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Abstract: Geosynthetic engineering has made significant advances during the past decade in the
areas of manufacturing and practical applications. As a result, geosynthetics have become essential
materials that facilitate construction, better improve short- and long-term performance, and reduce
long-term maintenance costs in routine civil engineering projects. Geosynthetics are also being
recognized as fundamental to sustainable infrastructure development as they reduce the carbon
footprint generated by infrastructure development by minimizing the use of natural construction
materials. Creative use of geosynthetics in geo-engineering practices is expected to continue to expand
as innovative materials and products are becoming available. In this paper, we begin by discussing
issues related to climate change. The sustainable benefits of geosynthetics are then presented by
demonstrating the potential of geosynthetics to significantly reduce carbon footprints compared
to traditional solutions. Finally, recent geosynthetic technologies have been introduced for use in
transportation infrastructure. The pathway forward of the geosynthetic technology is also discussed
from the view of sustainable infrastructure development.

Keywords: geosynthetics; climate change; carbon footprint; transportation infrastructure; GRS wall;
geosynthetic-encased stone column; ground borne vibration; geofoam

1. Introduction

Since the first geosynthetics conference in Paris in 1977, geosynthetics have become
essential materials in routine civil engineering projects that better improve short- and
long-term performance and reduce long-term maintenance costs. As indicated in the 9th
Buchanan Lecture paper [1], significant development in civil engineering technology was
accompanied by the development of new and innovative construction materials. One of the
examples is concrete, reinforced concrete, and prestressed reinforced concrete technology,
which have replaced wood and building stone as construction materials, that have allowed
the construction of larger-scale structures. A similar example in geotechnical engineering
is the advent of modern reinforced soil technology in which polymeric reinforcement
materials provide an added level of tensile resistance and stability to soils that have
little to no tensile strength, allowing larger-scale geo-structures to be built with greater
confidence [1].

Sustainability has become a keyword in our daily lives as our built environment is
being threatened by climate change. Despite the recent societal efforts to reduce the related
risks, the viability of achieving environmental sustainability is still being questioned due to
environmental degradation, climate change, overconsumption, population growth, and
the continued pursuit of economic growth. As a result, human-induced climate change
is already affecting people, ecosystems, and livelihoods around the world. For example,
Tuvalu, one of the low-lying Pacific Island nations, is struggling to maintain its land due
to rising sea levels, as the foreign secretary reported at COP26 (the United Nations (UN)
climate conference in Glasgow). Commitment to sustainability will reduce the carbon
footprint and the amount of toxins released into the environment. As will be discussed,
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the fact that the construction industry is one of the largest users of global resources and
is a major contributor of pollution and greenhouse gas (GHG) emissions [2], places a
heavy responsibility on the construction industry to reduce its carbon footprint from the
viewpoint of sustainability.

This paper is an extended version of the previously published paper by the author [3].
In this paper, we discuss the benefits of geosynthetics to sustainability by demonstrating
the potential of geosynthetics to significantly reduce the carbon footprint compared to
traditional construction methods. Recent geosynthetic technologies for use in transportation
infrastructure are highlighted in the context of recent trends and research outcomes in
this area.

2. Climate Change: Implications for the Construction Industry
2.1. What We Know

Global temperatures have risen approximately 1.0 ◦C above pre-industrial levels, and
if current rates are maintained, this will likely reach 1.5 ◦C between 2030 and 2052 [4].
However, limiting warming to the 1.5 ◦C global warming scenario requires unprecedented
efforts from all sectors of human society. Related studies have revealed higher climate-
related risks for natural and human systems at 1.5 ◦C of global warming than at present
but lower risks than those at 2 ◦C (high confidence).

Consequences of climate change include an increase in global temperatures, rising
sea levels, changing precipitation, and expansion of deserts [5]. These extreme weather
events will likely be exacerbated due to insufficient societal response. The risks related
to global warming depend on several factors such as magnitude and rate of warming,
geographic location, levels of development and vulnerability, and more importantly, the
choices and implementation of adaptation and mitigation options [6]. Figure 1 illustrates
the worldwide present-day warming. As shown in the figure, nearly five billion people
are experiencing greater than 1.0 ◦C of warming above pre-industrial levels during the
warmest season of the year.
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Figure 1. Human experience of present-day warming [2].

The urgency of an adequate response to the global GHG emissions has been well
addressed by Ritchie and Roser [6]. They reported global GHG emission scenarios in terms
of likely warming, as shown in Figure 2, where a range of potential future scenarios of
global greenhouse gas emissions (measured in gigatons of carbon dioxide equivalents)
is presented based on data from the Climate Action Tracker. When no climate policies
are implemented, 4.1–4.8 ◦C warming is likely by 2100 (first scenario). With current
climate policies (second scenario), global warming of 3.1–3.7 ◦C by 2100 is expected. If all
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countries achieve their current targets/pledges set within the Paris Climate Agreement
(third scenario), an estimated average warming of 2.6–3.2 ◦C is likely by 2100, well beyond
the overall target of the Paris Agreement to limit warming “well below 2.0 ◦C”. The
fourth scenario involves the 2.0 ◦C pledge, limiting average warming to 2.0 ◦C by 2100.
As one might guess, a significant increase in the ambition of current pledges within the
Paris Agreement is required to achieve this goal. The last (fifth) scenario involves limiting
average warming to 1.5 ◦C by 2100, which requires a very urgent and rapid reduction in
global greenhouse gas emissions.
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2.2. The UN Sustainability Goals

The UN sustainability goals (SDGs) were established by the UN in 2015, with a target
date of 2030 [7]. Detailed action plans are included in the 17 SDGs to end poverty and
protect the planet by 2030, as shown in Figure 3. As shown, all aspects of social, economic,
and environmental sustainability are considered so that an action in one area will affect
outcomes in others [8]. Some of the 17 SDGs are clearly supported by geosynthetics,
particularly in the environmental and economic categories, including goals such as clean
water and sanitation, clean energy, infrastructures, and sustainable cities [8–10].

2.3. Implications to the Construction Industry

According to the 2021 Global Status Report for Buildings and Construction [11],
buildings and construction together account for 36% of the total global energy use and 37%
of energy-related carbon dioxide (CO2) emissions, giving the construction industry a huge
responsibility to implement specific action plans to achieve sustainable construction targets.

As the global population is expected to reach 8.5 billion people by the year 2030, pre-
serving non-renewable resources is a top priority to ensure the planet’s survival. Sustainable
solutions in construction industries are needed to deliver infrastructure that supports a
desired quality of life for current and future generations while conserving resources and
energy. Bringing sustainability to the construction industry is a challenging task that re-
lies significantly on innovative materials and design/construction technologies. Through
innovation, the construction industry can transition from being part of the problem to
becoming part of the solution. According to Gourbran [12], 17% of the SDG targets are
directly dependent, and 27% of the targets are indirectly dependent, on construction and
real estate activities.
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Geosynthetics provide sustainable solutions to routine civil/geotechnical works when
dealing with projects involving soils, rocks, and similar materials, such as coal ashes and
mine tailings, by minimizing the use of natural resources. For example, using geosynthet-
ics allows the conservation of quarrying sand, load-bearing materials, and/or drainage
aggregates (Figure 4). One truckload of geosynthetic clay liner (GCL) is equivalent to
150 truckloads of natural clay [13], which reduces the use of clay (a natural material) and
impairment caused by traffic to and from construction sites (Figure 5).
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Digital tools, such as Building Information Modeling (BIM) and Artificial Intelligence
(AI), can also help achieve sustainable construction goals by optimizing construction
processes for a given project (Figure 6). BIM, in particular, can greatly enhance project
design efficiency and productivity on site while minimizing construction errors, thus
reducing wasted time, materials, energy, and costs.
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Recent related studies include the one by Raja and Shulka [14] in which a new hybrid
technique for predicting the settlement of geosynthetic-reinforced soil foundations based
on grey wolf optimization (GWO) and artificial neural network (ANN). Most recently, Chao
et al. [15] published a paper concerning artificial intelligence algorithms for predicting the
peak shear strength of clayey soil. These studies have demonstrated that AI also can be
used as a design tool when generalized by relevant training data sets.

Undoubtedly, construction has played an important role in creating the built envi-
ronment since the beginning of human civilization and will continue to be a key player
in sustainable infrastructure development. The construction industry, however, needs to
fully address and support sustainable development and climate action for current and
future generations.

3. Geosynthetic Solutions in Transportation Infrastructure Development

Over the years, geosynthetic solutions have been well accepted in transportation
infrastructure development as alternatives to conventional approaches. The use of geosyn-
thetic solutions in transportation applications is expected to continue to grow due to their
sustainable benefits and sound performance. This section reviews the technical background
of several examples of geosynthetic solutions based on work by the author.
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3.1. Geosynthetic Bridge Abutment

Geosynthetic reinforced soil (GRS) bridge abutments have been recognized as a viable
alternative to the conventional concrete bridge abutment system in many countries. In
fact, the GRS abutment is technically a surcharge-loaded geosynthetic-reinforced soil wall,
as shown in Figure 7. One benefit, in addition to its sound performance, is its ability to
alleviate the “bridge bump” caused by differential settling between the bridge abutment
and approach way in a conventional concrete abutment [16,17].
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Figure 7. Typical cross-section of a GRS abutment Adapted with permission from Ref. [17]. 2021,
“Geotext. Geomembr.”.

In a typical GRS bridge abutment configuration, the abutment is loaded by the super-
structure and traffic loading, which increases stresses in the reinforced soil mass. Due to
the importance of the load-carrying capacity of the GRS abutment on its serviceability and
stability, there have been a number of studies on this subject [18–23]

The load-carrying capacity of a surcharge-loaded GRS wall was demonstrated effec-
tively by Yoo and Kim [18] based on the results of a full-scale load test on a 5 m high,
two-tier GRS wall The test wall was loaded by a precast concrete (PC) box frame with
dimensions of 2.4 m × 2.4 m in plan and 2.4 m in height. Ready-mixed concrete was added
incrementally to the PC box frame. The completely filled box frame exerted a load of ap-
proximately 38 kN or 62 kPa on the reinforced soil mass, which was thought to induce stress
levels within an operational condition. For details, readers should refer to prior work [18].

Figure 8 presents selected results reported by Yoo and Kim [18]. As shown in Figure 8b,
the surcharge load induced less than 2 mm of facing displacement in the upper tier wall,
although no provision was made for the surcharge load in the original wall design. The
strains induced by the surcharge load in the top reinforcement layer also were minimal, i.e.,
less than 0.1%, with negligible reinforcement strains developed in the rest of the lower-tier
reinforcement layers. Yoo and Kim [18] concluded that the surcharge load did not pose
any threat to the internal stability of the test wall, even though the wall was not designed
for the load, as the surcharge load-induced wall displacement and reinforcement strains
were minimal.
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3.2. Geosynthetic-Encased Stone Column

The load-carrying capacity of an ordinary stone column (OSC) installed in soft ground
can be significantly reduced as it tends to bulge due to the lack of lateral pressure from
the surrounding soil required to maintain its stability. A number of studis [24–34] have
demonstrated that a full or partial geosynthetic encasement of the stone column in such
cases can significantly increase its loading capacity via the added level of confinement
provided by the geosynthetic. Such a technique is referred to as geosynthetic encasement
stone column (GESC) and is gaining wide acceptance (Figure 9).
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Figure 9. Illustration of the GESC technique: (a) schematic view and (b) installation procedure [3].

More specifically, Yoo and Lee [25] performed a series of full-scale load tests on GESCs
and an OSC to investigate the load-carrying capacity behavior of geogrid-encased stone
columns. They reported, among other things, that a partial encasement, i.e., 0.2–0.4 D
(D = column diameter), almost doubled the load-carrying capacity of the OSC, due mainly
to the added confinement provided by the geogrid encasement (Figure 10).
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“Geosynth. Int.”: (a) test setup, (b) lateral displacement, and (c) load vs. settlement.

When installed to support an embankment constructed in soft ground, GESCs improve
the settlement characteristics of the embankment by accelerating pore water pressure dissi-
pation caused by embankment loading, as reported by Yoo [26]. As shown in Figure 11b,c,
a greater benefit of the geogrid encasement can be achieved when adopting a larger stiff-
ness geosynthetic encasement due primarily to the decreased level of embankment load
transferred to the original ground.
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pressure dissipation, and (c) settlement development.

GESCs are frequently installed to support embankments for roadways and railway
tracks, where the loading characteristics are mainly cyclic in nature, from moving vehicles.
Yoo and Abbas [27] conducted a series of tests using a reduced-scale model and highlighted
the GESE response to cyclic loading considering principal characteristics such as frequency,
amplitude, and encasement stiffness, as summarized in Table 1.

Table 1. Test cases considered [Adapted with permission from Ref. [27]. 2010, “J. Geotech. Geoenviron.”].

Series su (kPa) Frequency,
f (Hz)

Amplitude,
Am (kPa)

No. of Cycles,
N

Encasement Length,
Lenc/H

A

12

0.1, 0.5, 1.0 70

10,800

1.0

B 0.5 40, 70, 100 1.0

C 0.5 70 0.0, 0.3, 0.5, 1.0

In their study, the dependency of the load-carrying capacity of GESC on the cyclic
loading characteristics was highlighted. For example, as shown in Figure 12, a greater
benefit of geogrid encasement was observed in the settlement and post-cyclic load-carrying
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capacity behavior under lower frequency and/or smaller amplitude loading. It was also
reported that the degree of load transfer to the column decreased as the loading frequency
increased. They recommended the use of a decreased stress concentration ratio from the
static case when subjected to higher frequency and/or higher amplitude loading.
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3.3. Geosynthetic-Based Ground-Borne Vibration Mitigation

Ground-borne noise and vibrations from railways in urbanized areas may cause
structural disturbances and distress to the residents proximate to railway lines, requiring
control and mitigation. Even in situ vibrations that fall within the safety criteria for building
vibrations tend to instill fear of structural damage and building failure as humans perceive
vibrations at a very small threshold (smaller than 1 mm/s) [35,36].

Ground-borne vibrations are difficult to mitigate due to their low-frequency nature [37].
Several mitigation measures are available, including meta-materials (resonator, stopband),
geogrid (stiffening of subgrade), geofoam or concrete-filled trenches, and ground improve-
ments such as concrete and stone columns (Figure 13). Geosynthetic-based solutions are
gaining popularity due to their sound performance as well as sustainable benefits [38,39].
Stiffening of the subgrade beneath a railway track using layers of geogrid also has the
potential to reduce the vibration level at such sites.
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In this section, the performance of a geosynthetic-based mitigation method, namely a
geofoam-filled trench, is demonstrated and compared to that of the no-mitigation case. A
hypothetical scenario where a high-speed railway track runs with 10 m clearance along a
five-story concrete framed building resting on a mat foundation was considered. A KTX-I
high-speed train (HST) with a speed of 120 km/h and a maximum axle load of 170 kN
(85 kN for one wheel) was run on the track. The locomotive and coach lengths were 22.7 m
and 21.8 m, respectively, with a wheel diameter of 0.92 m and a wheelbase of 1.44 m. The
center distance of the wheel trucks in the same car was 11 m, while that in the adjacent cars
was 6.3 m. The key dimension parameters of KTX-I are given in Figure 14.
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Figure 14. Configuration of the high-speed train (HST) considered (KTX-I, axle load ≤ 17 t).

A five-story concrete framed building with a floor plan consisting of 16 columns,
600 mm × 600 m in size, evenly spaced at 4.2 m in each direction, was considered. The
floor thickness was 200 mm with a height of 3.0 m. The building was supported by a 1 m
thick reinforced concrete raft foundation of 14.2 m × 14.2 m. The track system consisted of
(from the top) 0.4 m thick ballast, 0.2 m thick sub-ballast, and subgrade. For simplicity, a
uniform layer of subgrade was assumed (Figure 14).

A three-dimensional (3D) finite element model developed using commercial finite
element software, ABAQUS 2023, was adopted. The analysis was performed in a time
domain using an implicit time integration scheme. The movement of axle loads was
simulated in the time domain using the user subroutine DLOAD [40]. A geostatic load
step was initially defined in the analyses, prior to the dynamic load step. To ensure
numerical stability and to capture the initial dynamic response, a minimum time step of
tmin = 0.00275 s was used with a simulation time of 3.0 s. Considering the train speed of
120 km/h, the distance traversed by the wheel load is 100 m.

Figure 15 shows the FE model together with the dimensions. As shown, the FE model
had dimensions of 100 m in length, 50 m in width, and 15 m in height. With reference to the
boundary conditions, translation in the z direction was restrained on the bottom boundary,
while those in the direction perpendicular to the vertical axes were restrained for lateral
boundaries. In addition, the infinite nature of the ground medium was represented by
placing infinite elements on the four lateral boundaries. The mesh size was selected to be
0.17 m for the rails and 0.5 m for the ballast, sub-ballast, and subgrade. All components
of the FE model were discretized using eight-node hexahedral linear brick elements with
reduced integration and hourglass control (C3D8R), while the 3D linear infinite element
(CIN3D8) was used for the region prescribed as an infinite region. The total numbers of
elements and nodes were 349,218 and 386,200, respectively.

In terms of constitutive modeling, the ballast, sub-ballast, concrete, geogrid, geofoam,
and rails were considered to be linear elastic, while the subgrade was assumed to be a
Mohr–Coulomb elasto-plastic material following the non-associated flow rule. The material
properties are summarized in Table 2.
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Figure 15. Finite element model: (a) entire model and (b) cross-section.

Table 2. Material properties used in the FE analysis.

Material Unit Weight
γ ( kN

m3 )
Young’s Modulus

E (MPa)
Poisson’s
Ratio, ν

Cohesion,
c (kPa)

Int. Friction
Angle, φ(◦)

Dilation Angle,
ψ(◦)

ballast 16 15 0.35 - - -

sub-ballast 19 2000 0.35 - - -

subgrade 20 41 0.4 10 40 15

concrete 25 21,000 0.2 - - -

rail 78.5 200,000 0.35 - - -

geofoam 20 1500 0.49 - - -

For the geofoam trench mitigation scenario, a 1.0 m wide, 20 m-deep, and 10 m-long
trench was considered, as shown in Figure 15. The vibration levels transmitted to the
building were assessed through velocity at the selected monitoring points A and B shown
in Figure 15b.

The results are summarized in Figure 16, where the time histories of ground vibrations
at the designated locations are illustrated in terms of peak particle velocity (PPV) for the
mitigation measures considered. Note that the PPV was computed as the resultant of axial
velocity components measured in the longitudinal, vertical, and lateral directions (Vlong,
Vvert, Vlatr).

As shown, the geosynthetic solution, i.e., geofoam-filled trench, significantly decreases
the PPV, by as much as 50% from the no-trench case. The salient feature is that high PPVs
remain at the measurement points even after the passage of the train.

Although not explicitly examined, as a large portion of the carbon footprint results
from the material consumption of mitigation measures, the geosynthetic solutions typically
produce less carbon footprint, i.e., less than 10% of conventional approaches such as
resonator, concrete-filled trench, concrete pile stiffening, etc. [41].
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𝒎𝟑) 
Young’s Modulus 

𝑬 (𝐌𝐏𝐚) 

Poisson’s 

Ratio, 𝝂 
Cohesion, 

𝒄 (𝐤𝐏𝐚) 

Int. Friction 

Angle, 𝝓(°) 
Dilation Angle, 

𝝍(°) 

ballast 16 15 0.35 - - - 

sub-ballast 19 2000 0.35 - - - 

subgrade 20 41 0.4 10 40 15 

concrete 25 21,000 0.2 - - - 

rail 78.5 200,000 0.35 - - - 

geofoam 20 1500 0.49 - - - 
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floor (Point A) and (b) column (Point B). 

As shown, the geosynthetic solution, i.e., geofoam-filled trench, significantly de-

creases the PPV, by as much as 50% from the no-trench case. The salient feature is that 

high PPVs remain at the measurement points even after the passage of the train. 

Although not explicitly examined, as a large portion of the carbon footprint results 

from the material consumption of mitigation measures, the geosynthetic solutions typi-

cally produce less carbon footprint, i.e., less than 10% of conventional approaches such as 

resonator, concrete-filled trench, concrete pile stiffening, etc. [41]. 

Figure 16. Time history of PPV for different migration measures at selected measurement points:
(a) floor (Point A) and (b) column (Point B).

4. GRS Structure: Climate Change Adaption and Mitigation

Increased occurrence of climate change-induced heavy rainfall has raised significant
concerns to geotechnical engineers in terms of the design and construction of geo-structures.
Climate change-induced heavy rainfall is becoming more important as marginal soils with
a high percentage of fines are frequently used as backfill due to the scarcity of high-quality
fill materials and potential cost savings. This is concerning because poor-quality, marginal
soils cannot readily dissipate the pore water pressure generated during rainfall, which
leads to a reduction in shear strength caused by a decrease in matrix suction [42–44].

The positive role of in-plane drainage in relieving rainfall infiltration from GRS walls
backfilled with low-quality backfill soils has been demonstrated by many researchers [43–45],
although the capillary barrier issue remains a subject of research. More recently, a dual-
function reinforcement and drainage geogrid, namely a hybrid geogrid concept, has been
introduced for potential use in low-quality backfilled GRS walls [44].

As part of continuing research on this subject, a series of laboratory investigations is
being conducted at SKKU to further develop climate change adaptive solutions. One of
the approaches under consideration is to introduce elevated temperatures to accelerate
pore water dissipation from rainwater-infiltrated soil (Figure 17). Elevated temperatures in
backfill soil can facilitate water movement as the difference between the volume expansion
of soil particles and water can increase pore pressure in soil [46]. Dissipation of pore water
can be accelerated as the temperature increases, provided appropriate drainage measures.
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The relative effects of internal drainage only and of internal drainage combined with
elevated temperature are illustrated in Figure 18, where the results of laboratory tests are
presented as contour plots of lateral displacement. As can be seen, a significant decrease
in lateral displacement was evident when implementing in-plane drainage by the hybrid
geogrid. The elevated temperature (70 ◦C) with the hybrid geogrid further decreased the
lateral displacement, suggesting that internal drainage combined with elevated temperature
(hybrid geogrid + elevated temperature) can further improve GRS wall performance in the
event of heavy rainfall.
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Figure 18. Contour plots of lateral displacement: (a) no internal drainage (ordinary geogrid), (b) with
internal drainage (hybrid geogrid), and (c) with internal drainage + elevated temperature (hybrid
geogrid + elevated temperature).

The short- and long-term effects of elevated temperature on the geogrid reinforcement
and geogrid–soil interface remain to be fully investigated. A preliminary investigation on
the effects of elevated temperature on the geogrid–soil interface characteristics showed
no evidence of deterioration (even improvement) of the interface frictional characteristics.
Further study is ongoing to confirm these findings (Figure 19).
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5. Conclusions

This paper discusses the implications of climate change issues on the construction
industry within the framework of sustainability. In addition, the sustainable benefits of
geosynthetic solutions, as an alternative to conventional systems in infrastructure develop-
ment, are briefly highlighted. Recent advances in geosynthetic solutions for transportation
applications are described. The following conclusions can be drawn.
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1. Climate change-induced global warming has raised global temperatures approxi-
mately 1.0 ◦C above pre-industrial levels, and if current rates are maintained, this will
likely reach 1.5 ◦C between 2030 and 2052. The construction industry, as one of the
larger producers of GHG emissions, has a huge responsibility to implement specific
action plans to achieve sustainable construction targets.

2. Geosynthetics can also be used as key elements in achieving some of the 17 UN sustain-
able development goals, particularly in the environmental and economic categories,
including goals such as clean water and sanitation, clean energy, infrastructures, and
sustainable cities. More specifically, in infrastructure development, geosynthetic solu-
tions are considered sustainable solutions as they tend to use fewer natural resources,
thus significantly reducing the carbon footprint compared to conventional systems.

3. A wide array of geosynthetic solutions is available for infrastructure development
such as geosynthetic bridge abutments, geosynthetic-encased stone columns, and
geosynthetics-based ground-borne vibration mitigation. Further developments in
geosynthetic technology in transportation applications will ensure safe, economical,
and sustainable infrastructure development.

4. Accelerated drainage of infiltrated rainwater from a geosynthetic reinforced structure
can be achieved when implementing dual-function geosynthetic, i.e., internal drainage
and reinforcement, together with elevated temperature, suggesting that geosynthetic
technology can provide climate change adaptation and mitigation solutions for future
infrastructure development.

Funding: This research was funded by the National Research Foundation of Korea, grant numbers
2021R1A2C3011490 and 2021K2A9A1A06096050.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The author declares no conflict of interest.
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