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ABSTRACT: Sound transportation infrastructure, encompassing pavements, bridges, slopes, embankments, and other structures, plays 
a critical role in ensuring the uninterrupted travel services and safe commute of people, goods, and commodities. The sixth Proctor 
lecture keynote paper will cover multiple cross-cutting thematic research areas covering transportation geotechnics and present the 
advances made in novel geomaterials, innovative durability assessments, and cutting-edge technologies developed through multiple 
decade-long research efforts led by the author. Pressing geotechnical challenges such as infrastructure distress due to problematic soils, 
coastal wave-induced soil erosion, durability of pavement subsoil layers under extreme weather conditions, and bridge-icing issues are 
addressed through soil stabilization, innovative geosynthetics, artificial mangrove systems, and geothermal energy harvesting. The 
effectiveness of these solutions is verified and established by translating the research from theory to practice through extensive 
laboratory and field studies. Also, technological advancements aiding infrastructure asset management with a focus on two areas, one 
using remote sensing and unmanned aerial vehicles, and another utilizing additive manufacturing of infrastructure materials using local 
soils, are explored and briefly covered. An overview of these research studies encompassing transportation geotechnics as a major 
focus area is summarized, along with a summary on futuristic artificial intelligence role in some of these subject topics.  
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1 INTRODUCTION 

Integrity of transportation infrastructure components such as 
pavements, bridges, and highway embankment slopes must be 
assured and maintained for the uninterrupted and safe 
movement of traffic, goods, and services (Puppala, 2021). 
Transportation geotechnics play a pivotal role in addressing the 
challenges faced by the infrastructure built on problematic soil 
conditions, subjected to extreme weather events, and meeting 
the ever-growing demands of traffic loads and intensities 
(Puppala, 2016; Corriea et al. 2016; Puppala, 2021; Chakraborti 
et al. 2021; Xu et al. 2022; Biswas et al. 2023). Advancements 
in novel soil stabilization methods, durability assessments, 
erosion mitigation strategies for coastal regions, and 
technologies encompassing remote sensing technologies and 
additive manufacturing works are presented in this paper. 

Contributing to the development of resilient and robust 
transportation geotechnical infrastructure, the research thrust in 
the following four thematic areas is covered here. These 
include: (1) Problematic expansive soils and novel stabilization 
methods; (2) Coastal transportation infrastructure and erosion 
studies; (3) Extreme weather – durability and deicing studies; 
and (4) Advanced technologies – remote sensing and additive 
manufacturing studies. All these four thematic research areas 
contribute to transportation and geotechnical infrastructure 
asset management practices, which will enhance the resiliency 
of the infrastructural elements, thereby leading to better 
performance without disruptions and distress.  

Several cross-cutting projects stemming from the research 
interests described above are conducted by the research team at 
Texas A&M University (TAMU) and are discussed briefly in 
this paper, including providing futuristic perspectives. Each 
section provides brief coverage of background work, followed 
by the research works performed at TAMU. Some of these 
works are well-published in major journals and 
research/technical reports. 

2 PROBLEMATIC EXPANSIVE SOILS AND NOVEL 
STABILIZATION METHODS 

Problematic soils, such as soft clays and expansive soils, due to 
their varying strength and stiffness properties, high swell-shrink 
and compressibility properties, affect the performance and 
durability of geotechnical and transportation infrastructure built 
on them (Jones & Jefferson 2012; Puppala et al. 2013). 
Traditional cement- or lime-based stabilization techniques, 
while widely regarded as reliable solutions for improving 
expansive soils, can become fundamentally counterproductive 
when applied in sulfate-rich ground conditions (Puppala & 
Pedarla 2017). In such environments, the introduction of 
calcium triggers the ettringite formation, causing pronounced 
volumetric swelling, cracking, and ultimately premature 
degradation of geotechnical and transportation infrastructure 
(Little et al. 2010). Further, the need for sustainable alternatives 
to these traditional binders is also growing, given the 
environmental constraints. To address these concerns, 
alternative stabilization approaches using geopolymers (GPs) 
have been explored. 

2.1 Development of geopolymers for soil stabilization 

Geopolymers are synthesized through the alkali activation of 
aluminosilicate materials. Fly ash, ground granulated blast-
furnace slag, and metakaolin are commonly used 
aluminosilicate sources for synthesizing geopolymer (Zhang et 
al. 2015). While fly ash and slag exhibit variability in their 
chemical composition, commercial metakaolin provides higher 
purity and consistency. However, it is relatively expensive, and 
its availability is regionally limited. This constrains the large-
scale implementation of soil stabilization research works with 
geopolymers. Identifying cost-effective and reliable alternative 
aluminosilicate sources would significantly benefit this 
situation. 

 Utilization of calcined local soils as alternative 
aluminosilicate precursors for developing geopolymers has 
huge potential for improving both economic feasibility and 
sustainability (Chou et al. 2024). Considering this, a novel 
calcined clay-based geopolymer (CCBGP) approach was 
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investigated (Chou et al. 2025). Two calcined clays (C1 and C3) 
with different kaolinite and quartz contents, as shown in Table 
1, were used as aluminosilicate sources, and the process of 
producing geopolymers through their alkali activation by KOH 
solution is shown in Figure 1. With these differing 
compositions, the study aimed to evaluate the influence of 
mineralogical composition on the unconfined compressive 
strength (UCS) of CCBGP-treated soils. The developed 
geopolymers were mixed with two low-plasticity clay soils (S1 
and S2), both primarily composed of quartz, illite, and calcite. 
Soil S1 exhibited a slightly higher plasticity, higher illite 
content, and lower calcite content than Soil S2. The specimens 
were abbreviated as DG-S, where D is the percentage of dosage 
(8 or 20%), G is the type of GP stabilizer (C1 and C3), and S is 
the type of soil (S1 and S2). For instance, 20C1-S1 is 20% of 
the C1-based GP-treated S1 soil. 

Table 1. Mineralogical composition of clays used for geopolymer 
development. 

Types of 
Calcined-
Clay 

Composition (% by weight) 

 Kaolinite Quartz Anatase Muscovite 

C1 90.99 0 2.24 6.78 

C3 74.86 24.20 0.94 0 

 
Figure 1. Steps involved in the production process of calcined clay-
based geopolymer. (Source: Chou et al. 2024) 

As presented in Figure 2, both CCBGP-treated specimens 
showed comparable trends, with UCS increasing as a function 
of CCBGP dosage and curing period for both soils. For longer 
curing periods, treated specimens exhibited notable strength 
gains, indicating that geopolymerization requires sufficient 
curing time to develop effective chemical bonding. The 
mineralogical composition of both the geopolymer and the soils 
played a critical role in the formation and rate of binding 
material development. Furthermore, to study the long-term 
performance of CCBGP treatment under the effect of moisture 
intrusion, 48-hour capillary soaking tests were performed. The 
untreated soils experienced severe strength loss and specimen 
collapse, indicating poor durability.  

Despite strength reductions caused by moisture intrusion, 
CCBGP-treated specimens demonstrated significantly higher 
retained strength compared to untreated soils. For example, 
after 7 days of curing, 8% CCBGP-treated specimens remained 
intact despite strength reductions, while higher CCBGP 
dosages exhibited substantially improved durability. The 

developed geopolymers show promising strength and durability 
enhancements, and their effectiveness could be tested for 
sulfate-rich environments as well. 

 
Figure 2. Variation in unconfined compressive strength of CCBGP-
treated soils: (a) For Soil S1 group; (b) For Soil S2 group. (Source: 
Chou et al. 2025). 

Among C1- and C3- based geopolymers, the C1-based 
geopolymer consistently outperformed the C3-based one, 
achieving higher early-age strength. This behavior is attributed 
to the higher kaolinite content and absence of quartz in C1, 
which enhanced geopolymerization. In contrast, higher quartz 
content in C3 reduced reactivity and overall performance. The 
improved response of Soil S2 is likely related to its higher 
calcite content, which may react with potassium hydroxide 
(KOH) to form secondary calcium hydroxide, thereby 
promoting additional cementitious reactions. The findings from 
experimental investigation on the constituents of geopolymer 
and soil types were also supported by a Random Forest 
Regression model, which indicated that CCBGP content has the 
most significant influence on stabilization performance, 
surpassing the effects of curing time and other mineral 
constituents such as illite, quartz, and calcite (Chou et al. 2025).  

2.2 Application of wicking geotextile and RAP aggregates 

Pavement distress in expansive soils is attributed to cyclic 
moisture movements and their variation. It is essential to 
remove the excess moisture from the subgrade soils after 
precipitation events and maintain uniform conditions to ensure 
long-term performance of the pavement (Puppala et al. 2011; 
Sarker et al. 2022). Wicking geotextile presents a promising 
solution for addressing this moisture variability issue (Tokoro 
& Ishikawa 2024). This geotextile consists of fine fibers made 
of deep grooves, which help generate capillary suction even in 
unsaturated conditions, and can aid in collecting the moisture 
from the subgrade and transporting it to the outside of the 
pavement structure (Wang et al. 2017; Biswas et al. 2021). Due 
to its wicking action, it has a greater influence zone than 
conventional geotextiles. In addition to the benefits from the 
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hydraulic performance, wicking geotextile also provides 
mechanical stability through the tensile reinforcement fibers. 
Incorporating these geotextiles into pavements could increase 
the initial construction costs, but over the long run, they yield 
life cycle economic benefits as they reduce maintenance costs.  

Cutting down the initial costs and improving the 
sustainability of the road construction practice with geotextiles 
could be enhanced further with the incorporation of 
reclaimed/recycled materials into the pavement layers in place 
of virgin aggregates (Correia et al. 2025). In particular, 
reclaimed asphalt pavement (RAP) aggregates, typically 
produced from the milling and removal of aged asphalt layers 
from the pavements, are abundantly available, and hence the 
reuse of them promotes both recycling waste material and its 
reuse efforts (Arshad & Ahmed 2017; Mariyappan et al. 2023). 
When RAP material is used in conjunction with geotextiles, 
synergistic effects are expected in terms of resilient 
performance, cost-effectiveness, and sustainability.  

To study this, a comparative field performance analysis of 
three pavement sections constructed on FM 1807, Venus, TX, 
with wicking geotextile and RAP aggregate inclusions was 
undertaken (Biswas et al. 2021). The field test sections included 
one control section (CS) and two reinforced test sections (RS-1 
and RS-2). Each test section consisted of three pavement layers, 
i.e., an asphalt layer, a base course, and a subgrade layer. Flex 
base (FB) aggregates were used as base course material in the 
control section, and it does not have any geosynthetic 
reinforcement. For the construction of reinforced sections, RAP 
aggregate was used as base course material for RS-1, whereas 
FB aggregate was used for the RS-2 section. H2Ri wicking 
geotextile was used as reinforcement at the base-subgrade 
interface for both the RS-1 and RS-2 test sections. Additional 
details on the materials and test sections can be obtained from 
Biswas et al. (2021). The thicknesses of different pavement 
layers for all the test sections, listed in Table 2, were designed 
using a mechanistic empirical pavement design software, 
FPS21, for the same design life. 

Table 2. Design thicknesses of pavement layers in the test sections. 
Pavement 
layer 

CS RS-1 RS-2 

Asphalt  4 in. (10.16 
cm) 

2 in. (5.08 
cm) 

2 in. (5.08 
cm) 

Base Flex base,13 
in. (33.02 cm)  

RAP, 15 in. 
(38.10 cm) 

Flex base, 15 
in. (38.10 cm) 

Wicking 
Geotextile 

No Yes Yes 

The test sections were instrumented with moisture sensors in 
the subgrade layer to monitor moisture content variation during 
the testing period. In addition, shape accel arrays (SAA) sensors 
were installed at the interface of base-subgrade to record the 
subgrade movements. From the field monitoring, the moisture 
content variation and the subgrade deformation data were 
collected. Figure 3a presents the observed variations in the 
volumetric moisture content (VMC) within the subgrade layers 
for CS, RS-1, and RS-2 test sections. During the monitoring 
period of about 40 days, VMC ranged from 0.20 to 0.25 in RS-
1 and 0.22 to 0.25 in RS-2, while the CS recorded significantly 
higher values of about 0.33 to 0.35, i.e., over 50% higher than 
those of the reinforced sections. Moisture fluctuations were 
observed to be more prominent in the RS-1 section with RAP 
aggregates than in the RS-2 section with FB aggregates. 

Figure 3b shows the average values of the permanent 
deformation of the subgrade surface obtained from the SAA 
sensors at various locations in the test section. These values 
were obtained after 18 months of monitoring. Despite having a 
thick asphalt layer, the CS was observed to have the highest 
deformation of about 0.2 inches (0.508 cm). On the other hand, 

both the reinforced sections, RS-1 and RS-2, showed relatively 
lower deformations of about 0.13 in. (0.330 cm) and 0.05 in. 
(0.127 cm), respectively.  

  

 

 
Figure 3. Performance of RAP and wicking geotextiles in pavements: 
(a) Variation of volumetric moisture content; (b) Subgrade permanent 
deformations in the test sections. (Source: Biswas et al. 2021). 

The reduced deformations in reinforced sections when 
compared to CS are primarily attributed to the reduction in the 
moisture content of the subgrade and the tensile confinement 
effect due to the presence of wicking geotextile. Among the two 
reinforced sections, RS-2 exhibited 62% lower deformations 
when compared to RS-1. The higher stiffness of the FB 
aggregate in RS-2 resulted in much lower stresses transferred 
to the subgrade from the surface when compared to the RAP 
aggregate in the RS-1 test section.  

A detailed understanding of the environmental and socio-
economic implications of the wicking geotextile’s impact in 
field implementation is obtained through a comprehensive 
sustainability analysis (Das et al. 2022). Life cycle analysis 
(LCA), along with life cycle cost analysis (LCCA), was 
performed for all three test sections. OpenLCA software was 
used to perform the LCA for quantifying both the embodied 
energy (in MJ) and the global warming potential, GWP (kg CO2 

eq.) from the construction processes. For the LCCA, Realcost 
3.0 software was used for the analysis. Local market prices of 
the materials were used for cost comparisons. A design life of 
20 years was considered for the analysis. As the pavement 
sections were designed for the same performance, only 
construction-related activities are considered for the 
calculations. Both the LCA and LCCA were performed for the 
cradle-to-grave boundary condition. 

Table 3 shows both LCA and LCCA results. The CS was 
observed to have the highest values in the LCA categories 
considered, while the RS-1 section has the lowest values. The 
RS-1 and RS-2 sections were noted to have around 30% and 
14% lower embodied energy levels, respectively, as compared 
to the CS. Also, the emissions corresponding to the GWP were 
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found to be 20% and 14% lower than the CS. The higher values 
for the emissions and embodied energy of the CS are attributed 
to the higher thickness of the asphalt layer, resulting in a higher 
environmental impact. According to the LCCA, the RS-2 was 
the most expensive test section. This higher value corresponds 
to the usage of both natural aggregates and geotextile 
reinforcement, which increases the overall cost of the test 
section. Although the CS consists of natural aggregates and a 
thicker asphalt layer, as the section is unreinforced, its cost is 
lower than that of RS-2. RS-1 has the lowest cost among all 
three sections considered, as the cost of RAP aggregates is 
cheaper than that of natural aggregates and also consists of a 
thin asphalt layer.  Among the two reinforced sections, RS-1, 
constructed with RAP material, was observed to be both 
environmentally and economically beneficial despite the 
inclusion of the wicking geotextile. The lower values 
correspond to the contribution of the RAP material, having a 
lower environmental impact and lower cost. 

Table 3. Sustainability assessment of wicking geotextile 
performance in conjunction with RAP. 

Category CS RS-1 RS-2 

Embodied energy (MJ) 61697 43178 52566 

GWP (kg CO2 eq.) 4473 3604 3857 

Cost ($) 27,075 20,157 30,078 

Overall, installing wicking geotextile to reinforce the subgrade 
successfully removed the excess moisture, thereby enhancing 
both mechanical and hydraulic performance of the pavement 
system. This performance improvement, in turn, translates to 
improved sustainability of the pavement through lower 
maintenance costs. In addition, it was also evident that the 
usage of wicking geotextile with RAP aggregates as base 
materials compensates for the inherent limitations of RAP 
materials' stiffness and further enhances the environmental and 
economic outcomes as compared to usage of FB materials as 
RAP is a recycled product and is relatively inexpensive. 

3 COASTAL TRANSPORTATION INFRASTRUCTURE 
AND EROSION STUDIES 

Coastal transportation infrastructure, including highway 
embankments, bridges, rail corridors, and port facilities situated 
along the shorelines, is increasingly vulnerable to intense 
erosion-driven degradation from storm events (Sweet et al. 
2017; Dawson et al. 2018). Interaction with wave loading, 
storm surge events, accelerated sea-level rise, along with 
growing intensity and recurrence of extreme weather events, 
imposes substantial risks to the structural stability, 
serviceability, and long-term resilience of these coastal 
infrastructure systems. Federal Highway Administration 
reports that nearly 60,000 miles of U.S. coastal highway 
infrastructure are at risk of inundation from storm surges and 
damages caused by wave action, underscoring the widespread 
exposure of transportation networks to coastal hazards (FHWA, 
2008). 

Conventional strategies for safeguarding the coastal 
infrastructure heavily depend on the hard-engineered grey 
structures such as revetments, seawalls, and riprap armoring. 
These grey solutions often demand high investment, recurring 
maintenance, impose adverse impacts on the nearshore 
environment, and are not adaptable to changing weather 
demands (Schoonees et al. 2019). Nature-inspired soft solutions 
that can replicate the architecture of mangrove forests, coral 
reefs, salt marshes, and oyster reef formations could 
significantly attenuate the waves, reduce erosion, and improve 
shoreline stabilization (Sanchez-Nunez et al. 2019; Libby et al. 

2024; Anh et al. 2025). Particularly, recent research is focused 
on the development of artificial mangrove systems, given the 
benefits of complex root architecture and ease in deployment 
and modification (Kazemi et al. 2017). Understanding the 
performance of artificial mangrove systems that could closely 
replicate natural mangroves by capturing the wave attenuation 
and erosion mechanisms would offer insights into improving 
the resilience of coastal transportation infrastructure through 
these soft, sustainable, and adaptable solutions. This paper 
covers one such study conducted at TAMU to address the 
efficacy of artificial mangroves in reducing coastal soil erosion. 
Figure 4 shows the picture of how coastal erosion can threaten 
the transportation infrastructure, and the image of natural bio-
rich mangroves from which inspiration is drawn to develop 
artificial systems. 

 
Figure 4. Photographs showing coastal erosion induced risk to 
transportation assets and natural mangrove systems. 

3.1 Artificial mangrove systems for coastal infrastructure 
resiliency 

Artificial mangrove systems represent an innovative approach 
to coastal protection, enabling transportation infrastructure to 
achieve higher levels of resilience by addressing the 
shortcomings of both traditional grey infrastructure and 
naturally occurring vegetation-based defenses. With an 
objective to understand and quantify the wave height reduction, 
energy dissipation, erosion patterns, and profile evolution of 
coastal embankments protected with artificial mangrove 
systems, wave flume tests were conducted. Two configurations, 
including an unprotected and artificial mangrove-protected 
embankment, were considered and subjected to progressive 
wave loading conditions.  

Details on the design and manufacturing of these artificial 
mangrove systems, the soil used for the embankment 
construction, and a description of the wave flume facility used 
can be found in Kumar & Puppala (2025). The architecture of 
Rhizophora mangle (red mangroves) native to Key West, 
Florida, was replicated through 3D-printing and by using 
polymeric tubes. Physical models were prepared at a 1:15 
geometric scale to comply with the dimensional limitations of 
the wave flume facility. Figure 5 shows the schematics of the 
flume test, photographs of the instrumentation and constructed 
model embankment with mangrove protection, and the imposed 
wave loading representing storm intensification. A similar 
configuration without mangrove protection was also 
constructed and used as a control scenario. 

Figure 6 shows the significant wave height reductions 
(ΔH1/3, expressed in %) in unprotected and mangrove-protected 
configurations across different wave cycles measured between 
wave gauges 5 and 6 that are positioned seaward and landward 
of the mangrove system, respectively. Here, the average height 
of the highest one-third of the waves in the record is considered 
the significant wave height (H1/3) at that particular location. For 
all wave cycles (1 to 10), it can be observed that the mangrove-
protected case exhibited greater wave height reductions when 
compared to the control case. 

For the unprotected configuration, the reduction in H1/3 
ranged only between 8% and 18%. In contrast, a relatively large 
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reduction ranging between 16% and 45% was observed with 
artificial mangrove protection. By assessing the difference 
between the ΔH1/3 values of unprotected and mangrove-
protected cases, an important observation on the wave 
conditions where the efficiency of mangroves is maximum can 
be made. Until wave cycle 5, the difference between ΔH1/3 
values increased, after which this trend was reversed. This is 
mainly attributed to the relative position of the interacting wave 
crest with the mangroves.  

 
Figure 5. Wave flume testing of artificial mangrove protected 
embankment: (a) Schematic of flume; (b) Photograph of laser line 
profile scanner; (c) Photograph of wave gauge instrumentation; (d) 
Photograph of constructed embankment showing artificial mangrove 
system; (e) Imposed wave loading. (Source: Kumar & Puppala 2025). 

In cycles 1 to 5, the wave height and water depth were smaller, 
and the wave crest could have full interaction with the root 
system. This contributes to energy dissipation through drag 
mechanisms. Beyond cycle 5, the water levels were raised (refer 
to Figure 5e), causing the wave crest to propagate above the 
effective root zone. This diminishes the wave attenuation 
efficiency of the mangrove system. It can be established from 
this that the mangroves perform efficiently if the wave crest is 
within the root zone. 

 
Figure 6. Change in significant wave heights for different wave 
cycles. (Source: Kumar & Puppala 2025). 

Figure 7 presents the profiles of unprotected and 
mangrove-protected embankments captured by laser line 

scanning before and after the wave loading. It can be clearly 
observed that artificial mangrove protection significantly 
reduced the embankment erosion. A total reduction in the 
eroded soil volume of about 15% was observed with mangrove 
protection, with erosion-reduction efficiency reaching a 
maximum of around 45% under optimal wave-mangrove 
interaction. More details on the energy dissipation and erosion 
mechanisms of the artificial mangrove-protected embankments 
are explained in Kumar & Puppala (2025).  

 
Figure 7. Embankment profile before and after the wave loading for 
unprotected and mangrove-protected cases. (Source: Kumar & Puppala 
2025). 

Quantifications provided here on wave attenuation and erosion 
mitigation offer valuable guidance on the design and 
development of artificial mangrove systems that can enhance 
the coastal resilience of transportation infrastructure. Validated 
parametric numerical studies with artificial mangroves would 
further advance this understanding and lead to optimized root 
and layout design methods and configurations for future 
enhancement of coastal transportation assets. 

4 EXTREME WEATHER - DURABILITY AND 
DEICING STUDIES 

Durability and longevity of the transportation infrastructure 
heavily depend on the response of soils to seasonal weather-
related moisture and temperature changes (Ishikawa et al. 2019; 
Ren et al. 2024). These seasonal weather variations often 
influence the moisture and temperature conditions within the 
subsurface soils (refer to Figure 8a).  

During prolonged wet seasons, including spring, early 
summer, and fall seasons, elevated moisture contents enhance 
moisture infiltration, resulting in alterations to soil structure and 
a reduction in structural integrity (Rasul et al. 2018). 
Conversely, during hot and drought-prone summer periods, 
problematic soils undergo shrinkage and cracking, which 
increases their susceptibility to damage during subsequent 
wetting cycles. These desiccation cracks promote rapid water 
penetration into deeper soil layers, accelerating degradation of 
the soil matrix (Ikechukwu & Hassan 2022). Cold and freezing 
conditions further complicate these mechanisms.  

Low temperatures combined with precipitation in the form 
of rain, snow, sleet, or freezing rain can induce cracking and 
differential settlement in geostructures due to uneven expansion 
of soil particles and groundwater (Ding et al. 2020). As 
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temperatures rise during late winter and early spring, thawing 
of ice lenses formed during freezing periods weakens soil 
structure and leaves behind voids within the soil matrix 
(Andersland & Ladanyi 2003).  

In addition to seasonal changes, extreme weather events have 
become increasingly frequent phenomena in recent years. 
Given the current complex four-season weather patterns and 
extremes, the durability of transportation infrastructure has 
become increasingly uncertain and challenging. Also, soil type, 
type of stabilizer, and testing protocols adopted highly 
influence the durability of geomaterials after stabilization, as 
soil-to-stabilizer interactions and reaction products developed 
will experience certain damage during seasonal changes. 
Considering these challenges and the lack of established 
guidelines on the coupled durability testing protocols, there is a 
strong research need to develop a uniform and comprehensive 
four-season durability assessment framework for stabilized 
geomaterials. This unified framework would enable direct 
comparisons of the durability of geomaterials across stabilizers 
and soil types.  

 
Figure 8. Need for durable transportation infrastructure: (a) Effects of 
seasonal changes on the behavior of soils; (b) Bridge and pavement 
icing and associated safety hazards. 

In addition to distress in pavements, severe winter freezing 
events frequently lead to icing on pavements and bridge decks, 
posing a critical challenge for transportation networks 
(Roosevelt, 2004). The formation of ice on roadway surfaces 
significantly degrades skid resistance, resulting in unsafe 
driving conditions, traffic congestion, and an increased risk of 
crashes and fatalities (refer to Figure 8b). Bridge decks are 
especially susceptible to icing because they are thermally 
isolated from the ground and exposed to cold air on all sides. 
Bridge-deicing solutions are crucial to address this concern and 
make roadway systems safer to drive on.  

Conventional strategies such as road salting, microwave-
based deicing, snow ploughing, and electrical heating are 
energy-intensive processes (Yu et al. 2014). On the other hand, 
energy-efficient solutions such as the use of shallow geothermal 
energy for deicing the bridges would be a reliable strategy that 
requires less maintenance and can be adjusted or controlled 
depending on the requirements (Habibzadeh-Bigdarvish et al. 
2024). Although this strategy involves a significant rise in the 
initial construction costs, the reliability and long-term energy 
savings are expected to make them potentially cost-effective 
and yield adequate returns on the investments in terms of 
improved safety conditions, fewer fatalities, and reduced travel 
delays.  

Motivated by the need for improving the durability of 
transportation infrastructure under extreme weather, the 
research team has conducted extensive investigations on the 
development of a robust durability screening framework for soil 

stabilization works, and field implementation of bridge deicing 
using shallow geothermal energy. Findings from these research 
projects are summarized in the following subsections. 

4.1 Novel durability screening of soil stabilization 

Existing durability evaluation guidelines, such as ASTM D559, 
ASTM D560, AASHTO T135, and AASHTO T136, primarily 
focus on extreme cases of individual wetting-drying (WD) or 
freeze-thaw (FT) cycles. However, these uncoupled durability 
approaches are limited in their ability to replicate the complex 
interactions between moisture and temperature that occur under 
realistic climatic conditions. To date, standardized coupled 
durability protocols accounting for both moisture and 
temperature fluctuations have not been established. In response, 
existing uncoupled durability procedures were initially 
combined into FTWD and WDFT sequences to better represent 
realistic four-season weather conditions. However, 
experimental observations revealed that moisture availability 
within the specimens plays a critical role, particularly in 
governing ice lens formation during freezing phases. The 
elevated drying temperature (70ºC) used in conventional WD 
procedures significantly reduced soil moisture content, thereby 
limiting ice lens development in freezing phases of the coupled 
durability evaluation and resulting in comparatively lower 
deterioration.  

To address this, two modified coupled durability testing 
protocols, including WDeFT and FTWDe, were developed. In 
these protocols, the elevated-temperature drying phase was 
replaced with a more realistic desaturation stage (De) 
conducted at room temperature under 50% relative humidity. 
Under these modified coupled conditions, specimens exhibited 
substantially greater degradation in both engineering strength 
and mass loss compared with the uncoupled and initially 
coupled durability tests.  

To illustrate the influence of different environmental 
conditioning protocols on engineering performance, Figure 9a 
presents the UCS response of hydrated lime–lime sludge–
treated highly plastic clay subjected to various durability cycles. 
It can be observed from Figure 9a that the UCS decreased with 
an increasing number of durability cycles for all conditioning 
types. Specimens exposed to FT cycles exhibited the lowest 
UCS values, whereas those subjected to WD cycles 
demonstrated the highest UCS. The initially coupled durability 
protocols incorporating elevated-temperature drying (FTWD 
and WDFT) resulted in higher UCS values compared with the 
modified coupled protocols that employed desaturated drying 
conditions (FTWDe and WDeFT). This behavior is attributed 
to the higher moisture content retained in the modified 
protocols, which promoted ice lens formation and intensified 
internal structural damage.  
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Figure 9. Coupled durability evaluation: (a) unconfined compressive 
strength; (b) void ratio–degree of saturation assessment. 

Notably, the modified coupled durability protocols produced 
more severe deterioration in stabilized geomaterials than the 
initial coupled protocols. In addition, specimen collapse was 
observed during the eighth durability cycle, indicating a level 
of degradation more critical than that observed under the 
uncoupled durability conditions. 

To better interpret these trends in engineering 
performance, Figure 9b presents the void ratio and degree of 
saturation of specimens after eight durability cycles. In this 
figure, the void ratio is shown on the horizontal axis, while the 
degree of saturation is shown on the vertical axis. Higher values 
of both parameters are generally associated with reduced 
engineering performance. FT conditioning increased both the 
void ratio and degree of saturation relative to the initial state. 
This behavior is attributed to moisture intrusion and volumetric 
expansion during freezing, which induces internal stresses, 
disrupts the soil structure, and leaves behind enlarged void 
spaces following thawing. In contrast, WD conditioning led to 
reductions in both void ratio and degree of saturation. This 
distinction explains the higher UCS values observed under WD 
conditions, as lower moisture content and a denser soil structure 
due to pozzolanic reactions at elevated temperatures contribute 
to increased matric suction, effective stress, and strength.  

Similarly, the coupled durability protocol with elevated-
temperature drying (FTWD) exhibited reduced void ratio and 
degree of saturation, consistent with its comparatively higher 
UCS values. By comparison, specimens subjected to the WDFT 

protocol showed higher void ratio and degree of saturation at 
the UCS testing stage, resulting in lower UCS values relative to 
FTWD.  

Furthermore, specimens exposed to the modified coupled 
durability protocols exhibited higher void ratios and degrees of 
saturation compared to initial coupled durability, reflecting 
enhanced ice lens formation under the desaturation 
modification and subsequent internal structural degradation, 
which adversely affected engineering performance. This novel 
durability assessment framework, based on void ratio and 
moisture state, provided deeper and meaningful insights into the 
influence of durability sequences on soil internal structure, and 
supported the observed trends in engineering performance.  

Based on the combined outcomes of the uncoupled and 
coupled durability protocols and the void ratio-moisture state-
based assessment framework, a more representative durability 
evaluation approach can be identified and recommended 
according to site-specific climatic conditions. The developed 
coupled durability assessment approach is expected to 
significantly support and contribute to better design and 
screening stabilization methodology for subsoils towards the 
development of resilient transportation infrastructure. 

4.2 Bridge deicing using shallow geothermal energy 

Shallow geothermal energy provides a sustainable and reliable 
alternative to traditional winter maintenance activities such as 
road salting for de-icing. This technology captures renewable 
thermal energy from subsurface soils and uses it to heat the 
bridges to avoid freezing temperatures on the bridge deck. 
Major components involve heating loops, a control system, and 
ground heat exchangers (refer to Figure 10). Full-scale field 
performance of this bridge deicing technology using shallow 
geothermal energy has been successfully verified by the 
research team from a pilot study on an in-service bridge in 
Arlington, TX. Details on the design, construction, and 
instrumentation of the deicing system can be found in 
Deshmukh et al. (2025). 

 
Figure 10. Shallow geothermal bridge deicing system concept (Source: 
Deshmukh et al. 2025). 

Figure 11 presents the photograph and thermal image of the 
bridge deck showing the effectiveness of deicing during a 
winter event. It can be clearly seen from these images that the 
traffic lanes, which are right above the heating loops, are free 
of ice, whereas the immediate neighboring lanes, where there is 
no heating from the shallow geothermal energy, still have icing. 
Also, the thermal image of the bridge deck shows the elevated 
temperatures (above freezing) of the sections that have the de-
icing system in place.  

301



 
Figure 11. Effectiveness of shallow geothermal energy bridge de-icing 
system: (a) Photograph taken during a winter event showing the deiced 
bridge; (b) Thermal image of the bridge deck (Source: Deshmukh et al. 
2025). 

A detailed life cycle analysis and investigation on the energy 
extracted, the effect of ground water table, and geofoam and 
sprayfoam methods for minimizing energy loss are conducted 
as a part of this study, and guidelines on these aspects were 
developed and are available in Deshmukh et al. (2025). With 
this technology, the durability of the bridge infrastructure to 
extreme freezing weather events can be significantly improved. 
Closure of the bridges and accidents can be reduced, which 
greatly impacts the supply chain logistics and safe 
transportation network during harsh winters. The feasibility of 
the ground around the bridge site for the installation of ground 
heat exchangers and soil conditions will be critical in widening 
the implementation of this technology. 

5 ADVANCED TECHNOLOGIES: REMOTE SENSING 
AND ADDITIVE MANUFACTURING STUDIES 

5.1 UAV and SAR integration for transportation asset 
management and monitoring 

Early identification of the development of distress within the 
transportation infrastructure through timely inspections would 
greatly reduce the risks and help plan the maintenance or 
renovation works well in advance (Congress & Puppala 2023). 
The extensiveness of transportation networks, along with the 
often subtle or gradual characteristics of geotechnical 
processes, restricts the efficiency of conventional ground-based 
inspections. On the other hand, remote sensing offers essential 
spatial and temporal data for the assessment of transportation 
and geotechnical assets, such as highway embankments and 
slopes (Gajurel et al. 2024; Navarro‐Hevia et al. 2016).  

Synthetic Aperture Radar (SAR) data has been widely 
employed in infrastructure monitoring and management. The 
Interferometric Synthetic Aperture Radar (InSAR) technique 
employs the principle of change in phase between two SAR 
images of the same place captured at separate times (Flores-
Anderson et al. 2019). Persistent Scatterer Interferometry (PSI) 
and Small Baseline Subset (SBAS) methodologies analyze a 
series of interferograms to mitigate noise, which improves the 
effectiveness of the remote sensing techniques for infrastructure 
monitoring (Crosetto et al. 2016).  

Although deformation monitoring is crucial for assessing 
the stability of transportation infrastructure, numerous 

geotechnical failures were initiated well in advance of any 
observable movement. This includes alterations in near-surface 
soil moisture, seepage channels, and vegetation that 
displacement measurements alone cannot capture. 
Multispectral satellite images can enhance the InSAR analysis 
for accurately understanding the initiation and cause of the 
observed movements (Xia et al. 2022). Previous studies have 
shown a strong correlation between the normalized difference 
vegetation index (NDVI) and soil moisture (Páscoa et al., 2020; 
Xia et al., 2022).  

The normalized difference water index (NDWI), derived 
from spectral band combinations, was also found to effectively 
distinguish the water from non-water features and provide 
valuable insight into seepage-induced slope instability. Apart 
from the satellite data, the use of Unmanned Aerial Vehicles 
(UAVs) for detailed ground-truth data collection at high 
frequencies would significantly add reliability to the 
infrastructure health assessments. Owing to their low cost and 
ease of operation, UAVs received wide acceptance, and several 
transportation agencies already adopted these technologies 
(Congress & Puppala 2019; Congress et al. 2024). When 
integrated with photogrammetric algorithms, the UAV data can 
also be utilized to create digital twins to enhance the 
multidimensional understanding of asset conditions throughout 
their lifetime. Machine learning models can be leveraged to 
automate the detection of distress/instability from the UAV data 
and contribute to real-time monitoring as well. The integration 
of SAR-InSAR and multispectral indices, along with UAV 
surveys, would offer a comprehensive, continuous, and 
proactive monitoring of the transportation geotechnical 
infrastructure. 

The site chosen for demonstrating the capabilities of the 
integrated UAV, SAR, and multispectral analysis framework 
for transportation infrastructure asset management and 
monitoring involves a cut slope situated along the northbound 
Interstate 35 (IH-35) traffic route in Hill County, TX. The cut 
slope embankment is almost 15 ft. tall (4.6 m) with an 
inclination of 1V:5H.  

Figure 12 presents the aerial image of the slope under 
consideration, collected from the USDA National Agriculture 
Imagery Program (NAIP) in 2022 under standard operating 
conditions. Recently, in 2025, this slope experienced failure, 
which may be due to high precipitation and water intrusion. As 
a part of the forensic analysis using the integrated framework, 
the slope site was monitored using the SAR-InSAR and 
multispectral imagery (MSI) data collected between August 
2023 and July 2025 for identifying early indicators/warnings of 
failure. The region exhibiting an anomaly identified by the 
satellite-based technique was then examined utilizing a UAV 
equipped with a high-resolution optical sensor to capture and 
verify the slope failure on-site.  

 

302



Figure 12. Aerial view of the slope under consideration from NAIP 
2022 imagery. 

The Small Baseline Subset (SBAS) Interferometric SAR 
method was utilized to detect the settlement behavior of the 
slope. The Sentinel-1A C-band single look complex (SLC) 
synthetic aperture radar (SAR) dataset utilized in this research 
was acquired from the NASA ASF-DAAC. The SAR dataset 
from August 2023 to July 2025 was utilized to provide SBAS 
InSAR processing via ENVI SARscape software.  

Figure 13 shows the displacement of the selected points 
with time, along with the total weekly precipitation collected 
from the NOAA NCEI database for the nearest station (Menne 
et al. 2012). The points on the slope (S1, S2, and S3) exhibit 
significant settlement, with a progressive settlement recorded 
from March 2024 to July 2024. This can be due to incremental 
soil degradation resulting from erosion during surface runoff. 
An increase in slope measurements at monitoring stations is 
noted from January 2025 to April 2025, which can be soil 
expansion following precipitation events. Deformation of the 
slope is evident at all three monitoring locations in May 2025, 
with the S2 point exhibiting the highest settlement. The spatial 
and temporal variations show the sensitivity of SBAS-InSAR 
in identifying both progressive deformations and abrupt 
changes linked to slope failure. 

 

 
Figure 13. InSAR analysis results of the slope: (a) Selected locations 
for monitoring; (b) Displacement time series from SBAS and total 
weekly precipitation. 

Multispectral imagery datasets with 8 spectral bands with a 
medium spatial resolution of 3 meters were acquired monthly 
from August 2023 to July 2025 from the PlanetScope satellites. 
The NDVI indices were calculated using the red and near-
infrared bands from the MSI dataset to detect abnormalities 
within the slope section and provided supplemental data. The 
time series NDVI for the four monitoring points under 
consideration, along with precipitation data from August 2023 
to July 2025, is presented in Figure 14a.  

 

 
Figure 14. Multispectral analysis results of the slope: (a) NDVI time 
series along with total weekly precipitation between August 2023 and 
July 2025; (b) NDVI of the slope on 27th May 2024, and (c) NDVI of 
the slope on 24th May 2025. 

The NDVI trends at the slope locations demonstrate variability 
with seasonal changes. The findings indicate that the anomaly 
transpired from March to May 2025, during which NDVI 
values at all slope points experienced a significant decline. 
Figure 14b and Figure 14c show the distribution of NDVI of the 
slope for May 2024 and May 2025, respectively. A decline in 
NDVI for the area between points S2 and S3 in May 2025 can 
be correlated with surface disruption or soil exposure, which 
may ultimately signify slope instability. 

The SBAS-InSAR method successfully detected the 
deformation of the embankment slope, which was found to be 
useful for early identification of highway embankment 
instability. Multispectral indices, such as the NDVI, provided 
complementary evidence on the possible causes and 
mechanisms of slope instability. UAV surveys, shown in Figure 
15, provide the ground-truth verification of these remote 
sensing strategies and provide a comprehensive integrated 
approach for monitoring and forensics of the transportation 
geotechnical infrastructure. 

 
Figure 15. UAV survey results of the slope: (a) Digital elevation model 
of the slope in July 2025; (b) Nadir photo of the failed slope. 

5.2 3D-printing using local soils 

Maintenance and rehabilitation work of transportation 
infrastructure typically require accelerated construction and 
rehabilitation strategies to minimize traffic disruption and 
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