludge pond 
capacity may be expanded by dredging the sludge and dewatering it, thus providing additional 
capacity to the sludge pond. Alternatively, if the industrial process has reached the end of its 
life the decision is normally made to close the sludge pond and reclaim it in a way to meet 
acceptable long term environmental standards. Closing and reclaiming sludge pond can be 
difficult because of the very low shear strengths which can continue for years. This limits the 
techniques that can be used successfully to place fill over sludge ponds. Even if the sludge 
ponds have a dry surface crust this may not support the construction equipment required to 
construct the fill closure. 

2 CLOSURE TECHNIQUES 

Conventional sludge pond closure techniques normally involve waiting for the pond to dry 
out to support construction equipment which can take a long time or to dewater the sludge in-
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situ to reduce its water content which may be ineffective if the sludge has low hydraulic 
conductivity. An alternative technique that does not require pre-treatment of the contained 
sludge is to use a multi-functional geotextile reinforcement layer across the sludge pond 
surface prior to placement of the fill closure. Geotextile reinforcement layer can be placed 
across the surface of sludge ponds to enable the fill closure to be placed on top. The geotextile 
reinforcement is utilized to improve the effective bearing capacity of the very soft sludge and 
to prevent fill loss into the sludge.  

The geotextile reinforcement can be installed in geotextile roll or prefabricated into a large 
panel prior to installation to effectively cover the large surface areas of soft sludge sites in an 
efficient manner. Once the geotextile panel has been placed, it is anchored around the 
periphery of the sludge pond to provide tensile restraint during placement of the fill closure. 
During cover fill placement, the geotextile reinforcement is stressed in a planned manner by 
first constructing parallel fill “fingers” across the surface of the geotextile prior to infilling 
with the remaining fill to complete the fill closure. The geotextile reinforcement utilized the 
tension membrane effect with the “finger” berm construction method.  

3 CASE STUDIES 

3.1 Tailing Storage Closure in New South Wales, Australia 

A mining site situated 16 kilometers west of Singleton in the Hunter Valley, New South 
Wales, operates under an Australian mining company, producing up to 3.7 million tonnes of 
coal annually. The site proposed capping two tailing dams to create dump space for a new 
open-cut mining plan. No tailings have been discharged into these dams for at least 10 years. 
The dams are bounded by mine spoil to the east, south, and west, and by a coarse reject 
embankment to the north. The capping strategy aimed to establish a stable subgrade for future 
applications, utilizing geotextile reinforcement to enhance cap stability where necessary. 

The geotextile reinforcement was designed to be laid in two perpendicular layers and 
securely anchored around the edges. The geotextile rolls were supplied in various lengths 
according to a detailed layout plan developed by the contractor. Deployment over the soft 
tailings was executed using a light tracked Bobcat equipped with a laydown dispenser to 
facilitate easy unrolling. After installation, the geotextile reinforcement was covered with an 
initial 400 mm layer of mixed soil, laid as finger berms progressively extending toward the 
center of each zone before being infilled. Figure 1 shows the aerial view of the sludge pond 
capping with geotextile reinforcement. 

 
Figure 1: Aerial view on the tailing storage with geotextile reinforcement. 
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3.2 Sludge Pond Capping at Wenchang Wastewater Treatment Plant, Harbin City, 
China 

The Wenchang Wastewater Treatment Plant (WTP) in Harbin City produces sludge as a 
byproduct of its wastewater treatment operations. Historically, this sludge has been stored in a 
trapezoid-shaped pond covering 70,000 square meters. However, as the pond has reached its 
design capacity, the plant owners have decided to reclaim the area for further land 
development. The sludge within the pond is notably soft, with unclassified consistency. Any 
solid object that encounters the pond's surface tends to sink completely. The sludge exhibits a 
shear strength of approximately 0.13 kPa at a depth of 1 meter, increasing linearly by 0.13 
kPa for each additional meter of depth. 

In designing a solution for this reclamation, a conservative approach was taken in selecting 
geotextile for reinforcement of the capping layer. It was assumed that the sludge had very low 
shear strength. The design called for the geotextile to support a fill depth of up to 6 meters, 
with a berm width of 6 meters for the initial finger berm. The worst-case scenario for tension 
in the geotextile was calculated to be 195 kN/m, necessitating a geotextile reinforcement with 
an initial tensile strength of 400 kN/m². Due to the bidirectional tension induced during the 
finger berm construction, two layers of geotextile reinforcement were laid perpendicular to 
each other. 

The deployment method for the geotextile involved seaming rolls of geotextile once they 
were laid out over the sludge pond. This was facilitated by floating platforms placed above 
the sludge pond, constructed from polystyrene foam slabs sandwiched between plywood 
panels. During the initial advancement of the first finger berm, the fill material sank 
substantially due to initial slack in the geotextile reinforcement. Tension in the geotextile 
began to increase only after this slack was taken up, because of the initial sinking of the finger 
berm. As additional finger berms were constructed, the downward sinking of fill material 
decreased. This reduction was due to the geotextile tensioning, which provided support 
through a tensioned membrane effect. Between the finger berms, the geotextile reinforcement 
confined the sludge, resulting in an uplift pressure that could then support additional loading. 

3.3 West Wallsend Tailing Pond Closure 

The initial phase tailing capping project commenced in 2019 and concluded in 2021, 
involving the placement of approximately 180,000 cubic meters of coarse rejects and 200,000 
cubic meters of fly ash over the tailing surface. The fly ash deposits formed primarily around 
the north and east perimeters, reaching depths of up to 2.5 meters, and covering at least a 
quarter of the tailing surface. During the subsequent phase of deposition, excessive rainfall 
was observed to soften the tailing crust, while the additional load from the perimeter deposits 
caused heaving in the central beach area. This led to significant movement and disturbance of 
the tailing crust. As a result, instead of forming a stable layer on top of the tailing crust, the 
fly ash began to find preferential paths beneath the crust, mixing with the tailings. This 
rewetting of the deposit, initially stockpiled in the centre of the tailing area, not only softened 
the tailing crust but also saturated the fly ash capping, increasing its bulk density. 

To address these challenges, geotextile reinforcement was proposed to serve as a 
separation layer between the fly ash and the tailings, especially where the crustal strength had 
been compromised. The key objective was to limit the risk by minimizing the need for 
personnel to access the weaker tailing areas. A site trial was conducted to confirm the 
effectiveness of the geotextile as a separation layer. Geotextile rolls were prefabricated into 
20m x 165m panels to minimize deployment frequency and reduce labour costs. To facilitate 
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panel deployment, special accessories were attached during fabrication, such as loops and 
layflat attachments. The loops enabled workers to better position the panels, connect them to 
the pulling nose, secure overlapping areas, and install black HDPE pipes to weight down the 
panels after deployment. Additionally, the panels were folded according to project team 
requirements to ensure correct installation positioning on site. Each panel's grade, dimensions, 
and laying direction were clearly labelled on the packaging using robust and waterproof 
materials. 

4 CONCLUSIONS 

In conclusion, geotextile reinforcement has proven to be an economical and effective 
solution for sludge pond applications. The flexibility of geotextiles allows for customization 
in various forms to facilitate construction work. Additionally, the tension membrane effect of 
geotextile reinforcement helps create a stable working platform during the initial phase of 
capping. The projects presented in this paper have demonstrated the successful application of 
geotextile reinforcement, highlighting its viability in achieving efficient capping solutions. 
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Abstract. This paper presents the results of the in-situ monitoring of a reinforced fill 
structure built with stabilized ground and reinforced with PVA-strips. The reinforced fill 
structure is built as an access road for a bridge above the Belgian highway E40 near the city 
of Ghent. Optical fibers are used to measure the deformations of the geosynthetic strips 
during the construction and after the completion of the works. The deformations of the 
geostrips are measured in the highest elevation section of the reinforced fill structure (6.6m 
high). For the construction of reinforced fill structures, most of the design guidelines always 
require the use of sand and gravel. Considering the growing deficit of natural aggregates, the 
transportation costs and the CO2 emission reduction, the use of locally available ground from 
the earthworks is more and more considered as a sustainable and profitable alternative to 
build such kind of structures. 
 
1 INTRODUCTION  

The reinforced fill structure is built by the Belgian contractor Stadsbader as an access road 
for a bridge (see Fig. 1) above the Belgian highway E40 near the city of Ghent. The length of 
the reinforced wall is approximatively 160 m with a maximal height of 7.5 m. The fill 
material is locally available from the earthworks and is treated with a hydraulic binder. To 
ensure the durability of the solution, coated polyvinyl alcohol (PVA) strips are selected for 
the reinforcement of the structure. The design of the reinforced fill structure is performed by 
the strips supplied (Terre-Armée, 2024). 

The PVA-strips are instrumented with different types of optical fibers in order to follow 
the deformations of the reinforcements during and after the construction of the reinforced fill 
structure. 

The present extended abstract describes the monitoring of the reinforced fill structures and 
provides a first oversight of the measurements performed up to now.  
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Figure 1. Reinforced fill structure of Drongen – construction with stabilized soil and reinforced with PVA-

strips (left) - Aerial view of the reinforced fill structure and connection with the new bridge above the E40-
highway (right). 

2 FILL MATERIAL AND REIFORCEMENT STRIPS  

The fill material for this project is locally available and comes from historical backfills. 
The soil of the initial backfill mixed with the hydraulic binder. The stabilized soil is then re-
used as fill material for the construction of the reinforced fill structure (see Fig. 2). 

The reinforced fill structure is reinforced with strips made of compact bundles of polyvinyl 
alcohol (PVA-L) yarns protected by a polyethylene sheathing. This reinforcement is 
particularly adapted to applications in which the fill material is potentially highly alkaline as it 
is the case for this project. The reinforcement length is about 6 meters and the characteristic 
strength is 40, 50 or 60 kN depending on the zone of the reinforced fill structure. The 
reinforcements are installed on the stabilized soil after completion of the compaction 
operations. 
 

 
Figure 2. Construction of the reinforced fill structure with the stabilized soil (left) - Compaction of the stabilized 
soil before installation of the PVA-strips which are connected to the prefab concrete panel ensuring the covering 

of the reinforced fill structure (right) 

3 MONITORING  

The section selected for the monitoring is located at the location where the embankment 
reaches its maximum height. Figure 3 shows the four levels where optical fibers are installed 
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for the monitoring of the deformation of the reinforcements. Two synthetic reinforcement 
strips per level are instrumented. 

For each level of measurement, several types of optical fibres are installed. The optical 
fibres are attached to the PVA-strips and are permanently integrated into the construction (see 
Fig. 3). Immediately after the completion of the instrumentation, the instrumented area is 
carefully covered (min. 10 to 15 cm) with fine sand. To prevent the measurement cables from 
being punctured, a separation-type geotextile is laid over this first additional sand layer. 
Finally, a second layer of fine sand is placed manually on top of the geotextile. The 
deformations of the strips are then measured for the first time. 

 

 
Figure 3. Instrumentation of the PVA-strips with optical fibers (left) - Instrumentation of four levels of 

reinforcements with optical fibers for the monitoring of the deformation (right). 

4 RESULTS 

The deformations of the PVA-strips are monitored for different construction stages. The 
effect of compaction of the first layer of fill material on the instrumented strips is not taken 
into account in the measurements in order to obtain interpretable measurements. This effect is 
�J�H�Q�H�U�D�O�O�\���O�L�P�L�W�H�G���W�R�������������W�R��������������-strain (0.1 to 0.2 % deformation). The measurements are 
given per level as the average of the measurements of two instrumented strips. The area close 
to the wall and the end of the strips are not directly measured. Figure 4 shows the results for 
the first instrumented level. The deformations on the three first monitored levels are about 
1000 µ-strains.  
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Figure 4. First results of the monitoring of the reinforcements – Evolution (for different construction stages) 
of the deformation along the PVA-strips for the four monitored levels. 

5 CONCLUSIONS 

- This case study illustrates the successful use of stabilized cohesive soil, from the 
local earthworks, as an alternative fill material for the construction of reinforced fill 
structures. Considering the growing deficit of natural aggregates (sand and gravel) 
and the impact of transport, the use of locally available ground from (local) 
earthworks should be always considered in a first phase of design. 

- This kind of stabilized fill material requires a cautious selection of reinforcements. In 
the present case, PVA-strips were used to mitigate the risk of chemical aggression on 
the reinforcements in the presence of high alkaline environment. 

- The monitoring of the deformations allows the control of the deformations of the 
reinforcement regarding the design requirements. 
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Abstract. This presentation depicts the actual research and developments that is being 
carried out, and the associated challenges encountered in order to implement a collection of 
geocomposite drainage solutions as an alternative to the traditional approach when 
addressing the drainage requirements in Mechanically Stabilised Earth (MSE) structures. We 
would like to highlight the importance of proper drainage in MSE structures, demonstrating 
the advantages of the selected geocomposite solution in the actual research for ensuring 
optimal conditions for a dry reinforced soil in compliance with design parameters. 

1 INTRODUCTION  

MSE structures are composite systems comprising alternating layers of compacted backfill 
and soil reinforcement elements connected to a facing. The stability of MSE walls arises from 
the interaction between the backfill and the soil reinforcements, involving both friction and 
tension. Compared to traditional RCC retaining structures, MSE offers superior performance 
and substantial direct and indirect cost savings, leading to its widespread global adoption. 

The design and execution of MSE are critical for ensuring system stability. Failures can 
occur even in well-designed structures if improper backfill material, such as those with high 
plastic fines, is used. A study (Koerner & Koerner, 2013) revealed that 61% of wall failures 
are due to the use of silt and/or clay soils. MSE design relies on an effectively drained backfill 
and does not account for pore water pressure development due to water presence. The primary 
issue with fine-grained backfill materials is their low to extremely low hydraulic conductivity. 

When positive pore water pressures develop, soil reinforcement experiences increased 
loads. Preventing adverse pore water pressures in reinforced backfill walls is achieved by 
installing adequate drainage systems. Conventional MSE sub-surface drainage systems 
consist of a combination of chimney drains installed using graded granular material and 
perforated pipes wrapped with geotextile. Such graded granular material is a non-renewable 
natural resource like sand and gravel that have to be mined from a quarry, and the perforated 
pipes may be subjected to breakage due to settlement, especially in tall MSE walls. 

Multi -linear drainage geocomposites (see Fig. 1) provide a high-performance and flexible 
subsurface drainage alternative solution due to its high transmissivity, creep resistance, and 
high discharge capacity throughout the MSE structure design life. 
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Figure 1: Composition of multi-linear drainage geocomposites. 

2 DESIGN 

There is a linear relationship between the distance between the mini-pipes in the 
geocomposite product and its in-plane flow rate (or Transmissivity), so the product is selected 
as a function of the required flow capacity (or Transmissivity) determined from the project 
specific conditions. 

The design is based on a previous model developed with LIRIGM university research 
laboratory at the University of Grenoble (France) and CEREMA (formerly Laboratoire 
Regional des Ponts et Chaussées de Nancy). It has been updated and improved with the 
contribution of the SAGEOS (CTT Group, Quebec), the CEGEP of Saint-Hyacinthe 
(Quebec), and the University of Saskatchewan (USASK) in Alberta (Fourmont et al.). The 
design software (Lymphéa) is free and available online on request. 

 3 INSTALLATION & MAINTENANCE  

The geocomposite is installed in a similar way than a thick geotextile. The rolls are light 
and can be installed with a limited crew (2 or 3 people + a light equipment). It can be 
deployed by hand by unrolling the product in the direction of the flow. The connections along 
the sides of the rolls are made by simple overlapping. They can be secured by sewing or 
welding. At the end of the rolls, flow continuity is achieved by placing the mini-pipes side by 
side or connecting them with the snap couplers provided.  

In the case of a MSE wall, the geocomposite is manually unrolled on the base from the top 
of the cut slope (Figure 2). If necessary, it can be nailed to the cut slope if there is no access to 
the top of the slope and the product is installed from the bottom. 
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Figure 2: Installation of the geocomposite behind MSE walls. 

When installed on the flat surface between the strips of reinforcement, like for the RSS 
project, multi-linear drainage geocomposites are manually unrolled on the compacted fill. The 
end of the product is ending at the face and the product is directly discharging outside the 
wall. 

The installation of the geocomposite in a vertical face/screen right behind the MSE walls 
represents a major issue during backfilling. The geocomposite rolls interfere with the 
circulation of the compaction equipment and a staggered arrangement has been trialed in 
order to allow the traffic of the machinery without damaging the geocomposite rolls. 

It is not mandatory to monitor the geocomposite performance after years. All the different 
exhumations of geocomposite, after 10 to 12 years of use (figure 2), showed a very stable 
behavior in time on behalf the most important proprieties of the product i.e., filtration opening 
size, flow capacity, strength. 

 

  
Figure 3: Example of monitoring in pipes after 12 years. 
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4 CONCLUSIONS 

- The failure of MSE structures due to inadequate drainage underscores the importance 
of selecting appropriate drainage solutions, especially in regions prone to heavy 
precipitation. The use of drainage geocomposites not only provided a high-
performance drainage solution but also offered advantages such as high 
transmissivity, resistance to creep, and ease of installation, which contributes to the 
overall efficiency and cost-effectiveness 

- Furthermore, the environmental benefits of using multi-linear drainage 
geocomposites which significantly reduce the use of non-renewable natural resources 
and lower greenhouse gas emissions, make it a sustainable choice for engineering 
projects. 

- The successful performance of this geocomposite material reinforces the necessity of 
integrating advanced drainage technologies in the design and maintenance of MSE 
structures to ensure long-term stability and durability. 

- Overall, this presentation emphasises that proper drainage design, supported by 
innovative geocomposite materials, is crucial for the success and longevity of MSE 
structures, particularly in challenging climatic conditions. The findings advocate for 
broader adoption of such technologies to enhance the resilience and sustainability of 
infrastructure projects.    
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Abstract. The constant increase in traffic volume and the dilapidated condition of many 
existing infrastructure requires constant maintenance, modernisation, and reconstruction. 
Bridge structures play a particularly important role in this context. The use of geosynthetics 
can help to overcome this challenge in a more cost-effective and sustainable way compared to 
established technologies. Due to this reason the regional road administration of North Rhine-
Westphalia (Straßen NRW) decided to allow for the construction of a “Pilot Bridge” with 
geogrid reinforced soil (GRS) abutment structures. Although comparable structures had been 
built in neighbouring countries for several years already this technology was considered too 
risky for a permanent structure in Germany. This contribution shows how bridge designers as 
well federal administration entirely focused on classical construction methods could be 
convinced that geogrid reinforced soil can be a serious alternative even for permanent bridge 
abutments. 
 
1 INTRODUCTION  

Many investigations and reference projects have shown that GRS structures can also 
withstand extremely high loads without failing or exhibiting excessive deformations. This was 
demonstrated very impressively, for example, in real-scale load tests at the 
Landesgewerbeanstalt Nürnberg (LGA) (Alexiew 2007) and (Alexiew and Detert, 2008) or 
(Bräu and Bauer, 2001). Figures 2 and 3 show the test arrangement as well as the horizontal 
and vertical deformations of the 4.5 m high GRS for vertical loading with a 1.0 m wide and 
3.0 m long concrete beam. The horizontal deformation which was measured for a vertical 
stresses of 200 to 250 kN/m², reached a value of about 4 mm. The corresponding settlement 
was approx. 6 mm. The structure started to show signs of imminent failure only when the load 
was increased to about 500 kN/m² following two unloading and reloading cycles with only 
marginal elastic deformation. Clear failure, however, could not be achieved even under the 
maximum applicable load of 650 kN/m². Such behaviour is described also from other 
researchers such as Bräu and Bauer (2001), e.g., the maximum bearing capacity is even given 
as up to 1200 kN/m². 
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Figure 4: Testing arrangement at LGA-Nuremberg (Hangen and Jaramillo, 2016, translated from German). 
 

 
Figure 2: Monitoring of horizontal and vertical deformations for increasing vertical stress (Hangen and 

Jaramillo, 2016, translated from German). 
 
Based on this experience it is reasonable to use GRS even for the construction of highly 

loaded bridge abutments and several reference structures show that this is feasible. However, 
in Germany GRS-bridge abutments have only been used for temporary bridges or bridges 
with rather small span and abutments of very low height. 

In the light of above the regional road administration of North Rhine-Westphalia (Straßen 
NRW) decided to initiate the reconstruction of a deteriorated bridge over the Motorway BAB 
A3 in the vicinity of Emmerich in Germany in the framework of a “Pilot Project”. Such 
framework would allow the contractor and designers significantly more freedom to 
implement innovative solutions. At the same time the project would be monitored closely by 
the federal ministry for digital and transport (BMDV). Figure 4 shows the arrangement of 
sensors applied at the Pilot Project. 

2 PILOT -BRIDGE AT STOKKUMER STRASSE IN EMMERICH  

Figure 3 shows a longitudinal section of the “Pilot Bridge” structure at Stokkumer Straße. 
in Emmerich. The bridge has a free span of about 37 m and is designed as single-span 
composite superstructure with two tightly welded steel boxes and in-situ concrete supplement. 
The GRS is designed with a so called “passive facing” which means that the final facing 
composed of a full-height precast concrete panel does not contribute to retain stresses which 
are generated within the geogrid reinforced soil structure. This way the GRS body maintains a 
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high ductility during the erection and can compensate for differential deformation easily. This 
would be of particular interest if the structure would have been built on soft ground. In this 
particular case the ground conditions were good and as the GRS had to be built exactly at the 
same location of the former bridge the ground was already preloaded. 

Since interference with the traffic on the motorway was to be minimized the bridge was 
designed as a single span bridge. No intermediate abutment was required this way, however, 
the bearing forces on either side were considerable: the average design stresses under the 
concrete footing beam was estimated to about 590 kN/m². To proof the serviceability of the 
structure under this high loading geogrid reinforcement from polyvinyl alcohol (PVA) 
offering a high tensile modulus and low creep was used. 

  

 
Figure 3: longitudinal section of the pilot project “Stokkumer Straße”, Reconstruction of a bridge over the 

motorway A3 in Germany. 
 

The construction of the entire bridge was carried out within only 80 days, including the 
demolition of the existing bridge. Traffic on the motorway A3 had be closed only twice - one 
weekend for demolition of the existing superstructure and one weekend for the installation of 
the new superstructure which had been erected on a parking lot nearby and transported with 
Self-Propelled Modular Transporter (SPMT). 

3 MONITORING  

As GRS – structures are not yet a standardized method to erect bridge abutments (in 
Germany) a detailed monitoring program was mandatory to be carried out during and after 
construction. Additionally, a breaking test had to be carried out to investigate the transfer of 
horizontal loads which typically marks a loading situation for GRS which is even more 
difficult to tackle than the transfer of vertical loads. Figure 4 shows the arrangement of 
sensors. 
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Figure 4: Arrangement of monitoring devices at pilot project “Stokkumer Straße”, Reconstruction of a bridge 

over the motorway A3 in Germany. 

4 CONCLUSIONS 

First time in Germany a permanent bridge abutment structure was built for a motorway 
using GRS. This was possible only in the framework of a pilot project allowing the 
integration of innovative design concepts. A mandatory monitoring concept including real 
scale breaking tests was successfully implemented and showed only marginal deformation of 
the GRS. The design concept used at the pilot project has meanwhile been used for several 
other projects including structures where the GRS needs to bear the load of the motorway. 
Updating of German regulations for bridge structures (ZTV-Ing) will include GRS and hence 
a standardized construction method. 
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Abstract. This paper presents the summary of a comprehensive survey conducted to 
synthesize global information on bridges supported by “Load-carrying Geosynthetic 
Reinforced” (LC-GR) abutments that have been constructed so far. An evaluation was 
conducted to assess the different abutment characteristics, geosynthetic types, and facing 
systems adopted worldwide in these systems. Evaluation of the over 500 structures 
incorporated into the database of worldwide LC-GR bridge abutments compiled as part of 
this study reveals that a particularly wide range of geosynthetic materials and facing types 
have been successfully used in LC-GR abutments for bridges with a wide range of heights, 
span lengths, and subsurface conditions.  
 
1 INTRODUCTION  

Geosynthetic-reinforced (GR) soil walls have been adopted extensively in transportation 
infrastructure worldwide. In the specific case of bridge abutments, this technology has been 
generally used to support loads induced by approaching roads, while loads of the bridge 
superstructure have been typically transferred to competent soil strata through deep 
foundations. This technology has evolved into load-carrying geosynthetic-reinforced (LC-
GR) bridge abutments, in which the geosynthetic-reinforced system acts not only as a 
retaining wall for the approaching road but also as a reinforced foundation to directly support 
the bridge superstructure loads. By omitting the use of deep foundations, LC-GR bridge 
abutments provide significant advantages, such as alleviating the differential settlements 
between approaching roads and bridge decks that often lead to the “bump at the end of the 
bridge.” However, design approaches, materials, and construction guidelines for LC-GR 
bridge abutments have varied widely worldwide, which may have precluded a broad adoption 
of this system. Accordingly, a comprehensive survey was conducted as part of this study to 
synthesize global information on bridges supported by LC-GR abutments that have been 
constructed so far. 

2 GEOGRAPHIC DISTRIBUTION OF LC -GR BRIDGE ABUTMENTS  

The terminology adopted to refer to LC-GR bridge abutments has varied widely in the 
technical literature, which may have obscured understanding of the significance of different 
design approaches. For example, the terms “Geosynthetic Reinforced (GR),” “Geosynthetic 
Reinforced Soil (GRS),” “Mechanically Stabilized Earth (MSE),” and “Geosynthetic 
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Mechanically Stabilized Earth (GMSE)” have been used since the 1980s, often indistinctly in 
the technical literature, to refer to retaining structures that are reinforced with geosynthetics. 
While these various terms have often been used generically and irrespective of their 
reinforcement vertical spacing in most of the technical literature, the term “GRS” has been 
associated in some US Federal Highway Administration (FHWA) guidelines with structures 
designed using small reinforcement vertical spacing (Adams et al. 2011, 2018). Geosynthetic-
reinforced walls constructed as part of a bridge system can be identified as “geosynthetic-
reinforced (GR) bridge abutments,” irrespective of whether they carry only the load of the 
approaching road (i.e., the most common case) or the loads of both the approaching road and 
the bridge superstructure.  

The specific term “Load-Carrying Geosynthetic-Reinforced (LC-GR) bridge abutment” is 
adopted herein to identify GR bridge abutments whose reinforced fill receive the full load of 
the bridge superstructure, rather than transferring such load directly to the foundation soils via 
deep foundation systems bypassing the reinforced soil structure. It should be noted, however, 
that other terms (e.g., “true abutments”) have been used to describe this type of systems. 
While the term “LC-GR bridge abutment” applies to any reinforcement vertical spacing, the 
term “Geosynthetic Reinforced Soil Integrated Bridge System (GRS-IBS) abutment” has been 
used for structures designed following FHWA guidelines that prescribe not only a 
comparatively small reinforcement vertical spacing but also rather specific requirements for 
construction and materials. Accordingly, GRS-IBS structures can be identified as a subset of 
the more generic “LC-GR bridge abutment” systems. 

The term “integral” abutment has been used by bridge engineers to identify those 
abutments that have: (1) no thermal expansion joints between the bridge superstructure and 
approach road; and (2) no bearings or elastomeric pads isolating the superstructure from the 
substructure (Burke 2009). Some LC-GR bridge abutments, including many GRS-IBS 
structures, would classify as “integral” bridges according to this definition even though the 
GRS-IBS structures may not necessarily involve integration between the GR abutments, the 
bridge superstructure, and the approaching roads. Figure 1 summarizes the interrelationship 
among the geosynthetic-reinforced structures associated with the terms “GR walls,” “GR 
bridge abutments,” “LC-GR bridge abutments,” “Integral GR bridge abutments,” and “GRS-
IBS.” 

 
Figure 1. Interrelation among the different GR structures (after Zornberg et al. 2018). 

Figure 2 shows a world map with the distribution of bridges supported by LC-GR 
abutments by country. Note that the number of bridges in each country may not necessarily 
represent the total number of bridges that have been constructed so far. Instead, it represents 
the number of bridges identified by the authors following an extensive search of published 
and unpublished sources. Overall, a total of 507 bridges constructed with LC-GR abutments 
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were identified worldwide. In North America, the United States tops the world’s list, with 205 
identified bridges. Many LC-GR abutments that have been constructed in the continental US 
were instrumented as part of various research studies undertaken to understand their behavior. 
However, the structures considered in this study did not consider experimental structures 
unless they involved operational bridges. A total of 241 bridges were identified in North 
America, with a majority in the US. A significant increase in the number of bridges supported 
using LC-GR abutments occurred after the introduction of the GRS-IBS approach as part of a 
program under the FHWA’s “Every Day Counts” initiative. Because of this initiative, the 
great majority of LC-GR bridge abutments can be characterized as GRS�(�,�%�6�� �D�Q�G�� �Z�H�U�H��
designed following guidelines described by Adams et al. (2011, 2018). The older abutments, 
however, were designed and constructed as geosynthetic-reinforced soil walls with distributed 
loads equivalent to their respective bridge superstructure loads.  

 

 
Figure 2. Worldwide distribution of LC-GR bridge abutments by country. 

A total of 23 bridges were identified in South America, with a majority in Brazil. Most of 
the bridges in Brazil were designed considering the approach outlined by Ehrlich and Mitchell 
(1994) and considered LC-GR abutments as geosynthetic-reinforced soil walls with 
distributed bridge loads.  

A total of 154 bridges were identified in Europe, with most of them in the Netherlands, 
the United Kingdom, and Germany. The majority of the structures constructed in Europe 
followed the EBGEO or BSI specifications for reinforced soil walls with distributed bridge 
loads. 

A total of 78 bridges were identified in Asia, with the majority of them having been 
constructed in Japan. Tatsuoka et al. (1997) reported that 17 bridges were constructed in 
Japan through April 1997, after which the design of LC-GR abutments was modified so that 
the bridge superstructure would rest on the wall’s full-height rigid facing rather than on the 
geosynthetic-reinforced soil mass; 34 bridges were identified as having adopted this design. 
Despite its distinct load transfer approach, these structures are also considered in this article 
since the bridge load is still transferred primarily to the reinforced soil mass (through a rigid 
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facing rather than through a bridge footing) and does not involve deep foundations. Overall, 
the structures in Japan have been characterized by their unique facing designs, which were 
developed to improve their seismic performance.  

A total of 8 bridges were identified in Oceania. Notably, one of the oldest major LC-GR 
abutments identified in this study was constructed in Australia to support a nine-span bridge. 
Finally, a total of 3 bridges were identified in Africa. 

3 CONCLUDING REMARKS  

An important outcome of the survey conducted in this study is that the range of 
reinforcement vertical spacings, geosynthetic types, facing types and even fill materials is 
very wide. Also, while the most common geosynthetic type has been geogrids, the majority of 
the structures in the US have been constructed using woven geotextiles. In addition, while the 
types of facing in LC-GR bridge abutments vary widely worldwide, the use of modular block 
facing systems has prevailed in the US. A common characteristic between the structures 
designed in the US and designed abroad has been the stringent requirements regarding the 
selection of fill materials.  

The motivation for the selection of LC-GR bridge abutments has been their anticipated 
good performance in providing adequate bearing capacity to support bridge loads and the 
flexibility required to reduce the bumps at the ends of bridges with acceptable deformations. 
Additional common reasons for their selection have been the shorter construction time as 
compared to conventional abutment alternatives, and their comparatively lower cost in 
relation to conventional abutments, as they do not require special equipment or a highly 
skilled workforce. 
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Abstract. The Oosterweel Link project is a new 15 km-long motorway connection for 
completing the Antwerp ring road R1 (Belgium). The total estimated cost of the project is 
approximately €4.5bn. The Antwerp ring road is a key part of the Trans-European Transport 
(TEN-T) Core Network. The design and building of the Mechanically Stabilized Earth (MSE) 
walls have been done with Double-twist steel wire mesh (DT-Mesh) reinforcement in 
combination with geogrids. This system enables the construction of infrastructures in tight 
urban corridors, forming retaining walls, road embankments, wing walls, and bridge 
abutments known as Geosynthetic Reinforced Soil-Integrated Bridge Systems (GRS-IBS). This 
approach represents an evolution and a significant advantage for both cost-effectiveness and 
performance. 
 
1 INTRODUCTION  

The Oosterweel Link project, designed in the 1990s to address traffic congestion in 
Antwerp, Belgium, is a 15km motorway extension for the Antwerp ring road R1. 
Construction began in 2018 and will be completed in phases, with most sections opening by 
2024 and the entire project operational by 2030. The project includes five sub-projects, 
including a tunnel under the Scheldt River. (Fig. 1). 

 

Figure 1. Oosterweel Link project overview. 
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2 DESIGN AND INSTALLATION  

The peculiarity of the case study is to present the design and building of Geosynthetic 
Reinforced Soil-Integrated Bridge Systems (GRS-IBS), which are innovative solutions for the 
construction of bridge abutments, made environmentally friendly thanks to the combined use 
of polymeric geosynthetics and double-twist steel wire mesh (DT-Mesh) reinforcements, 
having a significant advantage for both cost-effectiveness and performance. Geogrid-
reinforced MSE walls are recommended in case of non-conventional retained soils such as 
poor subsoil conditions, warm climates, or chemically aggressive environments since they are 
resistant to deterioration. In fact, the design life of the walls is 120 years. The design of the 
Mechanically Stabilized Earth (MSE) wall structures and their general behavior depend on the 
interaction between the soil reinforcing elements and the surrounding soil and this interaction 
is based on the properties of the materials used and the construction methods (Masola et al. 
2018). Soil-reinforcement interaction is extremely important because it is the mechanism by 
which forces are transferred between the reinforcements and the surrounding soil (Lugli at al. 
2019). The project includes 40.000 facing sqm of reinforced soil structures, 275.000 sqm of 
geogrids, and 5.000 facing sqm of gabion cladding. The highest bridge abutment retaining 
wall has a maximum height of 13m (Fig. 2).  
 

 
Figure 2. Installation phase of geogrids in combination with DT-Mesh front face elements. 

 
The durability of the polymer-coated DT-Mesh embedded in soil ensures a design life of 

120 years. For some civil structures, the main designer opted to build some walls with both 
green and stone facing (Fig.3). Reinforced soils guarantee fewer CO2 emissions thanks to the 
use of in situ soil with respect to concrete. Moreover, the velocity of execution of reinforced 
soils is higher than concrete structures since there is no concrete curing time. These features 
result also in a cheaper solution thanks to time and labor savings (installation ratio: between 
100 and 150 sqm/team/day without earthworks). 

 

 
Figure 3. Reinforced soil structure made with green and stone facing units underneath a cycle bridge overpass.  
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The first preliminary Global and Internal stability checks have been carried out according 
to the Limit Equilibrium Method (LEM) (Fig. 4) and the Finite Element Method (FEM), 
according to Eurocodes and NBN EN 1997-1 ANB (National Annex for Belgium). 

 

 
Figure 4. Stability design checks carried out with LEM-Method for G03 direct bridge abutment. 

 
Furthermore, due to the large number of interfering elements, such as bridge supports, 

concrete walls, and sheet-pile walls in each direction, Building Information Modelling (BIM) 
was required to define the layout and the number of facing units and soil reinforcement 
needed in each orthogonal direction (Fig. 5) and for the executive drawings used for the 
placing of the materials used for the construction of the civil structures. 
 

 
Figure 5. Object G02B, BIM design.  

3 CHALLENGES  

In the year 2022 the main direct bridge abutment, called G03, was built (Fig. 6). The 
maximum retaining height is 13m with a front inclination of 85°. DT-Mesh units and geogrids 
were laid with a nominal tensile strength from 150 kN/m up to 700 kN/m. 

The geometry of the constructed structures has been checked with in situ testing, resulting 
in consistency within the design tolerances. Moreover, the control of the settlements was 
carried out during the whole construction and post-construction phase. These checks were 
particularly important for the launch of the bridge. The monitoring showed that the final 
vertical measures were below 160 mm (Fig. 7) 
 

 
Figure 6. Direct bridge abutment G03 after the launch of the bridge 
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Figure 7. Direct bridge abutment G03 settlement monitoring from October 2021 to March 2023. 

4 CONCLUSIONS 

The aim of the paper has been to present the Oosterweel Verbinding, Linkeroever project, 
and the peculiarity of the case study has been to present the design and building of GRS-IBS, 
which are innovative solutions for the construction of bridge abutments, made 
environmentally friendly thanks to the combined use of polymeric geosynthetics and DT-
Mesh reinforcements. Challenges have been encountered during the design and the 
installation due to the strict restrictions given by demanding geometry of the facing of the 
structures. The main adopted technologies and recommendations to solve the main challenges 
have been presented. From the lessons learned point of view, LEM, FEM, and BIM proved to 
be decisive in material optimization and computation and in anticipating some construction 
issues and interferences, despite the initial encounter with technical difficulties in the use of 
these technologies. Finally, the appropriate construction procedures suggested by the 
suppliers and the installers of the systems have been fundamental to preventing construction 
difficulties. 
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Abstract. The reuse and recycling of construction and demolition (C&D) waste materials 
have become essential as the construction sector strives to reduce its carbon footprint and 
contribute towards environmental preservation. In addition, the benefits of incorporating 
geosynthetics in geo-infrastructure design have driven significant research efforts to evaluate 
their behaviour when combined with unconventional fill materials. In this context, a 
comprehensive research study has been conducted at the University of Porto to explore the 
potential use of recycled C&D aggregates as alternative fill materials in the construction of 
geosynthetic-reinforced transport infrastructure systems. Extensive laboratory tests were 
initial ly performed to evaluate the geotechnical and geoenvironmental properties of various 
recycled C&D materials and to assess the feasibility of their use in transport infrastructure 
applications, such as embankments and capping layers. Large-scale direct shear tests were 
then conducted to analyse the interface shear response between recycled C&D aggregates 
and geosynthetics under both static and cyclic normal loading. The geosynthetic mechanical 
damage induced by a standard aggregate and recycled C&D materials under repeated 
loading was also investigated. This paper outlines the aforementioned research and some 
relevant outcomes, with the overall aim of promoting the adoption of ecological practices in 
infrastructure design and construction, in line with the 2030 Agenda for Sustainable 
Development. 
 
1 INTRODUCTION  

The 2030 Agenda for Sustainable Development emphasises the need for collaborative 
efforts to create a sustainable and resilient future for both people and the planet. Given that 
the civil/geotechnical engineering practice often involves the extensive use of natural and 
manufactured raw materials, there has been a substantial focus on introducing new, 
environmentally friendly materials and recycling waste products with the purpose of 
mitigating the environmental impacts generated. In particular, the adoption of eco-efficient 
strategies in the design and construction of transport infrastructures, such as the incorporation 
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of recycled fill materials and geosynthetics can make a decisive contribution towards reducing 
the carbon footprint of such infrastructure projects and achieving more sustainable 
development (Yoo, 2023; Ferreira et al., 2023). 

This paper discusses the suitability of recycled C&D wastes as a replacement for 
conventional fill materials in geosynthetic-reinforced systems. The properties of various 
recycled C&D aggregates are compared with the criteria defined in Portuguese specifications. 
The direct shear response of the interfaces between recycled C&D aggregates and two 
geosynthetics subjected to static and cyclic normal loading is assessed based on the results of 
large-scale direct shear tests. Additionally, the geosynthetic mechanical damage caused by 
different aggregates under repeated loading is evaluated by comparing the in-isolation tensile 
load-strain behaviour of intact and damaged geosynthetic specimens.  

2 CHARACTERISATION OF RECYCLED C&D AGGREGATES  

A series of laboratory tests was carried out following the applicable European standards to 
assess the geotechnical and geoenvironmental properties of four recycled materials, including 
two recycled concrete aggregates (C&DW_C1 and C&DW_C2) resulting from the demolition 
of concrete poles, and two recycled mixed aggregates (C&DW_M1 and C&DW_M2) from 
the demolition of buildings and other civil infrastructures (Fig. 1). The feasibility of using 
C&DW_C2 as an alternative aggregate in the construction of rural and forest roads was 
discussed elsewhere (Pereira et al., 2020). The laboratory study involved the evaluation of 
constituents, gradation, compaction parameters, flakiness and shape indexes, assessment of 
fines through the methylene blue and sand equivalent tests, Los Angeles coefficient, as well as 
laboratory leaching tests to determine the potential release of contaminants. The results were 
then compared with the technical requirements established in the Portuguese specification 
LNEC E474 (2009), which provides guidelines for the inclusion of recycled C&D materials in 
embankment and capping layer of transport infrastructures. It was found that the C&DW_M1 
and C&DW_C2 can be considered as suitable alternative fill materials for embankment body 
and capping layer of transport infrastructures. Conversely, the C&DW_M2 and C&DW_C1 
did not comply with the requirements for capping layer. In fact, the associated Los Angeles 
coefficients exceeded the threshold value, thus reflecting their relatively high susceptibility to 
breakage. However, these aggregates fulfilled the criteria to be used as embankment fills. The 
laboratory leaching tests revealed that the studied aggregates can be classified as inert 
materials, thereby not representing any concerns in terms of groundwater contamination. 
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Figure 1: Recycled C&D aggregates: (a) particle size distribution; (b) C&DW_C1; (c) C&DW_M1. 
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3 DIRECT SHEAR BEHAVIOUR OF RECYCLED C&D AGGREGATES -
GEOSYNTHETIC INTERFACES UNDER CYCLIC NORMAL LOADS  

The interface shear response between the aggregate C&DW_M1 and two geosynthetics 
was evaluated by large-scale direct shear tests carried out under both static and cyclic normal 
loading (Fig. 2a). A biaxial geogrid (GGR) manufactured from polypropylene (PP) textured 
flat bars with welded junctions and square apertures, and a laid geocomposite reinforcement 
(GCR) comprising a geogrid and a mechanically bonded PP geotextile welded within the 
geogrid structure were employed in this study. The direct shear tests under static loading were 
conducted under normal stresses ranging from 25-75 kPa, whereas the cyclic tests were 
performed by applying sinusoidal waves with varying amplitudes (�¨��� ���“�������������D�Q�G ± 25 kPa) 
and frequencies (f = 0.2 and 1 Hz), under initial normal stress of 50 kPa. Test results have 
shown that the interface shear behaviour and associated strength parameters are comparable to 
those generally observed for interfaces involving similar geosynthetics and conventional fill 
materials. The cyclic normal loads induced a reduction in the peak interface shear strength, 
particularly under higher amplitude or lower frequency values (Fig. 2b). 
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Figure 2: Large-scale direct shear tests: (a) lower shear box; (b) selected results (GGR - C&DW_M1 interface). 

4 GEOSYNTHETIC MECHANICAL DAMAGE CAUSED BY RECYCLED C&D 
AGGREGATES 

The mechanical damage to geosynthetics (GGR and GCR) caused by granular materials 
under repeated loading was simulated in the laboratory using two distinct aggregates: a 
synthetic standard aggregate, SSA (i.e. corundum) and the recycled aggregate C&DW_M1 
(Fig. 3a). These tests aimed to replicate the degradation that geosynthetics may experience 
during field installation (ISO 10722). The potential geosynthetic damage was then quantified 
based on the induced changes in the short-term tensile load-strain behaviour (Fig. 3b). 
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Figure 3: Mechanical damage under repeated loads: (a) damage simulation; (b) tensile tests; (c) GGR results. 
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The average load-strain curves presented in Fig. 3(c) indicate that the maximum tensile 
strength of the GGR reduced by up to 10% upon the damage simulation process. However, 
the secant stiffness at very low strains was found to slightly increase. No significant 
differences were observed between the degradation caused by the distinct aggregates.   

5 CONCLUSIONS 

The potential use of recycled C&D aggregates in the construction of geosynthetic-
reinforced systems was investigated in this study by a series of laboratory tests. The 
characterisation of four recycled C&D materials revealed that these aggregates may be used 
as alternative fill materials in transport infrastructure applications. The interface behaviour 
between a mixed recycled C&D aggregate and two geosynthetics subjected to static and 
cyclic normal loading was evaluated through large-scale direct shear tests. It was found that 
the load frequency is positively correlated with the interface peak shear strength, whereas the 
load amplitude produces the opposite effect. The degradation of geosynthetic short-term 
tensile strength induced by recycled C&D waste under repeated loading did not exceed 10%. 
Overall, the results showed that using recycled C&D aggregates combined with geosynthetics 
may be considered as a promising approach to meet global sustainability requirements.   
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Abstract. Geotechnical wall and slope drainage plays a critical role in ensuring slope stability 
and the mitigation of surface water runoff and/or ground water based failure events. This 
applies from simple vertical buried concrete structures, steep reinforced soil slopes through to 
shallow embankment slopes. A study in the UK has revealed that 74% of geotechnical 
failures on road and rail networks are linked to drainage issues being the root cause. This is 
replicated across the infrastructure network making drainage issues the single most significant 
cause of network disruption with high financial costs in economic losses and repair. (Moores, 
2023) This presentation will show practical examples of the use of geocomposite drainage in 
various structures to improve stability, accelerate consolidation illustrating the very large 
environmental, safety and cost benefits over traditional mineral based solutions. 
 
1 INTRODUCTION  

All buried structures have the potential to be affected by ground water from vertical walls 
to steep and shallow slopes. Water pressure relief and adequate drainage away from the 
structure is essential. Engineers have devised some fairly well established methods using 
mineral drainage stones, concrete blocks and pipes. Improvements in soil stiffness, 
consolidation and stability are all improved with suitable drainage. If these drainage systems 
fail this can lead to the catastrophic failure of the structure. The service life and appearance of 
the face of the structure is often affected by bad drainage.   

2 ENVIRONMENTAL IMPACT OF MINERAL BASED SOLUTIONS  

The traditional mineral drainage systems involve quarried or dredged aggregate which 
often is in short supply and may have to be transported great distances from its source. The 
impact on the environment due to excavation, transport and placement of these heavy 
materials is considerable (see Fig.1). When compared to a geocomposite drain which provides 
the equivalent in-plane flow the contrast is stark. (between 50-90% embedded carbon saving – 
cradle to end of construction). 

3 DRAINAGE TO WALL STRUCTURES (70 -90 DEGREES) 

Walls made from either reinforced concrete or block faced geosynthetic reinforcement 
depend highly on adequate drainage to reduce water pressure behind the retaining wall to 
reduce unnecessary extra hydrostatic loading leading to potential for seepage through cracks 
causing unsightly staining and surface damaging water on the front face (see Fig. 2). 

mailto:david.shercliff@abgltd.com,
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Figure 1: Traditional and geosynthetic-based drainage systems. 

   

Figure 2: Lateral water pressure and damaging water staining on front face. 

3.1 Replacing Concrete drainage blocks with geocomposite drains 

Porous concrete blocks are commonly used as back of wall drainage on highways 
structures such as retaining walls and bridge abutments. They are heavy and difficult to 
transport, place safely and are prone to damage. When compared to an equivalent 
geocomposite drain easily placed ahead of the backfill operation calculations show that the 
carbon footprint saving is above 90% and the costs typically are halved.  

3.2 Increased permeability of fill soil for restored block faced reinforced soil wall 

Damage had been caused to an historic Italian stone built conical bridge abutment. It was 
too expensive to restore this complex shape in stonework so a coloured concrete blockwork 
and geogrid reinforcement was proposed. A specific internal friction and permeability of fill 
material was required for proper compaction and interaction with the geogrid. A low cost, 
locally sourced fill was excellent for internal friction but low on permeability. The solution 
was to provide strips of geocomposite drain in a radial form to match the conical shape of the 
abutment to bring the fill up to the required equivalent permeability (Manni, 2006; see Fig. 3). 

3.3 Release of tidal back pressure behind concrete seawall 

Wave impact and tidal fluctuations affect general groundwater levels and adequate fast 
flowing drainage is required. Aggregates have tortured drainage paths whereas open 
geocomposites have smooth open paths allowing flow in both directions. In addition the 
composite acts as a lost shutter and is bonded to the concrete surface to prevent movement in 
these dynamic applications. 
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Figure 3: Radial overlapping reinforcement sheets alternated vertically with drainage strips on conical 
abutment. 

3.4 Stable drainage for low cost sprayed concrete walls  

An example of where a low cost solution where the appearance of the wall is secondary 
and low maintenance is required is where a mesh reinforced soil nailed spray concrete finish 
is used. This facing concrete is highly susceptible to bursting through water seepage 
appearing at the back of the wall through say a sand lens half way up the wall. A simple and 
cost effective solution is a geocomposite with cuspated core facing towards the sprayed 
concrete with a filter geotextile facing the soil to prevent fines entering he core (see Fig. 4). 
The concrete bonds to the back face maintaining good surface contact with the underlying 
soil. It has the added benefit of cuspate hollows reducing bounce back of the concrete saving 
on wasted concrete which drops to the floor during operation.  

3.5 Back of mesh and stone filled letter box facing drainage 

Similar benefits can be achieved using a geocomposite with a porous gabion style front 
face using two steel mesh facing layers trapping an ornamental stone. The back of stone 
geocomposite separates ground water from rainwater preventing staining of the stone 
allowing rainwater to wash the front face whilst groundwater is separately taken to a toe drain 
at the base.  

 

      
 
Figure 4: Impermeable cuspated core forming lost shutter and drainage to back face of sprayed concrete soil 

nailed wall. 
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4 STABLITY AND CONCOLIDATION OF SHALLOW SLOPES AND 
EMBANKMENTS MADE OF SEMI SATURATED SOILS  

The arisings from a motorway construction were dumped on a shallow embankment to 
self-drain over a number of years ready to be reused for the development of an industrial area 
in the future. The developer decided they wanted to develop the area well ahead of schedule 
and would have had to import suitable fill at great expense as the existing fill was saturated. 
Drainage theory proposes that reducing the flow paths between layers reduces the time for 
consolidation by the square of the flow path length. Horizontal geocomposite layers at 1m 
centres reduced consolidation time by 70% meeting the clients requirements at minimum cost. 
(Robinson, 2014) 

In a similar fashion by using the geocomposites a large industrial development site using 
semi saturated marginal fill saved 86% on carbon costs compared to the specified stone 
layers. The savings included saving on avoiding 8000 aggregate delivery trucks with 2998 
tonnes of embedded carbon savings. Installation was easy, faster and safer using the 
geocomposite 

5 CONCLUSIONS 

- Supplies of mineral quarried or dredged drainage aggregates are running out. 
- Mineral solutions are bulky and heavy and are costly on the environment to extract 

and transport. 
- Geocomposite drains provide carbon savings between 50-90% savings compared to 

drainage aggregates or porous concrete solutions. 
- Geomposites are flexible sheet materials which can be used in any orientation. 
- Some geocomposites facilitate sprayed concrete solutions providing a lost shutter as 

well as drainage to facing solutions.  
- Geocomposite strips or layers improve soil characteristic of marginal soild in 

reinforcement applications. 
- They can quickly convert saturated soils to firm structural soils via rapid 

consolidation.   
- With such large savings there is an economic and environmentally imperatives to 

consider geosynthetic savings first before considering costly and damaging mineral 
solutions.  
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Abstract. Traditional Geosynthetics Reinforced Soil (GRS) systems often use high-quality, 
expensive imported granular fill as structural backfill. Limited local availability of such fill 
leads to resource depletion and increased carbon emissions from quarrying. The construction 
industry is now seeking sustainable alternatives to maintain GRS integrity while mitigating 
environmental impacts. The use of locally available marginal fill offers a sustainable solution, 
conserving natural resources, reducing waste and disposal costs, and lowering the carbon 
footprint. When combined with high-performance draining geogrids that integrate 
reinforcement with drainage, this approach enhances both environmental sustainability and 
structural performance. The dual function of this system improves the longevity and stability 
of structures, reducing maintenance needs and playing a key role in project life cycle 
assessment. This study presents a detailed comparative Life Cycle Assessment (LCA) between 
traditional reinforced slopes and environmentally friendly GRS structures, providing 
information on structural design methodology to boost confidence in using marginal fills for 
reinforced soil systems. 
 
1 INTRODUCTION  

In recent years, construction has increasingly prioritized environmental awareness, driven 
by global recognition of the negative impacts of human actions on the environment. The 
European Union urges the construction industry to explore sustainable alternatives that 
minimize environmental impact and resource exploitation. Reinforced soil structures in civil 
engineering typically use granular fills due to their high shear strength and ability to dissipate 
pore water pressures. While cost-effective, procuring these high-quality soils often involves 
sourcing from distant quarries, impacting sustainability. Using locally available marginal soil 
minimizes resource exploitation and improves project cost-effectiveness. However, these soils 
have low permeability, high plasticity, low shear strength, and excessive pore pressure build-
up. Their use in reinforced soil structures is feasible with adequate drainage design and high-
performance engineered draining geogrids to ensure stability and performance. Developing a 
geocomposite that combines reinforcement and drainage functions enables the construction of 
sustainable and environmentally friendly GRS structures using locally available cohesive fill.  

2 DESIGN METHODOLOGY OF DRAINIGN GEOGRIDS  

The draining geogrid presented in this article (see Figure 1) comprises both longitudinal 
and lateral strips. While the function of the lateral strips is only to maintain the grid geometry, 
it is the longitudinal strips that give the product its uniqueness, which resides in a dual 
function: reinforcement and drainage. The reinforcement function is provided by the core of 
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high-tenacity polyester yarns encased in a polyethylene sheath, while the draining function is 
found in the shape of the longitudinal strips. These strips are manufactured to create a 
drainage channel covered by a laminated non-woven geotextile. The geotextile acts as a filter 
that allows water to pass through the channel while preventing clogging from fine soil 
particles. This allows for quicker dissipation of pore pressure within the cohesive soil, thus 
accelerating the soil consolidation process. 

These engineered draining geogrids have been successfully used for decades in numbers of 
projects following the design method published by Naughton et al. (2001). The hydraulic 
transmissivity of these improved geogrids has been measured in laboratory according to the 
relevant ISO 12958-2010 (see Figure 2). 

 

 
Figure 1. Draining geogrid cross sectional structure 

 
Figure 2. Hydraulic transmissivity of the draining 
geogrid as a function of the normal stress (kPa) and 
hydraulic gradient 

 
The results of this intensive test campaign brought to an improved methodology developed 

by Giroud et al. (2014), for designing reinforced slopes using cohesive fill. This approach 
incorporates the consolidation properties (coefficient of volume compressibility, mv, and 
coefficient of consolidation, Cv) of the marginal fill to determine vertical spacing between 
draining geogrid layers and construction rate feasibility. The developed method consists of: 

1. Calculating the necessary hydraulic transmissivity of the draining geogrid and the 
time required for rapid pore pressure dissipation. 

2. Assessing the stability and settlement of the reinforced structure, following 
conventional multilayer design principles for walls or slopes (Limit Equilibrium 
Method). 

Naughton et al. (2015) further validated this methodology showing that reinforced soil 
structures can be constructed from most low permeability fills once careful consideration is 
given to the drainage properties of the fill and the vertical spacing of the draining geogrid.  

3 COMPARATIVE LIFE C YCLE ASSESSMENT FOR GSR WITH 
CONVENTIONAL AND SU STAINABLE DESIGN 

Draining geogrids have been extensively used in projects with marginal fill worldwide. 
The following section compares two cases of embankment construction (200m length) for 
developing a real estate area: Case A (see Figure 3), involves a conventional GRS structure 
using imported free-draining granular fill from 100km quarry, while Case B uses a sustainable 
GRS with site won marginal fill and draining geogrids (see Figure 4). The site is located in 
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the northeast of Banbury, UK, in a sandy silts area (classified as Dyrham Formation and 
Charmouth Mudstone - Class 2A and 2B (SHW, 2009)), where the excavated site won 
marginal fill need to be either reused or disposed of in a landfill. The nearest disposal site is 
located at almost 100 km northeast from the project location. The embankment consists of a 
70° reinforced soil steep slope with an average height of 6.08 m. 

 

 
Figure 3. Details of reinforced soil slope with imported 

granular fill and geogrid (Case A). 

 
Figure 4. Details of reinforced soil slope with site 
won marginal fill and draining geogrid (Case B). 

 
Stability checks using the limit equilibrium method for both Case A and Case B showed 

comparable results in terms of reinforcement length, tensile strength (Tchar = 50kN/m), and 
safety factors. For Case B, the Giroud et al. (2014) design methodology was followed to 
determine the hydraulic transmissivity of the draining geogrid and the time required for pore 
pressure dissipation. A 90% degree of consolidation was considered, meaning excess pore 
water pressure would dissipate to 10% of its initial value. Stability checks accounted for 
residual excess pore water pressure, with ru = 0.23 at the end of construction and ru = 0.02 at 
the end of consolidation. In Case A, residual pore water pressure was not considered within 
the structural fill due to its high shear strength and lack of significant pore pressures. 

Case B required more geogrids (15,600 m² of draining geogrids vs. 7,800 m² of standard 
geogrids), but the LCA results in favor of Case B in terms of environmental impact. The 
assessment used a "cradle to construction" system boundary, excluding maintenance, 
operation, and disposal. The LCA study, conducted using SimaPro software and the CML-IA 
baseline V3.05 method, considered the following impact categories: Abiotic Depletion - 
Minerals & Fossil Fuel, Global Warming Potential, Ozone Layer Depletion, Photochemical 
Oxidation, Acidification Potential, and Eutrophication Potential. 

4 CONCLUSIONS 

Table 1 below displays the input data that was considered for the comparative study. The 
data is based on the applicable design specific to the site requirement. The variation in 
material used, logistics, and energy consumption required for each Case has been considered 
for the comparative study. 

Table 2 shows that the higher impacts of Case A are caused by the emissions and resource 
consumption related to the transportation of the imported granular fill to the site and the 
transportation to disposal of the site won material not used for the construction. 

 
  

Item Description Unit Case A* Case B** 
Reinforced Soil Slope height m 6.08 6.08 
Reinforced Soil Slope length (functional unit) m 200 200 
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Slope face units nos 550 550 
Soil reinforcing geogrid m2 7,800 15,600 
Backfill soil (imported granular) m3 12,090 - 
Backfill soil (site won cohesive) m3 - 12,090 
Disposed excess site won soil m3 11,054 - 
Transportation by 24 Ton truck for Geogrid tkm 3,360 6,720 
Transportation by 24 Ton truck for imported granular backfill tkm 2,342,400 - 
Transportation by 24 Ton truck for disposal of excess site won soil tkm 2,198,400 - 
Diesel used in construction machineries  MJ 10,944 16,416 

Table 1. Inputs for comparative Life Cycle Assessment of Cases A & B: Case A: with imported granular 
backfill and Paragrid geogrid, and Case B: with site won cohesive backfill and Paradrain geogrid.   

 

Environmental Impact category Short  
Form 

Unit Case A* Case B** Reduction in 
Env. Impacts (%) 

Global warming Potential (100a) GWP Kg CO2 eqv. 9.93E+00 3.06E+00 69.17 
Ozone Depletion Potential ODP Kg CFC-11eqv. 3.22E-11 1.32E-11 58.93 
Acidification Potential AP Kg mol H+ eqv. 2.51E-02 7.68E-03 69.38 
Eutrophication Potential-fresh 
water 

EP-fr Kg P eqv. 2.37E-05 1.46E-05 38.43 
Eutrophication Potential-marine EP-mar Kg N eqv. 8.28E-03 4.19E-03 49.35 
Eutrophication Potential-terrestrial EP-ter Kg N eqv. 6.56E-02 4.76E-02 27.43 
Abiotic depletion – Non-Fossil 
Fuel 

ADP-e Kg Sb eqv. 5.27E-07 2.68E-07 49.22 
Abiotic depletion - Fossil Fuel ADP-f MJ 3.90E+02 2.10E+02 46.13 

Table 2. LCA results in tabular format (ReCipe 2016 method): Case A: with imported granular backfill and 
Paragrid geogrid, and Case B: with site won cohesive backfill and Paradrain geogrid. 
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Abstract. Marginal and recycled fills are increasingly being utilized in geosynthetic 
reinforced soil (GRS) structures like retaining walls and bridge abutments due to their cost-
effectiveness and sustainability. Marginal fills, including locally available soils with less 
desirable engineering properties, can be used when properly engineered with geosynthetics to 
enhance strength and stability. Recycled fills, such as recycled concrete, asphalt, various 
ashes have been proved already as an eco-friendly alternative to conventional aggregates. 
However, these practices involve thorough characterization and testing of marginal and 
recycled fills to ensure their suitability for specific applications. Advanced geotechnical 
analyses, including laboratory tests and numerical modeling, help determine the optimal 
blend of materials and reinforcement for achieving desired performance criteria. Experiences 
with the use of residues from deinking paper industry and river debris as backfill material are 
presented. Time effect on the compaction and deformation characteristics as well as the 
impact of high basicity of backfill material have been considered. 
 
1 INTRODUCTION  

According to information published by the European Aggregate Association (UEPG, 
2018), the demand for European aggregates is 3 billion tonnes annually, with about half of 
this natural (virgin) material being consumed by the construction industry. Virgin material 
used in various building sector applications, particularly for earthworks, can be partially 
substituted by other materials, such as recycled industrial material, including those made from 
paper industry waste and other types of secondary low-quality soil materials. However, these 
secondary materials must meet the mechanical and environmental criteria set by national 
legislation. Although this type of fill material might have lower strength characteristics 
compared to high-quality aggregate from quarries, this drawback can be effectively addressed 
by using it in a composite with reinforcing geosynthetics. Nonetheless, the impact of backfill 
material, such as its chemical effect on the durability of geosynthetics, must also be 
considered. 

The recently completed Horizon 2020 project PAPERCHAIN has validated the use of 
paper industry wastes as backfill material for GRS retaining structures. Additionally, the 
ongoing Horizon project CIRCUIT aims to use river debris from recent floods as backfill 
material for GRS bridge abutments. 
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2 ALTERNATIVE BACKFILL MATERIALS  

2.1 Paper industry waste 

Deinking sludge ash (DSA) and deinking sludge (DS) represent the main waste from 
recycled deinking paper pulp production at a paper industry company Vipap (Vipap, 2024). 
The DSA is a combustion residue formed in a steam boiler during the incineration of DS. 
Annually, 25,000 tonnes of DSA and 67,000 tonnes of DS are produced. DSA is a dry 
material, while the water content of DS ranges between 45% and 50%. Mixture composite of 
these two materials, consisting in dry mass of 70% of DSA and 30% of DS, has been 
developed in the scope of PAPERCHAIN project. It has been used as a backfill material for 
GRS retaining structure. A polymer PET geogrid was used as a geosynthetic for reinforcing 
the backfill. 

2.2 Flood debris from rivers 

The Horizon Project CIRCUIT (Circuit, 2024) aims to construct a new bridge on a local 
�U�R�D�G���L�Q���W�K�H���P�X�Q�L�F�L�S�D�O�L�W�\���R�I���ý�U�Q�D���Q�D���.�R�U�R�ã�N�H�P�����6�O�R�Y�H�Q�L�D�����U�H�S�O�D�F�L�Q�J���W�K�H���H�[�L�V�W�L�Q�J���E�U�L�G�J�H���R�Y�H�U���D��
torrential creek. The project plans to use geosynthetic-reinforced soil (GRS) with cast-in-
place concrete full-height rigid facing for the construction of the bridge abutments, providing 
an effective scour protection measure (Tatsuoka, 1993; Lenart et al., 2017). To further 
enhance sustainability, recycled materials have been proposed as backfill for the GRS 
abutments. 

In August 2023, severe heavy rains caused extensive flooding and landslides across 
Slovenia. Over 170 major landslides were triggered, and more than 400 buildings were 
destroyed or rendered uninhabitable. In the Mežiška valley, where the new bridge is planned, 
approximately 25,000 tons of sludge were deposited by rivers and streams. Of this, 1,700 tons 
were exported abroad for remediation, while more than 20,000 tons need to be treated 
domestically. It has been estimated that a significant quantity of river debris (sand and 
gravel), designated as non-hazardous inert waste, can be used in construction projects. 
Consequently, it has been decided to use flood debris for the construction of the new GRS 
bridge abutments as part of the CIRCUIT project. 

 
Property Paper industry waste Flood debris 
Optimum Water Content, wopt) 51% 6,1% 
Maximum Dry density, ��d,max 0,95 Mg/m3 2,26 Mg/m3 
Particle Size Distribution   
Particle (2.5-63mm) 0 57% 
Particle (0.063–2.5 mm) 13,3% 35,2% 
Particle (<0.063 mm) 86,7% 7,8% 
Coefficient of uniformity, Cu= d60/d10 40 51,2 
Coefficient of curvature, Cc= d30

2/(d60�Âd10) 1,4 1,7 

Table 1: Basic physical properties of two alternative backfill materials. 

Table 1 presents the basic physical properties of two secondary materials - paper industry 
waste and flood debris - proposed for use in the GRS structures discussed here. Notably, there 
are significant differences between these materials, each presenting a unique challenge for 
their application. Three of these are discussed below. 
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3 CHALLENGES  

3.1 Chemical impacts 

The primary challenge in using waste as fill material in GRS structures is the potential 
negative impact to the environment. Soil toxicity can be assessed by producing and analyzing 
a leachate from the waste material to determine its chemical composition. Concentrations of 
potentially toxic elements in leachates from paper industry waste composites are within the 
limits for inert materials (Fifer Bizjak et al., 2021).  

Additionally, the resilience of geosynthetic materials in contact with waste must be 
considered. Despite its high alkalinity (pH 12), paper industry waste does not affect the 
strength characteristics of the PET geogrid used in the project (Lenart et al., 2024). Tensile 
tests conducted on 2×15 specimens of geogrid yarns with partially removed coating showed 
no significant difference in tensile strength before and after long-term exposure to the hyper-
alkaline environment. 

3.2 Workability of fill materials  

When planning to use waste materials with the potential for cementation, calcification or 
other types of chemical bonding as backfill, it is crucial to consider the effect of time on the 
formation of these bonds. After wetting and mixing the composite, both the time to 
compaction and the curing time play an important role in achieving the final properties of the 
GRS backfill material. Due to formation of chemical bonds in these composites, the strength 
of the backfill material increases over time. Unfortunately, strength might decrease with 
increasing delay between mixing and compaction, as it happens in case of composites from 
paper industry wastes (Fifer Bizjak et al., 2021) shown in Figure 1.  

  
Figure 1: Uniaxial compressive strength of composite from paper industry waste in relation to curing time (a) and with 

delay in compaction time (b). 

3.3 Deformation properties 

Backfill selection for GRS structures primarily depends on ensuring compaction, drainage, 
workability, and maximizing the shear strength of the GRS composite. The shear strength can 
be significantly affected by using rounded flood debris aggregate. Given the unique 
interaction between the fill material and geosynthetic, empirical validation of the ultimate 
vertical capacity of a GRS abutment (Circuit, 2024) is essential. A large-scale performance 
test (Lenart et al., 2014) using the same geosynthetic reinforcement and backfill material 
planned for the site should be conducted (Figure 2) in that case.  



Technical Workshop on Reinforcement and Drainage in Soil Structures. June 2024, Barcelona.  
Technical Committees on Soil Reinforcement (TC-R, IGS) & Hydraulic Applications (TC-H, IGS), and 

Reinforced Fill Structures (TC-218, ISSMGE) 
Session: Climate impact and Sustainability aspects 

108 
 

  
Figure 2: Typical results of performance test of GRS composite. 

4 CONCLUSIONS 

Marginal and recycled fills, such as paper industry waste or flood debris, can be effectively 
used in GRS structures. However, specific characteristics of these alternative fill materials—
such as toxicity, chemical interaction with geosynthetics, workability, and deformation 
properties of the GRS composite—must be carefully considered. 
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Abstract. An EPD (Environmental Product Declaration) is a document that quantifies the 
environmental impact of a product throughout its life cycle, including greenhouse gases. 
Writing an EPD is a complex process involving several steps. Initially, factory production 
data, including recipe, electricity consumption, waste generation, and water consumption, 
must be collected. The second step involves inputting this data into a specialized software for 
a life cycle analysis. The final step is to generate an EPD from the software, which is then 
verified by a third party. This article will focus on describing the process of creating an EPD 
and the challenges for our industry. The various stages of a product’s life cycle will be 
explained, along with a description of the assumptions made during the creation of this type 
of document. To conclude, two concrete examples of EPDs will be presented, illustrating the 
drafting of this environmental tool. 
 
1 INTRODUCTION  

In the current context where it is essential to understand the environmental impact of the 
products we manufacture or purchase for construction sector, drafting Environmental Product 
Declarations (EPDs) is more necessary than ever. These documents quantify the 
environmental impact of a product throughout its life cycle, including greenhouse gases. In 
this article, the method used to write these documents will be briefly described, as well as the 
main phases of a product’s life cycle. Two examples of EPDs will then be analyzed to 
illustrate the points presented earlier. 

2 METHOD FOR PRODUCING AN EPD 

The life cycle assessment consists of various stages (see Fig. 1):  
- A1, A2, and A3 focus on emissions of GHG related to product manufacturing. A1 

calculates emissions from raw material extraction and processing, A2 covers raw 
material transport to the factory, and A3 includes energy consumption, waste 
generation, and packaging of the finished product.  

- A4 and A5 calculate emissions of GHG from transporting the finished product from 
the manufacturing plant to the construction site and installing it on-site, respectively.  

- B1 to B7 phases correspond to maintenance phases not used in our cases. It’s the 
phases which emit greenhouse gas during the lifetime of the construction.  

- The end-of-life stages C1, C2, C3, and C4 are also examined, including demolition, 
transport to waste treatment plant, waste processing and waste disposal.  

mailto:anais.grandclerc@terre-armee.com,
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Figure 5: Life cycle analysis.  

 
An EPD is written for one product, or one family of products produced by one company 

or one manufacturing plant. The first step is to collect data from the manufacturing plant to 
have inputs for the manufacturing phases (A1, A2, and A3) over a one-year reference period:   

- The product recipe (quantities of raw materials). 
- The energy consumption related to the manufacturing of the product. 
- The quantity of water used for the manufacturing of the product.  
- The quantity of waste generated by the manufacturing of the product.  
For the subsequent stages of the life cycle, assumptions need to be made and are described 

below:  
- For A4, an average of the distances travelled by the product over the one-year 

reference period, is calculated for each type of transportation used (lorry, maritime, 
rail, …).  

- For A5, it is necessary to estimate the quantity of diesel consumed to install 1 unit (m3, 
kg, m², …) of the product (i.e., the number of hours spent to install the product) and 
the waste treatment of packaging materials that reach the waste state at this point.  

- For C1, similarly to A5, the quantity of diesel required to demolish the structure in 
which the product is used, should be estimated. These estimates are based on 
assumptions.  

- For C2, C3, and C4, an end-of-life scenario (incineration, recycling, landfill, …) is 
selected based on the location in the world where the product will reach the waste 
state after being used in a structure for its entire lifespan. For example, if a product is 
predominantly used in a specific country, the most common scenarios in that country 
will be chosen (for example, 70% of this type of product is recycled, 20% is 
incinerated, and 10% is going to landfill). If the product is used globally, the 
percentages for each scenario will be calculated on a global scale. C2 represents the 
emissions related to the transportation of waste from the demolition site to the nearest 
waste treatment plant (generally, this distance is estimated to be 50 km). C3 represents 
the emissions related to the waste treatment process such as incineration, recycling, 
and reuse, while C4 represents the emissions related to leaving the waste untreated and 
allowing it to go to landfill.   
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Once all these data have been collected and all assumptions have been made, specialized 
software is used to calculate the quantities of greenhouse gases emitted related to the product 
during the different stages of the life cycle (fossil, biogenic, LULUC), as well as many other 
environmental impacts (eutrophication potential, photochemical ozone formation, abiotic 
depletion potential, and water use). All these results are presented in a table and appear in the 
document directly generated by the software. The assumptions considered to establish this 
document, as well as general information, are also included in the final document. Then, this 
document is submitted for verification to an EPD publication platform. Accredited verifiers 
will then submit their comments, which must be addressed, and additional documents may be 
provided if needed, such as invoices, green electricity certificate, …Therefore, a lot of 
environmental information about the product is available in the EPD. One of the most 
important values is the total greenhouse gas emissions calculated for A1, A2, and A3. The 
sum of these three quantities represents the emission factor.  

3 EXAMPLES  

Two examples of EPDs for reinforced concrete panels with steel rebars used as facings in 
reinforced earth structures are provided.  

3.1 Prefabricated concrete panels with conventional concrete 

This EPD is for steel-reinforced concrete panels. The emission factor (equivalent to A1-A3 
emissions) for concrete reinforced by steel is equal to 338 kgCO2e/m3 and 308 kgCO2/m3 for 
the concrete not reinforced by steel (see Table 1). The EXEGY label (Vinci Construction, 
2022) classifies low carbon concrete categories (low carbon, very low carbon, ultra-low 
carbon) based on the emission factor and the compressive strength class of the concrete. The 
concrete studied in this EPD belongs to the conventional category. The results of this EPD 
highlight that A1-A3 GHG emissions account for 68% of the total GHG emission over the 
lifecycle of these concrete panels, while 26% are due to transportation from the 
manufacturing plant to the construction site (see Fig 2).  

Life cycle steps GWP – fossil kgCO2e 
A1: Raw materials extraction and processing 319 

A2: Transport to the manufacturer 5.56 
A3: Manufacturing 14.1 

A1-A3 Emission factor 338 
A4: Transport to the building site 124 

A5: Installation into building 1.98 
C1: Deconstruction 6.11 
C2: Waste transport 9.66 

C3: Waste processing 8.61 
C4: Disposal 2.10 

Table 2: Results for 1 m3 of concrete. 
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Figure 2: Life cycle analysis.  

3.2 Prefabricated concrete panels with very low carbon concrete 

The second EPD is also for concrete panels reinforced by steel. The emission factor 
(equivalent to A1-A3 emissions) for concrete reinforced by steel is equal to 227 kgCO2e/m3 
and 173 kgCO2e/m3 for the concrete not reinforced by steel. With EXEGY diagram (Vinci 
Construction, 2022), this concrete belongs to the category just below the limit between low 
carbon concrete and very low carbon concrete. For this EPD, A1-A3 GHG emissions are 
responsible for 73% of the total GHG emission over the lifecycle of these concrete panels and 
15% are due to the transportation from the manufacturing plant to the construction site.  

4  CONCLUSIONS 

- Writing an EPD is a long and complex process, involving several steps.  
- A life cycle of a product is divided into several phases from the manufacturing part to 

the end-of-life part.  
- Several data from the plants and several assumptions have to be made and must be 

described in the document.  
- Most greenhouse gas emissions for the products studied in this article (concrete 

panels in both cases) are represented by the manufacturing phases.  
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Abstract. An introduction to Life Cycle Assessment (LCA) is presented as a useful and 
effective tool for quantifying environmental sustainability in engineering designs. For typical 
scenarios in European projects, comparative LCA studies are performed between 
conventional and geosynthetic based solutions for applications such as erosion control, 
pavement drainage, and retaining structures. In all the cases assessed, it has been 
demonstrated that geosynthetic based solutions have lower environmental impacts than 
conventional solutions.  
 
1 INTRODUCTION  

Traditional civil engineering design considers function, cost, and safety primarily, while 
sustainable engineering design considers the impact the design will have on society and the 
environment as well. Generally, geosynthetic based solutions offer significant environmental 
sustainability benefits over conventional solutions, however, their quantitative comparisons 
are rarely conducted in practice.  

2 LIFE CYCLE ASSESSMENT (LCA)  

To ensure sustainability in engineering designs, quantitative design tools are needed to 
perform the metrics that can be applied in the design process. LCA is one such tool for 
evaluation of environmental sustainability in engineering designs.  

3 CASES OF COMPARATIVE LCA STUDIES  & RESULTS 

The following LCA studies have been presented that involve comparison between 
conventional solutions versus the corresponding geosynthetic solutions. For the present work, 
the impact category indicators considered are Abiotic Depletion – Minerals & Fossil Fuel, 
Global Warming Potential, Ozone Layer Depletion, Photochemical Oxidation, Acidification 
Potential and Eutrophication Potential.  

3.1 Erosion Control 

Comparative LCA study is performed for erosion control solution options for a 5m high 
road embankment section using the traditional shotcrete (Case A) and a high strength geomat 
(Case B) for the schemes detailed in Figure 1. The transportation distances for geosynthetics, 
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cement, sand and aggregates are considered with reference to an assumed project site in 
Barcelona, Spain. The results of the comparative LCA are presented in Figure 2 for the 
characterization case.  

 

 
Figure 6: Erosion control solution schemes with shotcrete (Case A) and high strength geomat (Case B). 

 

 
Figure 7: LCA results in chart format for erosion control options in characterization case.  

3.2 Drainage 

Comparative LCA study is performed between various drainage layer solutions applicable for 
preventing frost heave of infrastructure works in extremely cold regions. In the study, 3 
different cases are considered, namely 300 mm thick gravel layer (Case A), 700 mm thick 
gravel layer (Case B) and with a drainage geocomposite developed for cold regions (Case C), 
as detailed in figure 3. The transportation distances for geosynthetics and gravel are 
considered with reference to an assumed project site in Kemi in Finland. The results of the 
comparative LCA are presented in figure 4 for the characterization case. 

3.3 Soil Retention  

Comparative LCA study is performed for soil retention solution options for a 9m high 
retaining wall using the traditional reinforced cement concrete (RCC) wall (Case A), MacRES 
Mechanically Stabilized Earth wall (MSE Wall) with concrete panel facing as Case B, and 
MSE Wall (Case C) for the schemes detailed in Figure 5. While Case B uses concrete panel 
facia and geostrip soil reinforcement, Case C involves the gabion facia and bonded geogrid 
soil reinforcement. The transportation distances for geosynthetics, cement, sand, aggregates, 
gravel and structural steel are considered with reference to an assumed project site in Paris, 
France. The results of the comparative LCA are presented in figure 6 for the characterization 
case.  
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Figure 3: Scheme of typical road section with drainage layers for the various cases A, B & C in LCA study.  
 

 
 

Figure 4: LCA results in chart format for drainage solutions in characterization case.   
 

 
 

Figure 5: Scheme of retaining wall types for the various cases A, B & C in LCA study. 
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Figure 6: LCA results in chart format for retaining wall solutions in characterization case.   

4 CONCLUSIONS 

- Importance of environmental sustainability in engineering designs and its 
quantification through comparative LCA between conventional & geosynthetic 
solutions has been demonstrated, for different types of applications.  

- In all the cases assessed, it has been demonstrated that geosynthetic based solutions 
has lower environmental impacts than the conventional solutions. This is mainly due 
to the reduction in consumption of cement, steel & gravel as well as reduced 
earthworks and energy related to transportation.  

- Concrete is an essential component of structures, and it is irreplaceable for certain 
functions. However, it is possible to avoid concrete in many applications such as 
erosion control, drainage, retaining structures etc. to reduce environmental impacts 
associated with concrete.   

- The environmental impacts of gravel are mainly caused by mining machines, the use 
of electricity during mining and the energy requirements for transportation from 
stone quarries to jobsite.  

- Sustainability requires taking environmental and social factors into account rather 
than just economics. The comparative LCA studies discussed demonstrate how 
geosynthetic solutions can improve sustainability in projects, without compromising 
the traditional engineering requirements.  
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Abstract. A proper sustainability evaluation of any infrastructure project is based on the 
combine results of environmental, economic, and social/functional assessments. Nowadays, 
environmental aspects have taken the stage, resulting in improved databases, methodologies, 
and data interpretation. Several past studies have shown the reduced impact of reinforced soil 
walls against competing solutions such as gravity walls. The main reason being the use of soil 
as the main structural material instead of steel and/or concrete. The present work focuses on 
the life cycle assessment methodology and expected results in environmental assessments for 
geosynthetic reinforced soil walls. Results include analysis over several environmental 
inventory aspects, such as transportation distances, backfill material, and material losses. 
Different environmental impact indicators are analysed and compared. 
 
1 INTRODUCTION  

Environmental, economic, and social/functional assessments are the three pillars of any 
and all sustainable designs. A common method used in study of environmental impacts is the 
life cycle analysis (LCA). Depending on the used tool, several environmental impact 
indicators can be obtained and compared. The present work is focused on comparing the 
environmental impact of two types of reinforced soil walls (RSWs): first, as retaining walls 
with different backfill materials, and second, as alternatives to conventional deck-bridges, to 
exemplify the use of the LCA methodology. 

2 LCA METHOD  

Life cycle assessments were done using the SimaPro v9.4.0.2 (PRé sustainability, 2022) 
software and ecoinvent v3.8 environmental database (Wernet et al. 2016). Two calculation 
methods were used: ReCiPe 2016 v1.1 (Huijbregts et al., 2017) and CED v1.11 (Frischknecht 
et al. 2003). The ReCiPe method evaluates life cycle inventories using a midpoint and 
endpoint perspective. The midpoint analysis includes 18 environmental indicators, from 
which 5 were selected and compared in the present study (i.e., global warming potential 
(GWP), stratospheric ozone depletion (SOD), terrestrial acidification potential (TAP), 
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freshwater eutrophication potential (FEP), and marine eutrophication potential (MEP)). The 
endpoint analysis aggregates the results of all 18 indicators a single score value, useful in 
decision making processes. The Cumulative Energy Demand (CED) method quantifies the 
consumption of energy of the structure over the selected life cycle period (in GJ). 

A proper LCA must encompass a functional unit (FU) to impose boundaries in the 
analysis. For retaining walls, RSWs with different backfill materials are compared using a FU 
defined as 1-m of running length of wall of variable height. Three backfill materials are 
considered: a granular soil, a mixture of construction and demolition (C&D) and granular soil 
in a 50%-50% ratio, and a locally available soil (LAS). Materials have a friction angle of 36º, 
38º, and 32º, respectively. The reinforced backfill includes a vertical and horizontal drainage 
layer separated by a nonwoven geotextile (see Fig. 1a). and a separation geotextile 
(nonwoven). For the bridge solutions, the FU is defined as a 12-m wide, 10-m span bridge 
with a distributed traffic surcharge load of 10 kPa (two-lane civilian roadway) (see Fig. 1b). 
Alternatives include a cantilever retaining wall with a concrete bridge deck and a reinforced-
soil arch-bridge. All structures are assumed to have a design life of 100 years and constructed 
over competent foundation, removing the need for site preparation activities to be included in 
the analyses. Environmental evaluations require a well-defined life cycle inventory (LCI), 
including materials, manufacturing and construction activities, energy and resource usage, 
and transport activities. For RSWs, most of the LCI involves structural materials, transport, 
and spreading and compaction of soil. Table 1 shows a sample LCI of a 6-m-tall retaining 
wall. Data includes quantities, transportation distances, and time or energy requirements for 
construction. For hand-placed materials (e.g., polymeric straps), no emissions are considered. 
Construction requirements are based on literature available data (Stucki et al., 2011, Damians 
et al., 2017). 

 

  
(a) (b) 

Figure 1. Schematic of an idealized (a) reinforced soil wall (modified from Moncada et al., 2024) and (b) 
reinforced-soil arch-bridge (modified from Malekmohammadi et al., 2024). 

3 RESULTS 

Figure 2a and 2b show CED and GWP results, respectively, for three backfill material 
scenarios for a 6-m-tall RSW. In both environmental indicators, the use of granular material 
shows to be the most contaminant and energy demanding solution. Geosynthetic materials 
(separation and reinforcement elements) have a higher relative impact in CED than in GWP. 
On the other hand, concrete and steel materials show a higher relative impact in GWP than in 
CED. Figure 2c shows the results for 5 of 18 midpoint indicators. Values are normalized by 
the maximum value for each indicator. Across the five indicators, granular material appears to  
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be the most impactful, followed by the use of C&D and LAS materials. Results show that, 
depending on the analyzed indicator, the differences in impact can vary. A proper 
environmental assessment should not focus only on CO2 eq. emissions, but rather several 
environmental impacts to allow for a comprehensive comparison between solutions. 

Figure 2d shows GWP results for the two bridge solutions. Results show substantial 
differences in the two alternatives, where the concrete-deck bridge emissions are almost an 
order of magnitude higher than that of the arch-bridge. Concrete and steel are the main 
contributors of emissions in both alternatives. 

 

  
(a) (b) 

  
(c) (d) 

Figure 2: (a) CO2 eq. (in kg), (b) cumulative energy demand (in GJ), and (c) relative impact of several 
midpoint indicators (in %) obtained from a life cycle assessment of 6-m-tall reinforced soil walls with different 

backfill materials, (d) CO2 eq. (in t) for the bridge alternatives. 

Requirement 
Structural material 

Precast concrete 
panel 

Concrete 
(leveling pad) 

Geotextile 
(separation) 

Polymeric strap 
(reinforcement) 

Backfill 
material 

Quantity 6 m2 0.05 m3 10.2 m2 121.75 m 46.12 m3 
Installation / 
Construction 0.24 h �� a �� b �� b 91.13 MJ c 

Transportation 50 km 50 km 300 km (200 by train, 100 by truck) 10 km 

Table 1: Example of life cycle inventory for a 6-m-high reinforced soil wall with polymeric straps with 
cohesion-less granular backfill. (a Pouring time is included in the material emissions. b Manual labor not 

considered in environmental impacts. c Includes spreading and compaction of soil material). 
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4 CONCLUSIONS 

- Life cycle assessment (LCA) is a proven and useful methodology to evaluate the 
environmental impact of structures that serve a common purpose.  

- LCAs required a well-defined functional unit across all alternatives as well as a 
thorough and rigorous life cycle inventory. 

- Environmental impact can be measured using several indicators. A thorough analysis 
requires the use of various midpoint indicators and/or an aggregated endpoint score 
to compare solutions in a suitable way. 

- In the case of reinforced soil walls, environmental impact can be reduced with the use 
of different fill materials. 

- The use of reinforced soil over concrete and steel solutions (i.e., conventional deck-
bridge) can result in considerable reduction of environmental impacts. 
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IGS: Hydraulic Applications (TC-H):  
https://www.geosyntheticssociety.org/council-committees/technical-committees/hydraulic/ 

  
ISSMGE: Reinforced Fill Structures (TC-218): 

https://www.issmge.org/committees/technical-committees/applications/reinforced-fill -
structures  
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