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ABSTRACT: Geosynthetics have become an integral part in the design of pavements, slopes, and other geotechnical infrastructures, 
offering enhanced stability and durability. With an increase in the adoption of geosynthetics, particularly in pavement applications and 
ever-growing climate change concerns, questions on their sustainability arise. Studies indicated that geosynthetics made of polymeric 
materials have a long lifespan and perform well for the entire design life of a structure. However, quantification of benefits in terms of 
socio-economic impacts, environmental impacts, and resource consumption would result in a more precise sustainable design practice. 
To quantify the benefits provided by geosynthetics, it is important to perform a thorough Life Cycle Analysis (LCA) considering all 
these aspects. In this research study, a detailed sustainability framework was developed, which includes Life Cycle Cost Analysis 
(LCCA) and Life Cycle Sustainability Analysis (LCSA) of geosynthetics for pavement applications. An innovative geotextile, namely 
wicking geotextile, which is primarily composed of polyethylene and hygroscopic moisture management fibers, that improve both the 
hydraulic and mechanical stability of pavements, was considered for analysis. The sustainability analysis was performed using an open-
source LCA software for the boundary condition of ‘cradle to end-of-life’ for the design life of the pavement installed with a wicking 
geotextile. The developed framework can assist researchers and practitioners in quantifying the benefits of various design alternatives 
and prioritizing key factors for sustainable and long-term solutions with geosynthetics.  
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1 INTRODUCTION 
Pavements are an integral part of transportation infrastructure 
across the world and are often subjected to distress because of 
several issues associated with the underlying soils that affect 
their performance. Subgrades consisting of expansive soils are 
highly susceptible to volume change with change in moisture, 
causing distress to the pavement and affecting their long-term 
serviceability. The pavement subgrades in North Texas are 
characterized as expansive soils with high Plasticity Index (PI) 
and are susceptible to shrinking and swelling (Puppala & 
Musenda, 2000). Flexible pavements constructed on these 
subgrades are susceptible to rutting, cracking, and differential 
heaving (Puppala & Pedarla, 2017). Numerous solutions are 
being used to overcome these moisture–induced issues for high 
PI subgrades, including the use of superior quality 
geomaterials, stabilization of soil with traditional and non-
traditional chemical stabilizers, and the use of geosynthetics. 

Traditionally, many woven and non-woven geotextiles 
have been used to serve functions such as reinforcement, 
separation, and drainage (Zornberg et al., 2010). Although these 
geotextiles provided excellent drainage and helped in the 
reduction of moisture in saturated conditions, they are not 
effective in transporting water in unsaturated conditions 
because of a lack of capillary generation capacity (Iryo & 
Rowe, 2003). To counter this issue, a type of geotextile named 
wicking geotextile, was introduced into the market in 2012 that 
creates higher suction to transport and remove the moisture 
from pavements. Wicking geotextile is typically a woven 
geotextile consisting of hydrophilic and hygroscopic moisture 
management fibers. Numerous laboratory and field studies 
showed that wicking geotextiles are highly effective, when 
compared to traditionally used geotextiles, in holding and 
transporting water in the in-plane direction (Biswas et al., 2022; 
Galinmoghadam & Zhang, 2023; Guo et al., 2021; Lin et al., 
2019; Wang et al., 2017). This enhanced drainage performance 

increases stiffness and improves resilient behavior of the 
pavements. Furthermore, wicking geotextile is found to be 
highly effective in lowering the moisture content to below the 
optimum moisture content irrespective of the initial saturation 
level (Guo et al., 2019; Lin et al., 2022). However, the effective 
capillary zone of moisture removal is limited (Wang et al., 
2017), and it was determined that the effective influence range 
can be observed to be more than 30 cm in clays but with a 
reduced efficiency beyond 30 cm (Biswas et al., 2021).  

With the implementation of new techniques and solutions 
into practice, the question of sustainability is imminent. For 
instance, the combination of these new materials with virgin 
aggregates leads to an increase in cost and carbon footprint 
(Khan et al., 2020). To combat environmental issues, the use of 
geotextile with moderate quality recycled materials like 
Reclaimed Asphalt Pavement (RAP) aggregates is expected to 
act as a sustainable alternative, while providing a comparable 
benefit to the pavement performance (Puppala et al., 2012). 
Numerous studies have indicated that the RAP aggregates can 
attain a resilient modulus that is comparable to virgin 
aggregates (Bennert et al., 2000). The serviceability of 
pavement is profoundly dependent on the permanent 
deformation of the layers; however, the presence of viscoelastic 
bitumen in RAP aggregates results in more rutting and 
permanent deformation when subjected to repeated axle loads 
(Garg & Thompson, 1996). Hence, the use of geotextile as 
reinforcement along with RAP aggregates improves the long-
term performance of the pavement by undergoing marginal 
rutting or permanent deformation(Khan & Puppala, 2023).  

To understand the impacts and effectiveness of using 
Reclaimed Asphalt Pavement (RAP) in combination with 
geotextile solutions, a detailed analysis of energy consumption 
and emissions is essential. Over recent years, Life Cycle 
Assessment (LCA) has emerged as a valuable methodology for 
quantifying and comparing the environmental impacts and 
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economic viability of alternative project options (Dixon et al., 
2017). In the field of civil engineering, LCA has been applied 
to assess the environmental performance of various 
infrastructure systems including buildings, bridges, and 
pavement structures, over their entire life cycle (Fifer Bizjak & 
Lenart, 2018; Srubar, 2015). LCA includes different phases of 
the project, starting right from the extraction of raw materials, 
construction, operation, maintenance, to end-of-life phases 
such as disposal or recycling (Ilgin & Gupta, 2010). Although 
LCA is a powerful and flexible tool for sustainability 
assessment, and its accuracy heavily depends on the quality of 
the underlying database, the selection of relevant system 
boundaries, and impact categories (Pamu et al., 2022). To 
support comprehensive comparative evaluations, a variety of 
LCA tools have been developed and continue to evolve, aiming 
to improve the accessibility, consistency, and precision of 
environmental impact analysis in infrastructure projects (Singh 
et al., 2011). This paper aims to apply the principles of LCA for 
a field project involving the utilization of wicking geotextile 
and RAP for pavement applications to bring out the economic 
and sustainability benefits associated with the utilization of 
these materials.   

The case study involves construction and monitoring of an 
unreinforced control section and two reinforced test sections, 
one with RAP aggregates and the other with flex base 
aggregates for comparative analysis. Wicking geotextile was 
used as reinforcement at the interface of subgrade and base for 
both the test sections to provide hydraulic and mechanical 
stability. Field performance evaluation was complemented with 
LCA to determine the most sustainable alternative. The LCA 
analysis in this study includes both life cycle sustainability 
analysis (LCSA), and life cycle cost analysis (LCCA).  For the 
LCSA, the framework was built using OpenLCA, an open-
source software embedded with multiple databases. From the 
OpenLCA Nexus, the European reference Life Cycle Database 
(ELCD) was used for the analysis. The combination of 
OpenLCA and ELCD database provided a detailed analysis of 
the life cycle involving the production of materials and 
pavement construction. The LCCA was performed for all the 
sections using Realcost 3.0 software to assess the economic 
impacts of various materials used in the construction of 
different sections.  

2 CASE STUDY 

2.1 Site description 

The case study was performed on a field section consisting of a 
two-lane farm-to-market (FM 1807) road in Venus, Texas 
(Biswas et al., 2024). The subgrade soil was sampled from a pit 
located near the existing pavement and was classified as a high 
plastic clay (CH) in accordance with the Unified Soil 
Classification System (USCS). The vertical free swell strain test 
indicated a free swell strain of 8.5%, signifying the high 
swelling potential of the soil. 

2.2 Construction of pavement sections 

Three individual pavement sections, namely, Control Section 
(CS), Test Section-1 (TS-1), and Test Section-2 (TS-2) were 
constructed for the study. CS is an unreinforced section 
constructed with Flex-Base (FB) aggregates and Asphalt 
Course (AC). Test sections TS-1 and TS-2 were reinforced with 
wicking geotextile (GTX) and constructed with Reclaimed 
Asphalt Pavement (RAP) and FB aggregates, respectively, 
along with AC on top. For both TS-1 and TS-2 sections, 
wicking geotextile was placed at the interface of base and 

subgrade. The thickness of each pavement layer was designed 
using FPS21 software (Hu et al., 2013), ensuring durability 
under long-term traffic loads while optimizing the use of 
construction materials. The details of each layer for individual 
sections are tabulated in Table 1. 

Table 1. Pavement sections details 

Pavement section TS-1 TS-2 CS 

Layer 

Asphalt 
Course 

50.8 mm 50.8 mm 101.6 mm 

Base 
381 mm, 
RAP 

381 mm, 
FB 

330 mm,  
FB 

GTX Yes Yes No 

Section Length 3.3 m 3.3 m 3.3 m 

Section Width 4.5 m 4.5 m 4.5 m 

The pavement sections were constructed in early December 
2018 and were monitored for over five years. Figure 1 shows 
the steps involved in the construction of the test section. The 
asphalt and base layers of the existing distressed pavement were 
milled and excavated till the subgrade soil was exposed with the 
help of a cold planar mill. The natural drainage closest to the 
pavement section was located at a distance of more than 5.2 m 
from the centerline of the section. Due to the limitation of the 
maximum width of the manufactured wicking geotextile to 4.6 
m, two individual rolls of 4.6 m and 2.3 m overlapped for the 
construction of the test sections. The 2.3 m wide roll was placed 
close to the crown near the inner zone, and the 4.6 m wide roll 
was placed on the outer zone with an overlap of nearly 1 m 
throughout the length of the installation. Since the wicking 
geotextile transports water in the in-plane direction, the 
directional placement of the geotextile was ensured with an 
extension beyond the shoulder width into a natural drainage 
ditch to ensure the drainage of collected water. The loose base 
course from the backfilled aggregates was compacted using a 
vibratory compactor and a pneumatic roller.  Later, the asphalt 
seal coat was applied to the base layers before overlaying them 
with thick asphalt layer. Vibratory drum rollers were used to 
compact the asphalt layer to the desired thickness before the 
lanes were opened for regular traffic. 

 

(a) 

 

(b) 
Figure 1. Construction of test section (a) laying of wicking geotextile, 
(b) final construction. 
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The constructed test sections were monitored with moisture 
sensors, pressure sensors, and shape accel arrays (SAA). The 
results from the field study indicate an improvement in the 
performance of the pavement due to reduction in moisture in 
both the reinforced test sections when compared to the 
unreinforced control section. A reduction in permanent 
deformation was also found in the case of reinforced test 
sections, even though the asphalt course thickness was only half 
of that provided for the unreinforced control section. This 
indicates that the wicking geotextile reinforcement is helpful in 
improving the pavement performance. Although the TS-1 and 
TS-2 were constructed with different materials (RAP and FB, 
respectively), the permanent deformations during the 
observation period were recorded to be nearly the same, 
indicating that for the existing traffic volume on the FM road, 
RAP material performance is comparable to that of FB material. 

3 LIFE CYCLE ANALYSIS 

Life Cycle Analysis (LCA) is a valuable tool to assess any 
manufacturing or construction project's environmental impact. 
The analysis covers the entire life cycle of a product, starting 
from the extraction of raw materials and various processes 
involved in manufacturing or production, transportation and 
installation of the products at the site, and disposal or recycling 
of the product after its intended service. Also, the analysis 
focuses on different aspects, such as resource consumption, 
economic implications, and environmental impacts arising 
from emissions. ISO 14040:2006 standard recommends that the 
scope of the study must include the following: the system or the 
product under consideration, its boundaries, its functions, the 
allocation procedures, the selected functional unit, the selected 
impact categories, and the methodology used for the assessment 
of its impacts.  

3.1 Methodology 

LCA can be performed for various desired boundary conditions, 
such as cradle-to-gate, cradle-to-site, cradle-to-grave, and 
cradle-to-cradle, depending on the extent or stages of the 
product’s life cycle to be considered for the study. These 
boundary conditions define how far the assessment tracks 
inputs, outputs, and associated environmental impacts. Figure 2 
shows the various steps and processes involved for cradle-to-
gate, cradle-to-site, cradle-to-grave, and cradle-to-cradle 
boundary conditions in a typical LCA.  For the present study, 
the cradle-to-grave boundary condition (highlighted in green in 
Figure 2) was chosen, and corresponding analysis was 
performed for all three test sections. Production of materials 
involved in the construction process and their transportation 
contribute to a significant amount of emissions and impacts 
among all other involved processes (Pamu et al., 2022), and 
hence, were carefully considered in the analysis. The energy 
impacts of the equipment that was employed for construction 
were assumed to be constant for all the different test sections, 
as their construction is almost identical, and hence were simply 
not included in the analysis. At the end of life, materials were 
assumed to be disposed of as waste. 

The analysis was performed per 100 m length of the road. 
The base and AC layer materials were considered to be locally 
sourced and transported from within 160 km (100 miles) to the 
construction site.   

 
Figure 2. Boundary conditions for LCA 

The impacts and emissions of the wicking geotextile were 
obtained from the manufacturer and included in the analysis. 
This includes the raw material extraction, machinery, and 
transportation involved in the manufacturing of geotextile. 
Figure 3 provides a flowchart indicating various components 
considered for the LCA, i.e., the wicking geotextile for 
reinforcement, crushed stone flex base (FB) /RAP aggregates 
for the base layer, and the AC for the top layer. The calculations 
were made according to the layer thicknesses listed in Table 1 
for the three sections considered. 

 
Figure 3. Flow of materials and processes involved in the construction 
for the boundary condition 

For the LCSA analysis, OpenLCA software was used, which is 
a comprehensive software platform known for its ability to 
accommodate the specific needs and preferences of the project. 
It has multiple databases built into it with specific details about 
various processes and raw materials that can be extracted and 
matched according to the required process. Figure 4 shows a 
typical input map for the control section generated on 
OpenLCA, displaying all the input materials and raw materials 
needed. 

After detailed development of input maps for the set 
boundary conditions, the impacts were calculated by the use of 
the ReCiPe 2016 Midpoint (H) method (Rybaczewska-
Błażejowska & Jezierski, 2024). This method is one of the 
widely used methods in LCA for calculating impact assessment, 
as it translates environmental emissions and resource 
extractions into multiple midpoint indicators. These indicators 
represent specific environmental issues such as global warming 
potential (GWP), ozone depletion, eutrophication, and others, 
allowing for a comprehensive evaluation of the environmental 
burden associated with the system under study.  
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Figure 4 Input map for control section 

Environmental emissions and embodied energies were 
calculated for each section. Environmental emissions refer to 
the pollutants that are emitted during the extraction, 
manufacturing, and transportation of materials used in each 
section. The emissions account for the total impact of all the 
materials involved in the construction of respective sections. 
For the analysis, five emission categories were calculated and 
compared across the sections, which are Global Warming 
Potential (kg CO2 eq), Freshwater ecotoxicity (kg 1,4-DCB), 
Freshwater eutrophication (kg P eq), Human carcinogenic 
toxicity (kg 1,4-DCB), and Human non-carcinogenic toxicity 
(kg 1,4-DCB). These categories provide a comprehensive view 
of the environmental impacts associated with each pavement 
layer. 

Similarly, the embodied energy for all the materials and 
processes were calculated and expressed in Mega Joules (MJ). 
Embodied energy refers to the total energy consumed during 
the stages of extraction, processing, and manufacturing of the 
materials during their life cycle. The energy calculations 
include energy consumed from various sources like coal, oil, 
gas, wind, solar, geothermal etc., for all the material extractions. 

In addition to the sustainability assessment, a Life Cycle 
Cost Analysis (LCCA) was conducted as part of the overall 
LCA to evaluate the economic viability of different pavement 
sections. The LCCA was carried out using the same boundary 
conditions and assumptions as those of the sustainability 
analysis, including those related to construction equipment, 
road length, and material transportation. The analysis was 
performed using RealCost 3.0 software, with local market 
prices used as the basis for material and process costs. The 
detailed cost data used in the LCCA is tabulated in Table 2. 

Table 2. Materials cost  

Material Unit Density Cost (USD) Transportation (km) 

RAP 1954 kg/m3 $27/ton 32 

FB 2162 kg/m3 $48.5/ton 32 

GTX 1.2 kg/m2 $4,900/roll 400 

AC 2322 kg/m3 $80/ton 32 

4 RESULTS AND DISCUSSIONS 

The results from the OpenLCA software on the sustainability 
aspects of the test sections have been categorized into two parts, 
i.e., emission and embodied energy. The results for the analyzed 
sections are tabulated below in Table 3 and Table 4, 
respectively.  

Table 3. Sustainability analysis – emissions  
Environmental Impact 
Category 

TS-1 TS-2 CS 

Freshwater ecotoxicity  
(kg 1,4-DCB) 

0.15 0.54 0.62 

Freshwater eutrophication 
(kg P eq) 

0.01 0.02 0.02 

Global Warming Potential 
(kg CO2 eq) 

3604 3857 4473 

Human carcinogenic 
toxicity (kg 1,4-DCB) 

0.81 0.92 1.41 

Human non-carcinogenic 
toxicity (kg 1,4-DCB) 

161.82 181.32 200.19 

 
The values of emissions clearly show that, out of the three 
pavement sections, global warming potential is higher in the 
case of the control section when compared to both the test 
sections reinforced with wicking geotextile. This observation 
can be attributed to the excess thickness of the asphalt course in 
the control section, which has more environmental impact than 
the sub-layers. Among both the reinforced test sections, TS-1 is 
found to be more environmentally friendly in terms of global 
warming potential, even though they have a similar thickness 
of base and AC sections. This can be directly attributed to the 
usage of RAP material in the TS-1 compared to virgin 
aggregates in FB for TS-2. Other selected categories of 
emissions have been observed to follow a similar trend across 
the pavement sections. 

Table 4. Sustainability analysis – embodied energy 

Energy Category TS-1 TS-2 CS 

Energy from Coal (MJ) 4126 4335 7646 

Energy from Gas (MJ) 9707 10289 15884 

Energy from Oil (MJ) 23946 26331 25049 

Other Energies (MJ) 3395 9606 13117 

Total Embodied Energy (MJ) 43178 52566 61697 

The embodied energies of the three sections shown in Table 4 
indicate that they are higher for the control section, similar to 
the observations made in the environmental impacts category. 
In addition, the TS-1 with RAP aggregates has lesser embodied 
energy among both the reinforced test sections, indicating that 
in both environmental impact and embodied energy criteria, the 
TS-1 constructed with RAP + GTX is highly environmentally 
friendly when compared to TS-2 and CS for the considered 
boundary conditions. 

Figure 5 shows the comparison of emissions and embodied 
energies of the three pavement sections. It evidently shows an 
increasing trend of both emissions and embodied energy from 
TS-1 to CS, suggesting that the use of RAP with wicking 
geotextile as a reinforcement is an environmentally friendly and 
sustainable solution.  

 
Figure 5. Emission and Energy comparisons among pavement sections 

Table 5 shows the cost of each section per 100 m in USD, 
estimated from Realcost 3.0 software. The results show that the 
TS-1 section is more economical to construct, even with the use 
of geotextile, due to the reduction in the AC layer thickness and 
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cost-effective RAP material. However, the TS-2 section is 
observed to be the most expensive section because of the use of 
geotextile along with virgin aggregates, increasing the cost of 
materials substantially.  

Table 5. Cost Analysis 

Material TS-1 TS-2 CS 

Asphalt 4876 4876 9752 

Flex Base - 17934 15575 

RAP 8013 - - 

Sub Grade 1748 1748 1748 

Geotextile 5520 5520 - 

Total Cost (USD) 20,157 30,078 27,075 

To compare the performance of each category, the impact 
values of were normalized with the least value in each of the 
respective category. Figure 6 shows the normalized impact 
values of three categories and the respective sections. The 
comparison shows that TS-1 has the lowest impact value in all 
the categories. While the control section shows the highest in 
the emissions and energy categories because of the thicker AC 
layer contributing to higher values. It was also observed to be 
economical in comparison to the TS-2, as TS-2 consist of 
thicker virgin FB layer along with geotextile making it an 
expensive option.   

 
Figure 6. Normalized impact values for selected categories for all 
three test sections 

Field results suggest a significant improvement in the 
performance of the pavement section with reinforcement. The 
comprehensive LCA also suggests using wicking geotextile 
reinforcement along with RAP base is more environmentally 
friendly and an economical value addition to the benefits 
observed from the field performance. 

5 CONCLUSIONS 

This study was conducted with the aim of analyzing the 
sustainability and economic benefits of using wicking 
geotextile alongside the advantages of its hydraulic and 
mechanical benefits. For this, a case study of the field project 
was considered to understand the performance of wicking 
geotextile installed along with Reclaimed Asphalt Pavement 
(RAP) materials for more sustainable benefits. The case study 
consists of two test sections installed with wicking geotextile 
(GTX), one with RAP aggregates (TS-1) and the other with 
virgin Flex Base (FB) aggregates (TS-2), to compare against the 

control section (CS) with just FB aggregates and without 
geotextile. Field observations from the case study indicated that 
test sections with wicking geotextile show a reduction in 
moisture content and, correspondingly, permanent 
deformations, indicating the effectiveness of the geotextile. Life 
Cycle Sustainability Analysis (LCSA) was conducted using 
OpenLCA, and Life Cycle Cost Analysis (LCCA) was 
performed using Realcost 3.0 to bring out the sustainability and 
economic viability aspects of the usage of wicking geotextile in 
conjunction with RAP for pavement sections, respectively. 
Major conclusions from the sustainability and cost analysis 
from the comprehensive Life Cycle Analysis (LCA) study are 
provided below: 

 The total embodied energies of various sections show that 
the decrease in thickness of the asphalt course because of 
the installation of the wicking geotextile significantly 
reduces the overall embodied energy of the section. 

 The TS-1 section with RAP + GTX section was observed 
to have lower embodied energy among the test sections 
throughout the lifetime of the road.  

 Similar observations can be made from environmental 
emissions, where both test sections have lower global 
warming potential, with TS-1 being a more 
environmentally friendly section. 

 In terms of LCCA, the TS-1 section was determined to be 
the most economical with $20157 per 100 m length of 
section as RAP is cheaper than FB and reinforcement helps 
reduce the thickness of AC. 

Overall, the results show that the TS-1 is better than the 
traditional pavement in all aspects within the considered 
boundary condition of cradle-to-grave. TS-1 and TS-2 show 
similar improvements when compared to CS. However, the TS-
2 with virgin FB + GTX will perform better than the TS-1 with 
RAP + GTX in the long term. Further long-term performance 
monitoring is needed for detailed benefits throughout the 
pavement's lifetime. 
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