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EXECUTIVE SUMMARY 

The geotechnical infrastructure (geo-infra) assets such as highway earth slopes, 

embankments, and road and railway subgrades integral to transportation infrastructure are 

becoming increasingly vulnerable due to extreme precipitation caused by hurricanes and slow-

moving storm systems. For instance, a slow-moving storm system in August 2022 resulted in 

record-breaking torrential downpours in the capital city of Jackson, Mississippi (MS) in the 

United States of America and severely impacted transportation geo-infrastructure. The extreme 

precipitation triggered cascading hazards such as flash flooding, soil erosion, buckled and 

completely washed-out roadway and railway subgrades, scouring, and landslides. Problems 

originating from such extreme rain events are compounded in Mississippi by the expansive Yazoo 

clay pervasive in the region and the scorching summers and extreme rainfalls that weaken its 

shear strength properties and cause shallow and deep-seated landslides and failures. Warning 

systems and timely evaluations are imperative for taking preventative measures and lessening the 

impact on geo-infrastructure assets. The traditional in-situ geo-infra evaluation methods are 

outdated, expensive, and produce spatially restricted information. Many assets go unmonitored 

and fail without notice due to the absence of monitoring devices. This study investigated the 

performance of failed and repaired highway embankment side slopes impacted by extreme 

weather events using advanced non-destructive testing (NDT) methods. 

Advanced, multi-faceted, rapid evaluation techniques, including geophysical and remote 

sensing approaches with high spatial and temporal resolutions, were implemented in this study to 

evaluate highway embankment slides. Electrical resistivity imaging (ERI), uncrewed aerial 

vehicles (UAVs) mounted with optical and thermal sensors, and light detection and ranging 

(LiDAR) technology were used to collect georeferenced subsurface and above-surface data. The 

data were post-processed and analyzed using resistivity inversion, numerical modeling, statistical 

analysis, and machine learning methods to extract vital information before performing a 

comparative analysis. The LiDAR and drone DEM were used to analyze the variations of the 

surface and settlement profiles. The researchers identified the slope failure characteristics by 

analyzing the UAV photogrammetry data. ERI analysis of embankment lines revealed multiple 

low resistivity areas that indicated the presence of zones of highly saturated soil that can reduce 

suction and lead to slide failures. ERI image profiles also confirmed the depths of slip surfaces 

marked by areas of high resistivity due to the presence of loose soil with air voids.  

Results from processing the cross-platform data were compared and analyzed for insights 

into the deep and shallow depths of the failed geo-infrastructure assets. The results provided 

valuable insights into surficial soil movement with varying weather patterns and subsurface 

moisture. For instance, wet zones in the subsurface, indicated by low electrical resistivities for an 

extended period, indicated an imminent problem. The first signs of significant surficial movement 

detected through periodical LiDAR scanning should trigger immediate action. Combining remote 

sensing and geophysical investigations will help develop a faster, cost-effective, and more reliable 

methodology for evaluating geo-infra-assets. Advanced evaluation techniques described in this 

study will significantly advance the quality of site investigations, reduce risk and increase the 

reliability of the design of transportation geo-infrastructure in Mississippi.  
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CHAPTER 1 INTRODUCTION 

1.1 Background 

Landslides could be defined as the movement of rocks, debris, or soil down a slope (Cruden 

and Varnes, 1996). Landslides are a highly destructive natural disaster causing loss of life, 

property (Juang et al., 2019) and extensive damage to infrastructure worldwide. The occurrence 

of landslides is influenced by various factors such as rainfall, local terrain, geology, 

geomorphology, soil composition, tectonic activity, land use, and land cover (Meena et al., 2021). 

Landslides from shallow slope failures refer to surface instabilities along cuts, fill slopes, 

embankments, earth dams, and levees. Such shallow landslides around transportation 

infrastructure are increasingly becoming common in the United Sates. 

Transportation geo-infrastructure assets such as highway earth slopes and embankments 

are integral to transportation infrastructure, but in Mississippi, they are becoming increasingly 

vulnerable due to extreme rainfall events. The highway slopes are impacted by bursts of high-

intensity downpours and slow-moving weather systems that dump a tremendous amount of water, 

and the problem is compounded because most of the highway slopes are built on the expansive-

Yazoo clay that is pervasive in the region. Due to the inherent nature of high-plastic clay, the 

cyclic pattern of hot summers and extreme rainfall weakens the Yazoo clay's shear strength 

properties and causes shallow and deep-seated landslides and failures. The clay undergoes 

significant swelling and shrinkage, leading to the formation of desiccation cracks in the surface 

layers that allow moisture to permeate and collect at deeper levels of the soil in perched states 

and make the slope highly vulnerable to failure. It is essential to monitor soil moisture, 

groundwater levels, and soil movement to prevent such failures. 

State Study 286 (Khan et al., 2020), supported by the Mississippi Department of 

Transportation (MDOT), found that slopes stabilized with H-piles are stable initially but 

experience movement over time. The study also found that the intensity and duration of rainfall, 

the soil’s permeability, and surface runoff result in perched water zones in slopes built on Yazoo 

clay. The flow analysis performed in the study revealed that the suction in the unsaturated zone 

of the slope drops continuously after rainfall, reducing the integrity of the shallow layers. Figure 

1.1 shows variations of surficial moisture at the initial condition and 7 days after 2 in. of rain fell 

in one day. Another finding of the study was that an active zone of 12 ft. existed within the slopes, 

which was confirmed by the sliding depths previously observed. The perched water under the 

active zones exacerbated the slope movement and eventually caused sliding failures. The wet and 

dry cycles of seasonal variations also have an adverse effect on Yazoo clay, as they first reduce 

the shear strength to residual, then to a fully softened state. Therefore, to prevent expensive 

repairs, it is important to prevent the accumulation of perched water zones in Yazoo clay slopes 

and closely monitor the surficial movement. 

The traditional in-situ evaluation methods are outdated, expensive, and produce spatially 

restricted information. Many assets fail without notice because they have not been monitored due 

to the absence of in-situ monitoring devices. Warning systems and timely evaluations are 

imperative preventative measures and can mitigate the impact of failure on highway slopes and 

embankments. Frequent geo-structure health monitoring is essential for averting risks and 

ensuring asset longevity.   
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(a)                                                                            (b) 

Figure 1.1 Moisture and Suction Variation Profiles from FEM Flow Analysis: (a) Initial 

Condition, (b) 7 Days after 2 in. Rainfall in One Day (from Khan et al. 2020) 

Infrastructure monitoring techniques based on remote sensing have grown in popularity 

in recent years; however, identifying vulnerable geo-structures still requires boots-on-the-ground 

inspections. Such manual inspections are geared towards assessing the risk and performance of 

the infrastructure after extreme events. However, they are expensive and time-consuming at a 

time when quick action is needed. 

1.2 Objectives  

State Study 316 was conducted to understand the performance of highway slopes 

containing Yazoo clay and other Mississippi Soil, using Advanced Geophysical method and near-

earth Remote Sensing Technique to investigate 6 repaired and instrumented slopes during varying 

seasons and to evaluate the condition of 20 other failed slopes. The extended scope of the study 

included collecting data from drone imaging, LiDAR surveys, and instrumentation data over a 

period of time. 

Advanced investigation techniques adopted in this project will improve transportation 

infrastructure system operations, and identifying and performing required maintenance will 

eventually lead to a safer and more resilient intermodal transportation infrastructure network in 

Mississippi. Early identification of vulnerable or failing assets is crucial for strategizing repairs 

and maintenance activities, and combining remote sensing methods with geophysical 

investigations facilitates advanced performance monitoring methodology for integrating the 

Geotechnical Asset Management (GAM) framework. Furthermore, the georeferenced digital 

elevation models can be incorporated into workflows that will employ deep learning models 

integrated with geospatial analysis to aid in geotechnical and infrastructure asset management. 

High-quality DEM data, in tandem with deep learning models, can be used to quickly detect and 

classify transportation infrastructure assets and remotely identify vulnerabilities and defects.  

1.3 Methodology 

Advanced, multi-faceted, rapid evaluation techniques, including geophysical and remote 

sensing approaches with a high spatial and temporal resolution, were implemented to evaluate 

highway embankment side slopes. Electrical resistivity imaging (ERI), Uncrewed Aerial Vehicles 

(UAVs) mounted with optical and thermal sensors, and Light Detection and Ranging (LiDAR) 

a) b) 

Initial Condition Drop of suction 

3H:1V Slope  3H:1V Slope  
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technology were some of the methods used to collect georeferenced subsurface and above-surface 

data. In addition, moisture content, matric suction, and rainfall intensity data were collected over 

a period of several years from the in-situ instrumentation installed in boreholes. The data were 

post-processed and analyzed using resistivity inversion, numerical modeling, statistical analysis, 

and machine learning methods to extract vital information. A comparative analysis of the multi-

faceted data was then performed to develop insights into the status of the slope’s surface and 

subsurface.  
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CHAPTER 2 LANDSLIDE INVESTIGATION METHODS 

2.1 Landslides 

Landslides have the potential of significantly harming transportation infrastructure risking 

life and property (Bordoni et al., 2018.; Nappo et al., 2021; Postance et al., 2018). Naturally, 

transportation infrastructure are at risk of failure from cascading effects of landslides. (Nordiana 

et al., 2018) (Meena et al., 202). This cause and effect can be clearly seen in the case of 

highway pavements that fail from settlements and cracking due to the embankment side slope 

landslides. 

Several studies (Kim et al., 2004; Sajinkumar et al., 2020; Khan et al., 2019; Nobahar et al., 

2022, 2023; Salunke et al., 2023;Marino et al., 2020) have attributed landslides to rainfall 

induced increase in soil moisture level, resulting in a decrease in suction and an increase in pore 

water pressure. These changes have a detrimental effect on the soil's shear strength and friction 

angle, rendering it more vulnerable to failure. Further the geo-infrastructure asset’s soil type   

plays a significant role in the initiation and propagation of landslides (Luino et al., 2022). For 

instance, expansive clays when used to build geotechnical assets such as highway slopes cause 

severe problems to the supported transportation infrastructure.  

Mississippi’s transportation infrastructure supported by expansive clay fill slopes are prone to 

slide failures, influenced by rainfall (Khan et al., 2020; Kim et al., 2004; Suk et al., 2022). Due 

to the cyclic shrink-swell behavior caused by seasonal moisture changes, the initially high shear 

strength of the soil strength gradually decreases to its fully softened shear strength (Wright, 2007; 

Khan et al., 2016; Hossain et al., 2016). Additionally, during high intensity rainfall events, water 

infiltrates the slope through desiccation cracks and gets trapped creating perched water condition. 

This condition increases excess pore water pressure. The combination of fully softened shear 

strength and the presence of a perched water zone is the primary cause of shallow slope failure 

(Khan et al., 2015).  A detailed account of the expansive soil in Mississippi and its mineralogy is 

provided in the following sections. 

2.2 Expansive Soil 

Surface soils are comprised of swelling clays in several parts of the United States (Olive 

et al., 1989). A significant number of embankments, levees, and earth dams located in regions 

dominated by expansive clay, particularly in southern states such as Texas, Louisiana, 

Mississippi, Alabama, and Colorado, are constructed using expansive soils. Unfortunately, these 

soils are prone to experiencing shallow slope failure within a few years after construction. When 

exposed to an increase in moisture content, expansive soils progress from a partially saturated 

state to a saturated state, which often results in heaving. For instance, the expansive Yazoo 

formation clay typically found in Jackson Mississippi area when mixed with water changes in 

volume by 100% to 235% between oven dry and liquid limit states (Lee  2012). They also exhibit 

another characteristic known as shrink behavior, which is the inverse of swelling. Shrinkage is 

evidenced by the appearance of cracks on the soil surface that occur when the soil loses moisture 

due to natural or human-made causes. In general, depending on the moisture content, expansive 

soils have a moderate-to-high plastic index, significant bearing capacity, and varying strength 

(Kalantari 2012). Expansive soils have been observed in a variety of locations throughout the 
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world, but they are most prevalent in areas with arid-to-semiarid climates. Clayey minerals 

dominate the architecture of swelling soils, allowing them to absorb water between their layers 

and then undergo volume changes (Bowels 1988, Murphy, 2010). 

Natural hazards in the United States could be grouped into six categories, based on their 

ability to damage, or destroy built infrastructure: earthquakes, landslides/slope failures, expansive 

soils, hurricanes, tornadoes, and floods -not in that particular order. Expansive soil and storms 

may be the second most catastrophic natural hazards in terms of economic damages (Chen 1988, 

Murphy 2010). When working with expansive soils, an increased awareness of issues that are 

frequently encountered may facilitate constructing roadway pavements that have a good potential 

for long-term serviceability that may have a positive economic impact by reducing losses.  

Due to their vast geographic distribution and the poor performance of currently available 

design approaches, volume changes in expansive soils have been designated as one of the most 

financially harmful geologic hazards (Jones and Holtz 1973). Wray and Meyer (2004) estimated 

that expansive soils directly result in annual losses of more than 15 billion USD in the United 

States. Numerous researchers (e.g., Mitchell 1980 and Lytton et al., 2005) developed models to 

simulate the deformations of partially saturated soils, but few of them are capable of 

characterizing the behavior of expansive clays, and none are predictive. This confusing soil 

behavior would be easier to understand if more comprehensive field studies were accessible. 

Long-term monitoring is unavoidably necessary to ascertain the link between long-term 

deformations and changes in moisture content and suction in the soil (Khan et al., 2020). 

Recent research indicates that the expansive behavior of soils can be better understood 

when the matric suction is considered (Alonso et al., 1990) and indicates that suction is not based 

on the mineralogy of the soil but rather on the chemistry of the pore water that saturates it (Pulat 

et al., 2014). Suction has been demonstrated to be a critical component in determining how clays 

behave in terms of volume change. In general, natural soils in dry and semiarid regions remain 

somewhat saturated for most of the year, with only seasonal variations in moisture content. The 

soil-water characteristic curve (SWCC) illustrates a link between these two variables. 

The schematic profile of the subsurface in Figure 2.1 shows that the range of water content 

and suction fluctuation diminish with depth. Characterization of the active depth to which 

substantial fluctuations are seen is critical for understanding seasonal influences on ground 

motions. 
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Figure 2.1 Seasonal Fluctuations in Water Content and Suction (Blight, 1997) 

The behavior of expansive soil is highly dependent on changes in its moisture content, 

which cause volumetric deformation that gradually damages essential infrastructures such as 

foundation slabs, bridges, roadways, and residential homes. Expansive soil is present in both 

humid and arid/semi-arid environments and covers nearly a quarter of the United States (Nelson 

and Miller 1992). Annually, it alone results in more financial losses (approximately 15 billion 

dollars) to US property owners than earthquakes, floods, hurricanes, and tornadoes combined 

(Jones and Jefferson 2012). The current chapter summarizes the physical and mechanical 

properties of expansive soil that are cited in the literature. 

To understand the behavior of expansive soil, it is vital to study changes in temperature, 

soil moisture balance, evapotranspiration, and the frequency of dry and wet periods. However, 

the shrink-swell characteristics of expansive soil are not solely determined by monthly moisture 

levels or climatic variations at a particular location. The soil’s index properties, mineralogy, and 

the percentage of clay content, also play a significant role in soil behavior. 

2.2.1 Clay Soil Mineralogy 

The geologic past, sedimentation, and local climate significantly affect the genesis and 

dispersion of expanding materials worldwide and contribute, either alone or in combination, to 

the creation of expansive soils. The phrase “expansive material” refers to any earth substance that 

changes significantly in volume when exposed to water (Snethen et al., 1975). Variation in 

expansion size is dependent on the presence of active clay minerals, such as montmorillonite and 

its combinations. Under certain conditions, other clay minerals, such as chlorites and 
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vermiculites, are also active. Kaolinites and illites are not considered active minerals, but if 

sufficient amounts are present, they may contribute to expansive qualities (Snethen et al., 1975).  

Figure 2.2 depicts three distinct forms of clay minerals. Additionally, one may see how the 

presence of cations affects the clay mineral classification arrangements.  

 

Figure 2.2 Layout of Clay Mineral Classification (TO: One tetrahedral sheet to one octahedral 

and TOT: an octahedral sheet in the middle of two tetrahedral sheets) (Tournassat et al., 2015) 

The presence and storage of Montmorillonite largely influences the distribution of 

expansive materials. The creation or origin of montmorillonite is aided by the action of the 

following conditions, either individually or in combination: weathering, diagenetic modification 

of preexisting minerals, and hydrothermal alteration, with the most significant being weathering 

and diagenesis (Tardy et al. 1970).  
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2.3 Climate Factors That Impact Expansive Clay Soil 

A greater understanding of the climatic characteristics that alter the structural features of 

infrastructure/structural systems (earth dams and pavements) would considerably improve the 

design and longevity of highways, as well as the construction of infrastructures. Fluctuations in 

moisture, suction, and temperature impact the quality of both natural and artificial highway slopes 

and weathered and unweathered layers and affect their long-term performance.  

Over the past five decades, the southeastern United States regions have seen a 20% 

increase in the occurrence of extremely heavy precipitation. This trend of significant increase in 

extreme rain events is expected to continue in the coming years, with even more substantial 

increases projected for the remainder of the century (Karl, 2009). 

Changes in moisture are primarily caused by rainfall, intrusion through fractures, wet-dry 

cycles, leakages, and evapotranspiration (Hedayati 2014). Increased moisture content weakens 

shallow soil layers, compromising their stability for strong bonding. Variations in moisture 

content can cause swelling and shrinking that result in surficial cracks in shallow weathered soil 

layers in highway slopes with a high plastic concentration, resulting in increased maintenance 

costs for transportation authorities (Zapata and Houston 2008). Temperature fluctuations cause 

variations in the permeability and suction in soil layers at shallower depths and can cause severe 

deformation. (Minor changes in the soil’s temperature have also been observed at deeper depths.) 

Wet-dry cycles result in expansion and contraction cracks that can extend deep into the soil deeper 

layers. This issue is particularly acute in Texas, where summer air temperatures can reach as high 

as 95 ̊ F (Khan et al., 2020). A few scholars have tried to correlate the characteristics of expansive 

soil with environmental elements to account for the effects of moisture and temperature. Shirazi 

(2014) investigated the effects of temperature on the hydro-mechanical behavior of expansive 

clay's physical and engineering properties. To conduct an accurate analysis, however, the profiles 

should be estimated across the depth contributing to the overall performance of the slope layers. 

Khan et al. (2020) identified this depth as the active zone, which may extend to 12 ft.  

2.4 Advanced Landslide Investigation Methods  

Warning systems and timely assessments are preventative measures that lessen the impact 

of landslides on assets such as highway slopes and embankments. However, traditional evaluation 

methods are expensive and produce spatially restricted information. For instance, borehole 

instrumentation is limited to providing localized information of a failed slope; it cannot provide 

information on a wider area. Unfortunately, many assets fail without notice because they were 

not monitored due to the absence of in-situ monitoring devices. The development of a robust 

methodology for landslide investigation and preventative measures is greatly needed. Advanced 

non-destructive testing (NDT) methods, including geophysical and remote sensing techniques, 

are increasingly being used for asset evaluation and performance monitoring. Electrical resistivity 

imaging (ERI), LiDAR, and Uncrewed Aerial Vehicles (UAVs) are best suited for evaluating the 

subsurface and surficial variations of the highway slopes. 

2.4.1 Geophysical Field Investigations, Using Electrical Resistivity Imaging (ERI) 

Electrical resistivity imaging (ERI) is a non-destructive technology utilized for 

investigating and characterizing soils. This technique allows for the efficient and rapid assessment 

of larger subsurface areas compared to traditional destructive methods. By measuring the 
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electrical resistivity of the soil, ERI provides valuable information about the subsurface 

composition and properties. This enables researchers and engineers to gain insights into the 

geological structures, moisture distribution, and other relevant parameters without causing any 

damage to the soil or surrounding environment.  

In a field study, Mertzanides et al. (2020) applied electrical resistivity imaging to prove 

that annual crop yields are highly dependent on hydrological processes in unsaturated zones. They 

found that the gravimetric soil moisture point measurements and electromagnetic sensor profiles 

correlated well with the soil resistivity data, exhibiting a power model relationship. They deemed 

ERI a trustworthy soil moisture-monitoring tool for precise irrigation in highly heterogeneous, 

clay-rich soils. It is evident hat ERI enables hydraulic conductivity estimation of both near-surface 

and deep subsurface layers and unique soil strata information(Muñoz-Castelblanco et al., 2012)].  

Siddiqui. & Osman(2012) and Mulyono et al. (2019) found that ERI method to be a less 

expensive and time-efficient way of studying soil hydrological characteristics compared with the 

traditional expensive and time-consuming method requiring drilling, test pits, and trenching. 

Siddiqui. & Osman(2012) stated ERI can be beneficial in accurately assessing engineering 

properties, defining subsurface properties of soil, and establishing reliable correlations between 

electrical resistivity and other soil properties before beginning the design process for any 

structure. Furthermore, the ERI method is far less invasive and does not disturb the soil's strata 

as opposed to the traditional invasive investigation methods. 

Samouëlian et al. (2005) advocated that its non-destructive and highly sensitive nature 

makes ERI a very attractive tool for determining the subsurface properties. ERI helps with 

subsurface soil moisture mapping and informs about the soil’s horizontal thickness and bedrock 

depth without digging.  Other advantages they mentioned are that it can be used as a proxy for 

the spatial and temporal variability of a large number of physical soil properties and is applicable 

to a variety of contexts, including groundwater exploration, landfills and solute transfer 

delineation, and agronomic management by identifying areas of excessive compaction or soil 

horizon thickness and bedrock depth and assessing the soil's hydrological properties. 

ERI surveys have been successfully carried out at slope failure sites to understand the 

underground soil composition and moisture accumulation (Nordiana et al., 2018) , and gain a 

better understanding of the factors contributing to slope failure (Koehn et al., 2019; Muñoz-

Castelblanco et al., 2012; Nobahar et al., 2023; Samouëlian et al., 2005a). ERI results guide 

practitioners in developing appropriate mitigation strategies based on the obtained information.   

Many past studies have implemented ERI in the investigation of landslides and for other 

geotechnical applications.  

Hen-Jones et al. (2017) showed that electrical resistivity imaging technology could 

identify changes in internal ground conditions that precede failure, making ERI a suitable tool for 

risk assessment. Their study successfully resolved the preliminary geophysical–geotechnical 

relationships necessary for developing an ERI-based slope stability assessment system. 

Jongmans & Garambois (2007) demonstrated that electrical resistance imaging could 

produce two- and three-dimensional images that depict the distribution of electrical resistivity in 

the subsoil and make it possible to identify resistivity contrasts that are primarily attributable to 

the lithological nature of the terrain and the variation in water content. Perrone et al. (2014) 
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determined that the ERI method can effectively analyze the resistivity distribution in areas that 

have experienced landslides. Their study asserted ERI’s capability in identifying the areas with a 

high-water content and assessing the need for slope stabilization.  

Using the ERI method, Gallipoli et al. (2000) implemented a plan to detect landslide-

impacted areas in the Apennines of Southern Italy. Investigations into landslides could benefit 

from the utility of this tool, which is both valuable and cost-effective. Koehn et al. (2019) used 

ERI as a cost-effective method for developing detailed subsurface images of landslides.  

 

Remote Sensing methods fall within the umbrella of geophysical investigation methods because 

they gather geotechnical and geological data using the electromagnetic spectrum(Ranjbar, 2011). 

Satellites, UAVs, and LiDAR have been successfully implemented in remote sensing studies 

focusing on the earth’s surface, soils, vegetation, and natural disasters such as landslides.  

(Burns & Madin, 2009; Ciampalini et al., 2016)(Ahmad et al., 2022; Hussain et al., 2023; 

Samsonov & Blais-Stevens, 2023)Landslide susceptibility mapping, detection & inventory 

building have been performed using Satellite imagery & GIS  tools (Ahmad et al., 2022; Hussain 

et al., 2023; Samsonov & Blais-Stevens, 2023), LiDAR(Burns & Madin, 2009; Ciampalini et al., 

2016) and drone imagery (Nappo et al., 2021; Tilon et al., 2022; Whitehurst et al., 2022).  

Furthermore, several studies have incorporated advanced technologies, such as deep learning 

techniques, to classify and detect landslides (Hussain et al., 2023; Mondini et al., 2023; Nappo et 

al., 2021). 

Although satellite data has proved helpful in landslide susceptibility mapping and detecting 

landslides, there are several disadvantages. Satellite images are coarse, such as those from Landsat 

8 that provide 30m(~98 ft.) resolution, and they often struggle with poor quality due to cloud 

cover. Furthermore, temporal spacing is also a significant problem with satellite imagery due to 

no control over the time the satellite will pass over the area of interest. Therefore, satellite imagery 

is inconvenient for a timely, detailed site-level investigation of landslides impacting 

transportation geo-infrastructure such as highway slopes. In contrast, UAV and LiDAR offer 

higher-resolution imagery and point cloud information. These technologies also offer complete 

control over the data collection timeline with as many repetitions as needed, which is crucial for 

the timely performance monitoring of transportation infrastructure assets.  

2.4.2 Remote Sensing in Field Investigations, Using Unmanned/Uncrewed Aerial Vehicles 

(UAVs)  

Remote sensing is the science and technology of capturing, processing, and analyzing 

physical data from sensors in space, air, and ground (Chen et al., 2016). Its ability to collect data 

can be used in many different applications, including mapping natural activities, assessing the 

potential for hazards, and mitigating their impact when they occur. Advances in technologies in 

the last decade, such as the increase in wireless internet accessibility, advances in UAV as a 

flexible platform, enhancements in digital cameras, developments in digital images analysis, and 

progress in small satellites (Chen et al., 2016); have led to an increased demand for remote sensing 

in a wide variety of fields. Remote sensing techniques are helpful in monitoring and assessing 

natural hazards by creating early warning systems that give authorities time to evacuate people 

when necessary and obtain data from sites that are hard to reach due to difficult terrain or may 

impose danger to workers’ lives.  
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Studies have used UAV-based remote sensing methodology for a variety of applications 

within transportation asset management, including estimating soil moisture content (Salunke et 

al., 2023), mapping slope failures (Nobahar et al., 2023), assessing pavement defects (Nappo et 

al., 2021) and assessing landslide susceptibility. Nappo et al. used photogrammetry methods and 

3D representations to study pavements affected by a slowly moving landslide. 

Kader & Altunel (2021) supported using drones for monitoring slopes, declaring that 

drone is superior to all other methods of investigation for periodic status monitoring or monitoring 

slope failures. Drones’ functionalities have expanded alongside the increasing demand for UAV 

technologies, leading to their widespread adoption in civilian contexts, according to Shahmoradi 

et al. (2020). Due to UAV’s ability to quickly inspect an area for potential hazards or emergencies, 

they are increasingly commonplace in many fields, such as mining, agriculture, construction, 

geotechnical, and transportation infrastructure monitoring. 

Tan et al. (2022) used UAVs to conduct inspections of road slopes because of their ability 

to render high-definition images of the slope’s environment, safety level, and geological 

conditions. They plan to use the technology for various inspections in future projects. 

Rashid et al. (2022) investigated the stability of rock slopes in both wet and dry seasons 

by utilizing a thermal sensor mounted on a drone. Their study illustrated how drone-based remote 

sensing can be applied to examine rock slopes and determine whether they are stable by analyzing 

thermal images of the surface temperature. 

Sluijs et al. (2018)  showed that UAVs offer several advantages in determining the impacts 

of permafrost terrain and northern infrastructure dynamics on infrastructure. They also considered 

the gap between field scale studies and remote sensing observations. 

Embankment slopes support a substantial majority of Mississippi's roads and are 

susceptible to failure due to rainfall, temperature, and expansive clay. The time-efficient UAV 

investigation technique increases the number of assets that can be monitored and screened for 

deeper investigations. UAVs offer efficient assets performance monitoring and maintenance, 

saving time, cost, workforce, technology, outcomes, performance, and reliability. UAVs can be 

equipped with LiDAR-based infrared sensors with various features that can be used to monitor 

the slope's performance with various applications (Figure 2.3).  

 

(a)                                                          (b)                                  (c) 

Figure 2.3 Photogrammetry Tools: (a) Drone with sensor payloads, (b) Lidar and Thermal 

Camera Sensors, (c) Lidar Terrestrial Scanner 
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2.4.3 Remote Sensing in Field Investigations, Using Light Detection and Ranging (LiDAR)  

Like high-quality UAV imagery, Terrestrial LiDAR Scanning produces dense point cloud 

data to investigate high-interest areas (Luo et al., 2018; Marx et al., 2019), such as landslides and 

transportation infrastructure assets. Conducting multiple periodic LiDAR surveys of the areas of 

interest enables monitoring subtle deformations in the soil mass and identifying potential 

risks(Wolf et al., 2014). Several studies have tested the application of LiDAR in landslide 

investigations. transportation infrastructure asset monitoring in general. 

Hatta Antah et al. (2021) claim that LiDAR is useful in designing roads, as it not only 

simplifies the design process, but the precise topographical data information that it provides 

lowers the risks associated with building roads in places that are prone to rockfalls or landslides 

(Figure 2.4). 

Lynch et al. (2013) examined the various advanced methods of slope stability 

investigations and used LiDAR to monitor the slope's movement, erosion, and deposition. Susaki 

2012, proposed a filtering algorithm that precisely separates ground data from LiDAR 

measurements and produces an estimated digital terrain model (DTM). It makes use of planar 

surface characteristics and connectivity with locally lowest points to enhance the removal of 

ground points. Utilization of reference data showed that their algorithm gives more precise ground 

points than commercial filtering software. 

In a study conducted by Conte and Coffman (2012), a comparison was made between the 

results obtained from slope stability back-analysis and the measurements obtained using both a 

total station and LiDAR. The researchers found that while total station provided valuable 

information, the surfaces generated by LiDAR were more precise, allowing for a more accurate 

monitoring of head scarps and vertical deformation of slopes. 

 

Figure 2.4 Drone LiDAR and Photogrammetry Outcomes 

Gargoum & El-Basyouny (2017) highlighted the potential of LiDAR's high point density 

dataset to automate the extraction of highway features and geometrically assess attributes like 

stopping sight distance. They believed that LiDAR datasets could revolutionize highway safety 

audits. 

Liu et al. (2012) implemented LiDAR scanning to provide precise clearance data for 

bridge surfaces. They determined the vertical clearance by utilizing static terrestrial LiDAR scans 

of a bridge deck and the ground points beneath the deck. 

Digital Terrain Models (DTM) 

Digital Elevation Models (DEM) 

Digital Surface Models (DSM) 
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Jaboyedoff et al. (2012) stated that LiDAR is primarily used to create high-resolution digital 

elevation models for landslide investigation. The method utilizes a laser to generate precise 

electromagnetic radiation and capture displacement data for landslide analysis, aiding in 

understanding kinematics and failure mechanisms. 
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CHAPTER 3 INVESTIGATIONS OF INSTRUMENTED SLOPES 

3.1 Site Selection  

The six highway slopes in the Jackson, Mississippi metroplex that are presented in Figure 

3.1 and Table 3.1 were selected for continued monitoring by the extension of State Study 286 

because they had exhibited early signs of movement or had a record of failure and repair. MDOT 

hired Thompson Engineering to perform a cone penetration test (CPT) prior to field 

instrumentation, and Jackson State University’s (JSU) Geo-Development research team observed 

the operation. The data from the CPT and site instrumentation were used by the JSU team to 

perform an engineering analysis. 

 
Figure 3.1 HWS Locations in Jackson (Reference Sites) 
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Table 3.1 Locations of Selected Highway Slopes (from Khan et al., 2020) 

Site No Site Location Site Coordinate 

I-Slope 1 
I220N Ramp Toward 

I55N 

32°24'46.60"N, 

90° 8'57.32"W 

I-Slope 2 enter 
32°17'58.85"N, 

90°14'47.00"W 

I-Slope 3 Terry Road 
32°16'48.92"N, 

90°12'44.03"W 

I-Slope 4 Highland Drive 
32°17'21.22"N, 

90°14'17.58"W 

I-Slope 5 Sowell Road 
32°32'30.11"N, 

90° 5'50.49"W 

I-Slope 6 McRaven Road 
32°17'45.71"N, 

90°16'17.17"W 

3.2 Field Instrumentation 

Field instrumentation was implemented at the six slopes to monitor several variables, including 

moisture content, matric suction, soil temperature, air temperature, and rainfall intensity. Each 

slope was equipped with industrial-grade sensors such as GS-1 moisture sensors, Meter Teros 21 

soil water potential sensors, an ECRN-50 tipping-bucket rain gauge, EM50 data logger, and RT-

1 air temperature sensor. In addition, two 30 ft. long inclinometer casing pipes were installed to 

track slope movement. The sensors were strategically placed at the crest, middle, and toe of the 

slopes, with moisture and water potential sensors positioned at various depths within 15 ft.-deep 

boreholes. The arrangement of the field instrumentation can be seen in Figure 3.2, and the specific 

sensor locations and quantities are detailed in Table 3.2. 

Cables approximately 150 ft. long were used to install 20 sensors and 2 inclinometer castings 

in each of the slopes investigated. Each sensor was connected to data loggers using a 3.5 mm 

stereo audio extension cable to ensure continuous recording of in situ measurements. The field 

instrumentation installation process took approximately one month. Following installation, the 

data loggers were programmed to collect data on an hourly basis from the moisture sensors, water 

potential probes, soil temperature sensors, rain gauges, and air temperature sensors. Table 3.2 

provides the monitoring schedule for all six slopes. The JSU GeoDevelopment research team 

visited each site bi-weekly to obtain inclinometer readings. 
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Figure 3.2 Instrumentation Layout at Each I-Slope and Images of the Individual Sensors 

 

Table 3.2 Field Instrumentation for Data Collection 

Sensor Name Purpose Location Depth (ft.) Number of 

Sensors 

ECRN 100 

Rain Gauge 

Collect 

Precipitation Data 

Slope middle Above slope 

surface 

1 

GS1 Moisture 

Sensor 

Collect 

Volumetric 

Moisture Content 

Crest, middle, 

toe 

5, 10, 15 9 

MPS 6 Water 

Potential 

Probe 

Collect Matric 

Suction and Soil 

Temperature Data 

Crest, middle, 

toe 

5, 10, 15 9 

ECT Air 

Temperature 

Collect 

Precipitation Data 

Slope middle Above slope 

surface 

1 

EM 50 Data 

Logger 

Data Collection 

and Storage 

Slope middle Above slope 

surface 

4 
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3.3 Instrumented Slope 1 (I-Slope 1): I220N Ramp Toward I55N Highway Slope 

I-Slope 1 experienced movement in the past and was repaired using H-piles by MDOT. 

The repaired section was compared to the as-built section to assess its performance. Figure 3.3 

provides the location and a photograph of I-Slope 1 for reference. 

 
Figure 3.3 Location of I-Slope 1 

Two 15 ft. boreholes, labeled as Instrumentations 1 and 2 in Figure 3.4, were drilled and 

instrumented in the as-built section of I-Slope 1. Another 15 ft. deep borehole, known as 

Instrumentation 3 in Figure 3.4, was drilled and instrumented in the repaired area. Instrumentation 

1 was positioned at the crest of the slope, while Instrumentations 2 and 3 were placed in the 

middle. At each instrumentation location, moisture sensors and water potential sensors were 

installed at depths of 5 ft (1.5 m), 10 ft (3 m), and 15 ft (5 m). Furthermore, at Instrumentation 1, 

a rain gauge and air temperature sensor were installed. In the as-built section, Inclinometer 1 was 

positioned, and in the repair section, Inclinometer 2 was installed. Both inclinometers were placed 

in the middle of the slopes.  

 
Reference Slope 
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can be seen in Figure 3.4. 

 
Figure 3.4 Instrumentation Layout at I-Slope 1 

3.3.1 Field Monitoring Results 

Data was collected from the data loggers and frequent intervals and analyzed by the JSU 

GeoDevelopment research team. Data collected from the inclinometer was analyzed to map 

movement along the grade of the slope. Results were compiled and are presented in this section. 

3.3.1.1 Slope Movement Data 

The slope inclinometer measurements were collected at 2 ft. intervals along the 

inclinometer pipe to observe the horizontal movement of the slope. The inclinometer data was 

then analyzed to determine the slope's movement. Figure 3.5 and Figure 3.6 display the horizontal 

movement data from Inclinometer 1 at the as-built section and the time-dependent movement 

along the crest of the slope, respectively. Similarly, Figure 3.7 and Figure 3.8 show the horizontal 

movement data from Inclinometer 2 at the repaired section and the time-dependent movement 

along the crest of the slope. The figures indicate that no significant movement was observed in 

either section, or the performance of both slope sections was satisfactory.  
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Figure 3.5 Displacements at Inclinometer 1 at I-Slope 1 

 

 

Figure 3.6 Deformations in the As-Built Section from surficial levels of Inclinometer 1 at I-

Slope 1  
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Figure 3.7  Horizontal Displacements of the Inclinometer 2 at I-Slope 1 

 

 

 

Figure 3.8 Variations of Lateral deformation at I-Slope 1’s Repaired Section 
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3.3.1.2 Field Instrumentation Data 

The sensors collected data at the crest, middle, and toe of the slope, and variations in the 

in situ matric suction profile and moisture content at 5 ft. (1.5 m), 10 ft. (3 m), and 15 ft. (5 m) 

depths with rainfall are presented in Figures 3.9 to Figure 3.11. The moisture content and matric 

suction variations at Instrumentation 1, Instrumentation 2, and Instrumentation 3 are presented in 

Figure 3.9, Figure 3.10 and Figure 3.11, respectively. The highest rainfall occurred in late 

December 2018, but few variations in moisture content were observed at any of the three depths 

within the 2-year monitoring period; the matric suction showed no variations.   

 
(a)                                                                       (b) 

Figure 3.9 Variation of parameters at I-Slope 1 (a) Matric Suction, (b) Moisture Content and 

Rainfall data from Instrumentation 1  

(

a) 

(

b) 
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(a)                                                                       (b) 

Figure 3.10  Variation of parameters at I-Slope 1 (a) Matric Suction, (b) Moisture Content and 

Rainfall data from Instrumentation 2 

 
(a)                                                                       (b) 

Figure 3.11 Variation of parameters at I-Slope 1 (a) Matric Suction, (b) Moisture Content and 

Rainfall data from Instrumentation 3 

Figures 3.9 to 3.11 present variations in the moisture content(volumetric) with time. The 

moisture content changes at the site slopes' soil layers are influenced by the water infiltration after 

rainfall events. Typically, variations in moisture content are inversely related to variations in the 

(

a) 

(

b) 
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matric suction profile. This means that the soil moisture content increases during and immediately 

after rainfall while the matric suction decreases (Hossain et al., 2013). Yazoo Clay exhibits 

minimal changes in soil water content at deeper depths and a steady matric suction profile. The 

soil was saturated at all depths during rainfall, and the volumetric moisture content was between 

0.5 to 0.7. Figures 3.9 to 3.11 illustrate the consistent and minimal variations in matric suction 

with rainfall at different depths in both the crest and middle of the slope. The soil below 

approximately 5 ft. (1.5 m) depth was fully saturated, despite the low permeability of Yazoo Clay 

hindering the downward movement of rainwater. The suction values increased with depth at the 

slope crest, but this trend differed at Instrumentation 2 and Instrumentation 3 in the middle of the 

slope. 

 
(a) 

 
(b) 

 
(c) 

Figure 3.12 Variations of Air and Soil Temperature at I-Slope 1  (a) Instrumentation 1, (b) 

Instrumentation 2, and (c) Instrumentation 3 
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3.4 Instrumented Slope 2 (I-Slope 2): Metrocenter Highway Slope 

I-Slope 2, situated near Metrocenter, is a 3H:1V slope with a height of 23 ft. The slope 

experienced a failure near the I-220N bridge and was subsequently repaired by installing H-piles 

at the crest. Both the repaired section and the original as-built slope were chosen for monitoring. 

Figure 3.13 provides a visual depiction of the slope's location. 

 

Figure 3.13 Location of I-Slope 2 

 

Instrumentation was carried out in the reinforced section of I-Slope 2 at the crest, middle, 

and toe. Three 15 ft. boreholes (Instrumentation 1, Instrumentation 2, and Instrumentation 3) were 

drilled and instrumented accordingly. Figure 3.14 illustrates the locations of these boreholes. Each 

instrumentation location was equipped with a moisture sensor and a water potential sensor at 

depths of 5 ft, 10 ft, and 15 ft. Additionally, Instrumentation 1 had a rain gauge and an air 

temperature sensor installed. Furthermore, Inclinometer 1 was installed at the reinforced section; 

inclinometer 2 was installed at the as-built section. Both were installed in the middle of the slope. 
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Figure 3.14 Instrumentation layout at I-Slope 2 

3.4.1 Field Monitoring Results 

3.4.1.1 Slope Movement Data 

The slope's horizontal movement data was obtained by collecting measurements at 2 ft. 

intervals along the slope inclinometer pipe. These measurements were then analyzed to determine 

the movement of the slope. Figure 3.15 presents the data from Inclinometer 1 at the reinforced 

section, while Figure 3.18 shows the time-dependent movement at the slope's surface. Similarly, 

Figure 3.15 displays the horizontal movement data from Inclinometer 2 at the as-built section, 

and Figure 3.18 represents the time-dependent movement at the slope's surface. The figures 

indicate no significant movement in either section, demonstrating satisfactory slope performance. 

It should be noted that the inclinometer was struck by an external object at the surface in late 

2021, rendering the results from late 2021 inconsistent with the previously observed trend shown 

in Figure 3.17. 
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Figure 3.15 Displacements at Inclinometer 1 at I-Slope 2 

 

 

Figure 3.16 Overtime Lateral Deformation at the Top of Inclinometer 1 at I-Slope 2. 
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Figure 3.17 Displacements at Inclinometer 2 at I-Slope 2 

 

 

Figure 3.18  Overtime Lateral Deformation at the Top of Inclinometer 2 at I-Slope 2. 

3.4.1.2  Instrumentation Data 

Figures 3.19, 3.20, and 3.21 display the variations in the in situ matric suction profile and 

moisture content at depths of 5 ft. (1.5 m), 10 ft. (3 m), and 15 ft. (5 m) with rainfall. During the 

initial three months after Instrumentation 1 and Instrumentation 2 installation, an initial variation 

in moisture was observed, indicating an adjustment period for moisture distribution. However, no 
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changes were observed in the matric suction at these locations. Minimal moisture variations were 

observed at the crest of the slope (Instrumentation 1) over the two-year monitoring period. In 

contrast, variations were observed at the middle of the slope (Instrumentation 2) during the 

summer and late December of 2019, indicating rainwater infiltration. Surface cracks near the 

slope's toe were observed, and a significant moisture variation was detected, suggesting rainwater 

infiltration through the cracks. 

 
(a)                                                                       (b) 

Figure 3.19 Variation of parameters at I-Slope 2 (a) Matric Suction, (b) Moisture Content and 

Rainfall data from Instrumentation 1  
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(a)                                                                       (b) 

Figure 3.20  Variation of parameters at I-Slope 1 (a) Matric Suction, (b) Moisture Content and 

Rainfall data from Instrumentation 2 

Figure 3.19 to Figure 3.21 display the variations of in situ matric suction with daily rainfall 

data at different depths (5 ft., 10 ft., and 15 ft.) in the slope's crest, middle, and toe. The matric 

suction exhibited a low and steady change at the middle and toe of the slope. 

 

(a)                                                                       (b) 

Figure 3.21 Variation of parameters at I-Slope 1 (a) Matric Suction, (b) Moisture Content and 

Rainfall data from Instrumentation 3 

(

a) 

(

b) 
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Figure 3.22 illustrates the variations in in-situ soil and air temperatures at Instrumentation 

1, 2, and 3. The soil temperature at shallow depths (5 ft. and 10 ft.) showed fluctuations 

corresponding to the changes in air temperature, while the temperature at the deeper depth (15 ft.) 

remained constant. 

 
(a) 

 
(b) 

 
(c) 

Figure 3.22 Variations of Air and Soil Temperature at I-Slope 1 (a) Instrumentation 1, (b) 

Instrumentation 2, and (c) Instrumentation 3 

3.5 Instrumented Slope 3 (I-Slope 3): Terry Road Highway Slope 

I-Slope 3, depicted in Figure 3.23, is a 15 ft. high slope with a grade range of 3.5 H: 1V 

to 4H: 1V. It is situated along the I20E exit toward Terry Road. This slope encountered shallow 

landslides near the bridge, which were subsequently remediated using H-piles.  
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Figure 3.23 Location of I-Slope 3 

I-Slope 3 consists of reinforced and as-built sections. The reinforced section includes 

Instrumentation 1 and 2, while the as-built section includes Instrumentation 3. Figure 3.24 

illustrates the locations of these instrumentation points. Instrumentation 1 borehole is positioned 

at the crest of the slope, while Instrumentation 2 and Instrumentation 3 are located in the middle 

of the slope. Each instrumentation location is equipped with moisture and water potential sensors 

at depths of 5 ft (1.5 m), 10 ft (3 m), and 15 ft (5 m). Instrumentation 1 also features a rain gauge 

and air temperature sensor. Additionally, two inclinometers were installed in the middle of both 

sections, whose locations are presented in Figure 3.24. Inclinometer 1 was installed at the as-built 

section, and Inclinometer 2 was installed at the repaired section. 
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Figure 3.24 Instrumentation Layout at I-Slope 3 

3.5.1 Field Monitoring Results 

3.5.1.1 Slope Movement Data 

Inclinometer data collected at 2 ft. intervals down the pipe were collected and analyzed to 

assess the slope's movement. Figure 3.25 shows the horizontal movement data from Inclinometer 

1 in the reinforced section, while Figure 3.28 illustrates the time-dependent movement at the 

slope's surface. The analysis revealed that the as-built section of I-Slope 3 experienced movement 

starting in January 2019, with a maximum displacement of 1.6 inches at the slope surface within 

a year. The movement occurred at a shallow depth of approximately 6 ft. and requires 

maintenance. On the other hand, Inclinometer 2 in the reinforced section exhibited no movement, 

indicating satisfactory performance at the repaired section of the slope. 
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Figure 3.25 Displacements at Inclinometer 1 (as built section) of I-Slope 3  

 

Figure 3.26 Overtime Lateral Deformation near the Top of Inclinometer 1 (as built section) at I-

Slope 3 
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Figure 3.27 Displacements at Inclinometer 2 (repaired section) of I-Slope 3 

 

Figure 3.28 Overtime Lateral Movement at the Top of Inclinometer 2 (repaired section) at I-

Slope 3. 

3.5.1.2 Field Instrumentation Data 

Figure 3.29, Figure 3.30, and Figure 3.31 illustrate the variations in the in situ matric 

suction profile and moisture content at different depths with rainfall. The monitoring results from 

Instrumentation 1 indicate that the matric suction initially reached a high value and then stabilized 

at a low value for the rest of the monitoring period, indicating a fully saturated condition. The 

volumetric moisture content remained constant during the two-year monitoring period, indicating 
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a consistently saturated state. The middle sections of the reinforced and as-built areas showed 

similar suction variations, with indications of rainwater intrusion in the volumetric moisture 

content. However, the overall moisture content remained constant over time. The constant 

moisture content and matric suction at Instrumentation 2 and Instrumentation 3 are attributed to 

the presence of a perched water condition in the slope. 

In January 2019, the as-built section began to experience shallow movements, as shown 

in Figures 3.29 and 3.31. It is important to highlight that no movement was detected in the 

reinforced section which was stabilized using H-piles. The H-piles' stabilization has effectively 

prevented further slope movement in that section. 

 
(a)                                                                       (b) 

Figure 3.29 Variation of parameters at I-Slope 3 (a) Matric Suction, (b) Moisture Content and 

Rainfall data from Instrumentation 1 

(

a) 
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(a)                                                                       (b) 

Figure 3.30 Variation of parameters at I-Slope 3 (a) Matric Suction, (b) Moisture Content and 

Rainfall data from Instrumentation 2 

 
(a)                                                                       (b) 

Figure 3.31 Variation of parameters at I-Slope 3 (a) Matric Suction, (b) Moisture Content and 

Rainfall data from Instrumentation 3 

Figure 3.32 presents the in-situ soil and air temperature variations collected from  

Instrumentation 1 to Instrumentation 3. The temperature of the soil at shallow depths varied 

(

c) 
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somewhat with changes in the air temperature. At deeper depths, however, the soil temperature 

remained constant.  

 

 
(a) 

 
(b) 

 
(c) 

Figure 3.32 Variations of Air and Soil Temperature at I-Slope 1  (a) Instrumentation 1, 

(b) Instrumentation 2, and (c) Instrumentation 3 

3.6 Instrumented Slope 4 (I-Slope 4): Highland Drive Highway Slope 

Slope 4, located along I20 E near Highland Drive, is a 3.5H:1V slope with a height of 20 

ft. Notably, no pre-existing failure areas were reported for this slope, so the investigation focused 

solely on the as-built section. Figure 3.33 provides a visual representation of the slope's location.  
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Figure 3.33 Location of I-Slope 4 

In the reinforced section of I-Slope 4, three 15 ft. boreholes (Instrumentation 1, 

Instrumentation 2, and Instrumentation 3) were drilled and equipped with instrumentation at the 

crest, middle, and toe of the slope, as depicted in Figure 3.34. The instrumentation included 

moisture and water potential sensors installed at depths of 5 ft (1.5 m), 10 ft (3 m), and 15 ft (5 

m) at each location. Additionally, a vertical inclinometer was installed in the middle of the slope 

near Instrumentation 2 to measure slope displacement. Near Instrumentation 1, a rain gauge and 

air temperature sensor were installed to monitor precipitation and atmospheric conditions. 

Detailed photographs of the sensor installations can be seen in Figure 4.38. Furthermore, an 

inclinometer was installed at a depth of 30 ft. in the middle of the slope to assess deeper slope 

movements.  
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Figure 3.34 Instrumentation and Inclinometer at I-Slope 4 

3.6.1 Field Monitoring Results 

3.6.1.1 Slope Movement Data 

Inclinometer measurements were conducted along the slope inclinometer pipe at 2 ft. 

intervals to gather data on the horizontal movement of the slope. The collected data were then 

analyzed to assess the slope's movement. Figure 3.35 displays the horizontal movement data from 

Inclinometer 1, while Figure 3.36 illustrates the time-dependent movement at the surface of the 

slope. The data reveals that no significant movement was observed; however, some movement 

was detected at depths ranging from 5 ft. to 10 ft. During the field inspection, it was noted that a 

void had formed near Inclinometer 1, as depicted in Figure 3.36, due to erosion of the slope 

surface. To address this issue, it is recommended to backfill the void with lean clay fill materials. 
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Figure 3.35 Displacements at Inclinometer 1 at I-Slope  4 

 

 

Figure 3.36 Overtime Lateral Deformation at the Top of Inclinometer 1 at I-Slope 4 

3.6.1.2 Field Instrumentation Data 

Figures 3.37, 3.38, and 3.39 provide insight into the variations of the in situ matric suction 

profile and moisture content at different depths (5 ft., 10 ft., and 15 ft.) with rainfall. Specifically, 

Figure 3.39 showcases the monitoring results from Instrumentation 1, indicating that the 

volumetric moisture content remained constant over the two-year monitoring period. Similarly, 
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the matric suction exhibited a consistently low value of 10 kPa (209 psf). As previously discussed 

in the context of Slope 3, this consistent low value of matric suction and constant moisture content 

suggest that the soil is nearing a fully saturated condition. Therefore, it is highly likely that a 

perched water formation exists within the slope. 

 Figure 3.39 reveals significant fluctuations in moisture content at all depths in the middle 

of the slope, accompanied by lower matric suction values at 5 ft. (1.5 m) and 10 ft. (3 m) depths 

compared to the value at 15 ft. (5 m) depth. This indicates the infiltration of rainwater into the 

slope. Similar moisture and matric suction variations were observed at the toe of the slope. 

Notably, the fill material used in the slope reconstruction has high permeability, allowing 

consistent rainwater infiltration. However, this fill material is underlain by Yazoo Clay, which 

has very low permeability. As a result, rainwater infiltrates the fill material and creates a perched 

water condition, leading to a ponding effect within the fill soil's pore space. The movement 

observed in Inclinometer 1 at depths of 5 ft. (1.5 m) to 10 ft. (3 m) is attributed to this perched 

water condition and the void formation resulting from soil erosion at the slope's surface.

 

(a)                                                                       (b) 

Figure 3.37 Variation of parameters at I-Slope 4 (a) Matric Suction, (b) Moisture 

Content and Rainfall data from Instrumentation 1. 
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(a)                                                                       (b) 

Figure 3.38 Variation of parameters at I-Slope 4 (a) Matric Suction, (b) Moisture 

Content and Rainfall data from Instrumentation 2 

 

 
(a)                                                                       (b) 

Figure 3.39 Variation of parameters at I-Slope 4 (a) Matric Suction, (b) Moisture Content and 

Rainfall data from Instrumentation 3 

Figure 3.40 displays the soil and air temperature variations at Instrumentation 1 to 

Instrumentation 3. The soil's temperature at shallow depths showed some fluctuations, while the 

temperature at 15 ft. (5 m) depth remained relatively stable with minimal changes. 

(

a) 
(

b) 
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(a) 

 
(b) 

 
(c) 

Figure 3.40 Variations of Air and Soil Temperature at I-Slope 4  (a) Instrumentation 1, (b) 

Instrumentation 2, and (c) Instrumentation 3 

3.7 Instrumented Slope 5 (I-Slope 5): Sowell Road Highway Slope 

I-Slope 5, located along the exit of I55 South toward Sowell Road, experienced a slide 

with a failure depth of 15 ft. The slope was rebuilt and repaired using 40 ft. long H-piles of HP 

14 x 74 at the middle of the slope. Additionally, two layers of uniaxial geogrid were installed 

from the middle to the toe of the slope. The repaired and as-built sections were selected as study 
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areas for further investigation and monitoring. The details of the slope and repair methods are 

depicted in Figure 3.41. 

 

Figure 3.41 Location of I-Slope 5 

 

Two 15 ft. boreholes, Instrumentation 1 and Instrumentation 2, were drilled and 

instrumented in the as-built section of I-Slope 5. A 15 ft. borehole, Instrumentation 3, was also 

drilled and instrumented in the reinforced section. Instrumentation 1 is located at the crest of the 

slope, while Instrumentations 2 and 3 are situated in the middle. At each instrumentation location, 

moisture and water potential sensors were installed at depths of 5 ft (1.5 m), 10 ft (4 m), and 15 

ft (5 m). Furthermore, a rain gauge and air temperature sensor were installed at Instrumentation 

1. Photos of the sensor installations can be seen in Figure 3.42. The Inclinometer 1 and 2 

installations were carried out in the middle of the slope. Both inclinometers have a depth of 40 

ft., and Inclinometer 1 is installed in the as-built section, while Inclinometer 2 is installed in the 

repair section. 
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Figure 3.42 I-Slope 5 Instrumentation Layout 

3.7.1 Field Monitoring Result 

3.7.1.1 Movement Data 

Data on the horizontal movement of the slope was obtained through inclinometer 

measurements taken at 2 ft. intervals along the slope. The collected data was then analyzed to 

determine the slope's movement. Figure 3.43 presents the horizontal movement data from 

Inclinometer 1 at the reinforced section, while Figure 3.44 displays the time-dependent movement 

at the slope's surface. Notably, no significant movement was observed in the as-built section of 

the slope, indicating a stable and satisfactory performance. 
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Figure 3.43 Displacements at Inclinometer 1 at I-Slope 5 

 

 

Figure 3.44 Overtime Lateral Deformation at the Top of Inclinometer 1 at I-Slope 5. 

Figure 3.45 displays the horizontal displacement data obtained from Inclinometer 2 in the 

repaired section. The data shows a sliding movement of 14 ft. (4.4 m) depth that occurred in 

November 2018. An aerial image of the failed slope can be seen in Figure 3.42. The slope was 

repaired using 40 ft. long H-piles of size HP 14x74 to address the issue. These piles were spaced 
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at 4 ft. center-to-center in the middle of the slope. The H-piles provided sufficient resistance in 

the active part of the slope and effectively prevented movement in the upper pavement ramp. 

However, it is important to note that the bottom part of the slope that experienced landslides was 

not reinforced. A detailed finite element analysis of the failure was conducted, and the results can 

be found in Chapter 5 of the study. 

 

Figure 3.45 Displacements at Inclinometer 2 at I-Slope 5 

3.7.1.2 Field Instrumentation Data 

Figures 3.46, 3.47, and 3.48 provide valuable insights into the moisture content changes and daily 

rainfall distribution at different locations on Slope 5. The data captured the period from September 

2018 to April 2019, focusing on the rainfall events before the slope failure. The instrumentation 

data revealed that the matric suction, a measure of soil moisture tension, remained constant after 

two to four months of the observation period. The lowest suction value was observed at the top 

part of the slope, indicating a combination of low shear strength and high moisture content. 

Significant moisture variations were observed during the dry period, particularly at depths of 5 ft. 

(1.5 m) and 10 ft. (4 m). These variations suggest that the slope experienced desiccation/shrinkage 

cracks during the summer of 2019. These cracks acted as preferential paths for rainwater 

infiltration, increasing the slope's moisture content. Overall, the data highlights the complex 

interplay between rainfall, moisture content, and slope behavior, providing important insights for 

understanding the factors contributing to slope failure. 
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(a)                                                                       (b) 

Figure 3.46 Variation of parameters at I-Slope 5 (a) Matric Suction, (b) Moisture Content and 

Rainfall data from Instrumentation 1 

 
(a)                                                                       (b) 

Figure 3.47 Variation of parameters at I-Slope 5 (a) Matric Suction, (b) Moisture Content and 

Rainfall data from Instrumentation 2 

(

a) 
(

b) 
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(a)                                                                       (b) 

Figure 3.48 Variation of parameters at I-Slope 5 (a) Matric Suction, (b) Moisture Content and 

Rainfall data from Instrumentation 3 

Figure 3.49 depicts the in-situ variations of soil and air temperature at Instrumentation 1 

to Instrumentation 4 in I-Slope 5. The data shows minimal changes in soil temperature at deeper 

depths, while at shallower depths, the temperature fluctuates in accordance with the variations in 

air temperature. This observation highlights the impact of atmospheric conditions on the shallow 

layers of the slope and its relevance in assessing slope stability and performance. 

 

 

 

 

 

 

 

 

 

 

 

(

a) 

(

b) 
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(a) 

  
(b) 

 
(c) 

Figure 3.49 Variations of Air and Soil Temperature at I-Slope 5  (a) Instrumentation 1, (b) 

Instrumentation 2, and (c) Instrumentation 3 

3.8 Instrumented Slope 6 (I-Slope 6): McRaven Road Highway Slope 

I-Slope 6, a 5H: 1V slope with a height of 15 ft., is located along I20E near McRaven 

Road, as shown in Figure 3.50. Part of the slope that had shown prior movement had been rebuilt 

and re-graded to reinstate the drainage structure. The repaired section and the as-built section 

were included in this study for analysis and evaluation. 
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Figure 3.50 Location of I-Slope 6 

In the repaired section of the slopes two 15 ft. boreholes, designated as Instrumentation 1 

and Instrumentation 2, were dug and sensors were placed. The locations of the instrumentation 

boreholes are presented in Figure 3.51. Another 15 ft. deep borehole was installed in the as-built 

section at location instrumentation 3 in Figure 3.51. Instrumentation 1 was installed at the crest, 

while Instrumentation 2 and Instrumentation 3 were placed in the middle of the slope. At each 

instrumentation location, moisture and water potential sensors were installed at depths of 5 ft (1.5 

m), 10 ft (5 m), and 15 ft (5 m). Instrumentation 1 at I-Slope 6 also included a rain gauge and air 

temperature sensor. Inclinometer 1, a 50-ft slope inclinometer, was installed in the repaired 

section, while Inclinometer 2 was installed in the as-built section.  

 

 

Figure 3.51 Instrumentation Layout at I-Slope 6 
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3.8.1 Field Monitoring Results 

3.8.1.1 Slope Movement Data 

The slope's horizontal movement was assessed using slope inclinometer measurements taken 

every 2 ft. along the inclinometer pipe. The analysis of the data revealed the following: 

• In the repaired section, depicted in Figures 3.52 and 3.53, no significant movement was 

observed, indicating satisfactory performance. 

• In the as-built section, shown in Figures 3.52 and 3.53, movement of up to 5 inches was 

observed at the surface during the monitoring period. The depth of the slope movement 

was approximately 5 ft., indicating a shallow slope failure. Maintenance and repair are 

required to address this issue. 

 

 

Figure 3.52 Displacements at Inclinometer 1 at I-Slope 6 
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Figure 3.53 Overtime Lateral Deformation at the Top of Inclinometer 1 at I-Slope 6 

 

 

Figure 3.54 Displacements at Inclinometer 2 at I-Slope 6 
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Figure 3.55 Overtime Lateral Deformation at the Top of Inclinometer 2 at I-Slope 6 

3.8.1.2 Field Instrumentation Data 

The variations in the in situ matric suction profile and moisture content with rainfall at different 

depths (5 ft., 10 ft., and 15 ft.) were analyzed at Instrumentation 1, Instrumentation 2, and 

Instrumentation 3. The findings are as follows: 

• Figures 3.56, 3.57, and 3.58 present the variations in matric suction and moisture content 

at the respective instrumentation locations. 

• At Instrumentation 1, the matric suction initially remained high for approximately three 

months and then stabilized at a low value of 10 kPa for the rest of the monitoring period. 

The volumetric moisture content also remained constant throughout the two-year 

monitoring period. 

• The constant low matric suction and consistently high moisture content indicate that the 

soil is nearly fully saturated, suggesting the presence of perched water conditions. 

• Similar matric suction variations were observed in the middle of the slopes for both the 

repaired and as-built sections, as depicted in Figure 3.56 and Figure 3.57. 

• The overall moisture content remained constant during the monitoring period, with some 

peaks and drops observed during summer 2019, indicating rainwater infiltration. 

• The constant moisture content and matric suction at Instrumentation 2 and 

Instrumentation 3 are attributed to perched water conditions, similar to what was 

observed in I-Slope 5, which experienced a shallow slide in the as-built section. 

• The movement in the as-built section of the slope is attributed to the formation of 

perched water at the top of the slope. However, it is important to note that the repaired 

section also experiences a similar perched water zone but does not exhibit movement 

due to the repairs implemented. 
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(a)                                                                       (b) 

Figure 3.56 Variation of parameters at I-Slope 6 (a) Matric Suction, (b) Moisture 

Content and Rainfall data from Instrumentation 1 

 

 
(a)                                                                       (b) 

Figure 3.57 Variation of parameters at I-Slope 6 (a) Matric Suction, (b) Moisture 

Content and Rainfall data from Instrumentation 2 
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(a)                                                                       (b) 

Figure 3.58 Variation of parameters at I-Slope 6 (a) Matric Suction, (b) Moisture Content and 

Rainfall data from Instrumentation 3 

Figure 3.59 illustrates the soil and air temperature variations from Instrumentation 1 to 

Instrumentation 3 in I-Slope 6. The findings are as follows: 

• Minor changes in soil temperature were observed at deeper depths, similar to the 

behavior observed in other slopes. 

• At shallower depths, the soil temperature varied in response to changes in the air 

temperature. 

 

 

 (

a) 
(

b) 
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(a) 

 
(b) 

 

(c) 

Figure 3.59 Variations of Air and Soil Temperature at I-Slope 6  (a) Instrumentation 1, (b) 

Instrumentation 2, and (c) Instrumentation 3 
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3.9 I220S Ramp Toward I20E Highway Slope 

I-Slope7 is located along the exit from I220 South toward I20 East; the location is shown in 

Figure 3.60. The slope was repaired using H-piles, and a slope inclinometer was installed to 

monitor movement in the repaired area. JSU’s GeoDevelopment research team monitored the 

slope movement every two weeks, and the lateral overtime deformation variations are presented 

in Figures 3.61 and 3.62. The figures show no significant deformation or movement in the slope.  

 

 

Figure 3.60 Location of I-Slope 7 
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Figure 3.61 Displacement at I-Slope 7 

 

 

 

Figure 3.62 Overtime lateral deformation in I-Slope 7 
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CHAPTER 4 INVESTIGATION OF HIGHWAY SLOPES USING 

REMOTE SENSING AND GEOPHYSICAL TESTING TOOLS 

Geotechnical assets, including slopes, embankments, and retaining walls, don’t directly 

carry traffic loads but are essential to the strong performance of transportation assets. The 

degradation of transportation infrastructure is directly linked to underlying issues with 

geotechnical assets, gradual deterioration over time, and exposure to environmental factors. 

Geological conditions, such as the pervasive expansive clay in Mississippi, further compound the 

problems by increasing the risk of extreme soil deformation in highway embankment slopes, 

earthen structures, retaining walls, bridge and railway abutments and foundations. The life of 

these geotechnical assets can be increased by performing a periodic assessment of their condition 

and carrying out the required maintenance; inaction escalates maintenance costs and leads  to 

catastrophic failures without warning. As demonstrated by Anderson et al. (2016) and other cases, 

allowing geotechnical assets to fail before repairing them often proves more costly than 

implementing regular maintenance. Annual repairs of failed slopes consume a considerable 

portion of the maintenance budget for various transportation departments in several southern 

states of this country. 

 Traditional asset management practices typically involve creating inventories or databases 

by collecting information through boots-on-ground surveys of one asset at a time (Kimmerling & 

Thompson, 2015). In this study, LiDAR imaging was employed to examine the surface movement 

of the chosen slope sites. LiDAR is a technology that uses laser light to measure the distance to a 

target and captures the reflected light with a sensor. Apart from its primary application in distance 

measurement, LiDAR has various other uses. These include measuring structural static deflection, 

determining bridge clearance, detecting structural issues, construction site overseeing , and it is 

widely regarded as the next generation of surveying technology (Pieraccini et al., 2007; Liu et al., 

2010a, 2010b; Lefevre, 2000; Kayen et al., 2006; Bian et al., 2011; Chen, 2010). Unmanned 

Aerial Vehicle (UAV) or drone-based photogrammetry is being increasingly being used to 

monitor infrastructures.  

Multichannel electrical resistivity imaging (ERI) is a non-destructive method of site 

investigation and soil characterization that provides continuous information horizontally and 

vertically of the subsurface soil and is used for investigating multiple geotechnical and geological 

issues. ERI offers several advantages over traditional subsurface site investigation methods, as 

highlighted by multiple studies (Samouëlian et al., 2004; Hossain et al., 2018; Khan et al., 2012; 

Kibria and Hossain, 2012; Manzur et al., 2016; Khan et al., 2016). These advantages include the 

ability to provide a continuous image of subsurface conditions, coverage of large areas in a short 

time, cost-effectiveness, information about site heterogeneity and areas with high moisture 

content, and fast data processing.  

4.1 Advanced Evaluation of Instrumented Slope Sites  

This section presents the results of field testing that was conducted on the six repaired 

and instrumented slopes, using drones, LiDAR, and ERI. 
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Table 4.1 Locations of Selected Highway Slope’s ( from Khan et al., 2020) 

Slope No. Site Location Site Coordinate Aerial view 

I-Slope 1 
I220N Ramp Toward 

I55N 

32°24'46.60"N, 

90° 8'57.32"W 

 

I-Slope 2 Metro Center 
32°17'58.85"N, 

90°14'47.00"W 

  

I-Slope 3 Terry Road 
32°16'48.92"N, 

90°12'44.03"W 

 

I-Slope 4 Highland Drive 
32°17'21.22"N, 

90°14'17.58"W 

 

I-Slope 5 Sowell Road 
32°32'30.11"N, 

90° 5'50.49"W 

 

I-Slope 6 McRaven Road 
32°17'45.71"N, 

90°16'17.17"W 

 

 

4.1.1 Instrumented Slope 1: I220N Ramp toward I55N 

Data collected for Instrumented Slope 1 between summer 2021 and fall/winter 2022 were 

derived from ERI, LiDAR, and drones, and the data analysis results are presented in the following 

section.  
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4.1.1.1 ERI 

ERI surveys using SuperSting R8/IP equipment captured resistivity distribution images of 

the subsurface. The data was analyzed with EarthImager 2D software using ERI inversion, which 

maps resistivities through an iterative process based on least-squares inversion. The software 

compares field-measured apparent resistivities to calculated resistivities, adjusting them until the 

root mean squared (RMS) error falls below 5%.  

ERI was performed on Instrumented Slope 1, covering 270 ft. (82.3 m) along the width 

of the slope. Resistivity image profiles at the crest (Line A) and midway(Line B) of the slope 

were plotted. The location of the slope and the ERI test line are presented in Figure 4.1. Results 

for Line A, which was tested from spring 2021 through fall/winter 2022, are presented in Figure 

4.2 (a – e). Resistivity was high (30-50 ohm-m) in the unsaturated zone (above 8 ft. or 2.5 m) 

but decreased to less than 5 Ohm-m near the saturated zone. At depths greater than 15 ft., wetter 

zones were present. (Wet zones move around and vary as seasons change.) The ERI results for 

Line B are presented in Figure 4.3 (a-e). Areas with higher resistivity along the shallower 

depths of the slope were characterized by loose soil occurring from slope movement. Deeper 

soils with lower resistivities were characterized by wetter zones due to perched water 

conditions. 

 

Figure 4.1 Slope 1 Location 
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Figure 4.2 Slope 1 ERI Line A: (a) Spring 2021, (b) Summer 2021, (c) Fall 2021, (d) Winter 

2021/Spring 2022, (e) Fall/Winter 2022  
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Instrumentation Location 
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Figure 4.3 Slope 1 ERI Line B: (a) Spring 2021, (b) Summer 2021, (c) Fall 2021, (d) Winter 

2021/Spring 2022, (e) Fall/Winter 2022 

4.1.1.2 Unmanned Aerial Vehicles 

Unmanned aerial vehicles (UAVs), commonly known as drones, are an accurate and 

automated method of collecting high-resolution image data. They provide an excellent alternative 

to the more time-consuming and laborious conventional methods of inspecting and assessing 

geotechnical assets because they can quickly capture high-resolution photogrammetric survey 

data,  flying across large sites and producing images in a fraction of the time required by 

conventional methods.  

• A DJI drone was equipped with a high-resolution RGB camera and a thermal camera 

that were used to capture high-resolution images. 

• Images taken by the drone were georeferenced by the GPS on board. 

• Thermal imagery helped determine the surface temperature to help identify anomalies.  

Processing the images captured by a drone is a crucial step in obtaining useful information from 

aerial imagery. The following steps were taken to take and process the images for this study. 
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1. Image Acquisition: The desired flight path was set up using the DJI GO application for 

smartphones, and the controls for the drone were set to capture overlapped images  at an 

altitude of resolution. A DJI drone equipped with a high-resolution RGB camera was 

flown at an altitude of 100 – 200 feet. 

2. Image Transfer: Captured images were transferred to a computer for processing.  

3. Image Stitching: The next step was to stitch the individual images together to create a 

single large image, also known as a mosaic. Image stitching was done using specialized 

software that analyzed the images and automatically identified common features or tie 

points, such as road intersections, medians, and other points of interest that were used to 

align and stitch the images together. 

4. Georeferencing: Georeferencing is the process of assigning real-world coordinates to the 

image, allowing it to be accurately placed on a map. This was done by using ground 

control points (GCPs) that were identifiable in both the image and on the ground. GCPs 

can be placed manually or by using GPS and surveying equipment. 

5. Image Analysis: Once the images were stitched and georeferenced, they were analyzed, 

using specialized software. The analysis can include creating 3D models, generating 

,elevation maps, calculating volumes, and/or identifying features such as buildings or 

trees. 

The results from the drone testing for instrumented Slope 1 are presented in Figure 4.4 to 

Figure 4.7. The images were captured during different seasons, beginning in 2021, and were 

imported into correlator 3D software. The coordinate system was set to the State Plane Coordinate 

System Mississippi US-West, and an aerial triangulation was performed with multiple tie points 

to stitch the images together and develop a digital elevation model (DEM) and digital terrain 

mode (DTM). Ground control points (GCPs) with coordinates that had been identified on the field 

were used to georeference the DEM. The images were orthorectified and stitched to create an 

orthomosaic representation of the entire slope site, and 3D models were developed for selected 

seasonal surveys. 

Profile views of the slope were developed using two methods. The views that were 

captured of the slope in the summer of 2021 were extracted, and a profile was created manually, 

as shown in Figure 4.4. Images captured by the drone in spring 2022 and fall 2022, georeferenced 

DEMs, were imported into Civil 3D and surface profiles were created using the kriging 

interpolation method. The surface profile of the slope was created using the alignment and surface 

profile tools within Civil 3D. Figure 4.6 and Figure 4.7 show the 3D model, surface topography 

of the slope, and the surface profile views obtained in spring 2022 and fall 2022, respectively. 
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Figure 4.4 Site 1 Drone Image (Summer 2021) 

 

Figure 4.5 Site 1 Drone Image (Fall 2021) 
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Figure 4.6 Slope 1 Drone Images: (a) DEM, (b)Topography (Spring 2022) 

Spring 

2022 

(

b) 

(

a) 

Spring 

2022 



 

 

69 

 

 

 

 

Figure 4.7 Slope 1 Drone Images: (a) DEM, (b)Topography (Fall 2022) 

4.1.1.4 LiDAR 

Dense point cloud data from the LiDAR scan was collected to develop 3D surface and 

generate topography of the slope surface. Subsequently, profile views of the slopes were 

generated, and field scan data was collected multiple times over the span of several years. Profiles 

from scans captured at different time intervals can be compared to perform time-dependent 
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(

a) 
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surficial slope movement and deformation analyses.  Topography and profile views of Slope 1 

obtained from the captured scan data during different seasons are presented in this section. LiDAR 

scans were acquired at 5 stations on Slope 1 to gather overlapping point cloud data. The field-

collected data was digitally post-processed and a single-point cloud group was formed, with over 

12 million points for each scan. Point cloud data was collected for four different seasons, namely, 

summer 2021, fall 2021, spring 2022 & fall/winter 2022. The point clouds were processed with 

Trimble Realworks software. The bare ground points were extracted.  

The point clouds were georeferenced using five ground control points (GCPs) with known 

coordinates. First, the drone images were ortho-mosaicked and then georeferenced, using the 

GCPs identified on the field. Other GCPs were then identified on the georeferenced drone 

imagery mosaic. The GCPs extracted from the drone were incorporated in Trimble RealWorks to 

georeference the LiDAR point clouds. Georeferencing of the point clouds was done by either 

selecting points and assigning them to the known GCPs obtained either from pre-identified GCPs 

on the field or from georeferenced drone orthomosaics. The georeferenced point cloud was then 

processed, using a ground extraction algorithm to extract the lowest ground surface scan points. 

This method eliminated unwanted scan points such as vegetation, vehicles, buildings, and similar 

items. Only the bare ground point clouds were extracted. 

The bare ground point clouds collected for all seasons were imported into Civil 3D, and 

surfaces were generated using the kriging interpolation method. Topographic surface views were 

generated at 1 ft. major and 5 ft. minor contour intervals and are presented in Figure 4.8(a – d). 

The surfaces from all seasons were overlaid, and alignments were created along the slope. Surface 

profiles were then created, using the alignments. Surface profiles along Sections A-A and B-B 

are presented in Figure 4.8 (e) & (f). Overlaying the surface topographies of different seasons 

presented the opportunity to stack the surface profiles and create accurate representations of 

temporal variations in the slope’s surface. 

 

Figure 4.8 (Continued) 
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Figure 4.8 (Continued) 
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Figure 4.8 LiDAR Point Cloud Surface Topography Instrumented Slope 1: I220 - I55N (a) 

Summer 2021 (b) Fall 2021 (c) Spring 2022 (d) Fall/Winter 2022 Section (e) Overlaid Surface 

Profile A-A’ (f) Overlaid Surface Profile B-B’ 

4.1.2 Instrumented Slope 2: MetroCenter Highway Slope 

The location of Instrumented Slope 2 is presented in Figure 4.9. I-Slope 2, located near 

the Metrocenter mall along I220 N over the ramp from US 80E, is 23ft. high with a grade of 

3H:1V. A portion of the slope had previously experienced failure and was subsequently repaired 

with H-piles installed at the crest of the slope. ERI testing was conducted at different seasonal 

intervals at both the repaired and as-built sections of the slope; the results are presented in Figure 

4.10 (a-e). 

4.1.2.1 ERI 

The ERI test was conducted along a length of 220 ft. (67m) and two lines (A and B) at the 

crest and midway of the slope, respectively. The ERI test line and slope location are presented in 

Figure 4.9. ERI results for Line A from the testing conducted from spring 2021 through fall/winter 

2022 are presented in Figure 4.10 (a – e).  
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Figure 4.9 Location of Slope 2 

 

    

    

 

Figure 4.10 Slope 2 ERI Line A: (a) Spring 2021, (b) Summer 2021, (c) Fall 2021, (d) Winter 

2021/Spring 2022, (e) Fall/Winter 2022 
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ERI results for Line B from testing conducted during different seasons are presented in 

Figure 4.11(a-e). The ERI images demonstrate that resistivity is greatest at shallow depths (more 

than 6 ft. [2m]) and decreases dramatically at lower depths in the saturated soil zone. There are 

perched water zones directly below the unsaturated soil zones. 

 

    

   

  

Figure 4.11 Slope 2 ERI Line B: (a) Spring 2021, (b) Summer 2021, (c) Fall 2021, (d) Winter 

2021/Spring 2022, (e) Fall/Winter 2022 

4.1.1.2 Drone 

Multiple drone surveys were taken during different seasons from summer 2021 through 

fall 2022. The images were post-processed using specialized software, with the coordinates set to 

the State Plane Coordinate System Mississippi US-West. An aerial triangulation was performed 

with multiple tie points to stitch the images together and develop digital elevation models (DEMs) 

and digital terrain models (DTMs). Ground control points (GCPs) with known coordinates pre-

identified on the field were used to georeference the DEMs. Images were orthorectified and 

stitched to create an orthomosaic representation of the entire slope site. DEM representations for 

different seasons are presented in Figure 4.12 - Figure 4.14. The imagery captured by the drone 

in fall 2021 had high-quality overlapping, which enabled the development of a high-quality 3D 

model, as presented in Figure 4-13. 

The profile views of the slope were developed using two methods. Figure 4.12 shows one 

that was created manually, using the elevations extracted in summer 2021. For the drone imagery 
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collected in fall 2021, the georeferenced DEM was imported into Civil 3D, and the profile was 

created using the kriging interpolation method and the surface profile tools within Civil 3D. 

Figure 4.13 (b) shows the 3D model, surface topography of the slope, and the surface 

profile views for fall 2021. The DEMs of different seasons make the changes experienced near 

the bridge abutment at the crest evident and show that the voids at the toe of the slope have grown 

larger over time. 

 

Figure 4.12 Image Taken by Drone of Slope 2 (Summer 2021) 

4.1.2.3 LiDAR 

Topography and profile views of Slope 2, obtained from the scan data captured from 

summer 2021 through fall/winter 2022, are presented in Figure 4.15(a-d) and Figure 4.16. 

Terrestrial LiDAR scanning was performed at 5 or 6 stations in the middle of the slope to collect 

overlapping point cloud data. The field-collected data was digitally post-processed and registered 

together to form a single-point cloud group with more than 20 million points. 

The point cloud was then georeferenced by ground control points with known coordinates, 

and a ground extraction algorithm was used to extract the low surface points and create bare 

ground point clouds. The bare ground point clouds collected for all seasons were imported into 

Civil 3D, and the surfaces were generated using the kriging interpolation method. The 

topographic surface views were generated at 1 ft. major and 5 ft. minor contour intervals and are 

presented in Figure 4.16(a-d).  
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Figure 4.13 Drone Image of Slope 2 in Fall 2021: (a) DEM, (b) 3D Model and Surface Profile 
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Figure 4.14 Drone Image DEM of Slope 2 (Fall 2022) 

Surfaces from all of the seasons were overlaid, and alignments were created along the 

slope. Stacked surface profiles were created, using the alignments along Sections A-A,’ B-B’ & 

C-C’. Surface profile variations during the different seasons along the three sections are presented 

in Figure 4.16 (a, b, and c). Section C-C’ in Figure 4.16 (c) reveal that there are considerable 

seasonal variations at the crest of the slope and at the void (sinkhole), located between elevations 

of 340 and 345 ft. 

 

 

Figure 4.15 (Continued) 
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Figure 4.15 (Continued) 
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Figure 4.15 Season Variations in Slope 2’s LiDAR Point Cloud Surface Topography: (a) 

Summer 2021, (b) Fall 2021, (c) Spring 2022, and (d) Fall 2022 

  

 

 

Figure 4.16 Seasonal Variations in Slope 2’s LiDAR Point Cloud Surface Profiles: (a) Section 

A-A’, (b) Section B-B’, (c) Section C-C’ 

4.1.3 Instrumented Slope 3: Terry Road Highway Slope 

ERI testing results for multiple sections of instrumented Slope 3 are presented below for 

different seasons, beginning in 2021.  

Fall 2022 
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4.1.3.1 ERI 

The ERI test for Instrumented Slope 3 was conducted along a 165-foot (50-meter) length 

of the crest and middle (lines A and B) of the slope. The test line and slope location are presented 

in Figure 4.17. The results obtained from testing Line A during different seasons from spring 

2021 through fall/winter 2022 are presented in Figure 4.18 (a – e).  

 

Figure 4.17 Location of Slope 3 and ERI Test Lines 
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Figure 4.18 ERI Line A of I-Slope 3: (a) Spring 2021, (b) Summer 2021, (c) Fall 2021, (d) 

Winter 2021/Spring 2022, (e) Fall/Winter 2022 

Figure 4.19 (a-e) depicts the ERI results for Line B from testing performed during  

different seasons and shows the presence of a high resistivity zone, indicating soil movement, at 

shallow depths (between 5 ft. [1.5m] and 54 ft. [16.5m], and up to a depth of 6 ft. (2m). Resistivity 

is extremely low (less than 5 Ohm-m) beyond 6 ft. at the crest and middle of the slope (Line A 

and Line B), just below the unsaturated soil zone at the 54 ft. (16.5m) horizontal distance mark. 

These low resistivity zones could be attributed to the development of perched water zones. 
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Figure 4.19 ERI Line B of I-Slope 3: (a) Spring 2021, (b) Summer 2021, (c) Fall 2021, (d) 

Winter 2021/Spring 2022, (e) Fall/Winter 2022 

4.1.3.2 Drone 

A drone survey was carried out at I-Slope 3 in different seasons from summer 2021 

through fall 2022, and the aerial imagery captured was processed using specialized software. The 

coordinate system for the imagery was set to the State Plane Coordinate System Mississippi US-

West. Aerial triangulation was performed with multiple tie points to stitch the images together 

and develop a digital elevation model (DEM), digital terrain model, (DTM), and mosaics. DEM 

and orthomosaic digital image representations for different seasons are presented in Figure 4.20 

- Figure 4.22. The overlapping imagery data from fall 2021 and fall 2022 enabled the development 

of a 3D model (see Figures 4.21 and 4.22.) 

Profile views were developed using two methods. Elevations were extracted and the 

profile shown in Figure 4.21 was created manually from the imagery captured in summer 2021. 

For imagery collected in fall 2021 and fall/winter 2022, georeferenced DEMs were imported into 

Civil 3D, surfaces were created using the kriging interpolation method, and surface profiles were 

created by using the alignment and surface profile tools in Civil 3D. Figure 4.21(b) and Figure 

4.22 show the 3D model and surface profiles for fall 2021 and fall 2022, respectively.  
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Figure 4.20 Digital Elevation Model based on Drone Imagery of Instrumented Slope 3 

(Summer 2021) 
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Figure 4.21 Drone Imagery of Slope 3: (a) Digital Elevation Model, (b) 3D Model, and Surface 

Profile (Fall 2021) 
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Figure 4.22 Drone Imagery of Slope 3: (a) Digital Elevation Model, (b) 3D Model, and Surface 

Profile (Fall 2021) 

4.1.3.3 LiDAR 

Topography and profile views of Slope 3 developed from Terrestrial LiDAR scanning 

data collected during different seasons from summer 2021 through fall/winter 2022 are presented 

in Figures 4.23 a-d. Scanning was performed at several stations, and the overlapping point cloud 
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data was collected, post-processed on a computer and registered together to form a single point 

cloud. In the summer of 2021, about 12 scan stations were used in a grid pattern that generated 

over 300 million scan points. The combined point cloud was then georeferenced, using field 

ground control points with known coordinates. The low surface points were extracted to create 

bare ground point clouds, using a ground extraction algorithm. The bare ground point clouds for 

all seasons collected were imported into Civil 3D, and surfaces were generated using the kriging 

interpolation method. Topographic surface views were generated at 1 ft. major and 5 ft. minor 

contour intervals and are presented in Figure 4.23 (a-d). The surfaces from all seasons were 

overlaid, and alignments were created along the slope. Stacked surface profiles were then created 

using the alignments along Sections A-A’ and B-B,’ as presented in Figures 4.24 a & b, 

respectively.  

 

 

Figure 4.23 (Continued) 
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Figure 4.23 (Continued) 

Spring 2022 
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Figure 4.23 LiDAR Point Cloud Surface Topography of Slope 3 Depicting Seasonal 

Variations: (a) Summer 2021, (b) Fall 2021 (c) Spring 2022 (d) Fall 2022 

 

 

Figure 4.24 LiDAR Point Cloud Surface Profiles of Slope 3 with Seasonal Variations: (a) 

Section A-A’, (b) Section B-B’ 
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4.1.4 Instrumented Slope 4: Highland Drive Highway Slope 

Results of ERI testing of instrumented Slope 4 during different seasons beginning in 2021  are 

presented below.  

4.1.4.1 ERI 

An ERI test was performed along 162 feet (49.5m) of Slope 4, between the crest and the middle 

(Lines A and B). The location of the slope and the ERI test lines are presented in Figure 4.25. The 

results for Line A from testing conducted from spring 2021 through fall/winter 2022 are presented 

in Figure 4.26 (a – e). The results of the Line B testing are presented in  

Figure 4.27 (a-e). Very high resistivity zones were discovered in both the crest (Line A) 

and middle (Line B) of the slope, at the 84 ft. (25.6m) horizontal mark and 6 ft. (1.83m) depth. In 

general, high resistive areas were found at the surface, with moisture pockets found deeper.  

 

 

Figure 4.25 Location of Slope 4, with ERI Test Lines 
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Figure 4.26 Line A of Slope 4: (a) Spring 2021, (b) Summer 2021. (c) Fall 2021, (d) Winter 

2021/Spring 2022, (e) Fall/Winter 2022 
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Figure 4.27 Line B of Slope 4: (a) Spring 2021, (b) Summer 2021, (c) Fall 2021, (d) Winter 

2021/Spring 2022, (e) Fall/Winter 2022 

4.1.4.2 Drone 

Drones surveyed instrumented Slope 4 during different seasons from summer 2021 

through fall 2022, and the captured  aerial imagery was processed using specialized software. The 

coordinate system for the imagery was set to the State Plane Coordinate System Mississippi US-

West. Aerial triangulation was performed with multiple tie points to stitch the images together 

and develop a digital elevation model (DEM), digital terrain model (DTM), and mosaics. DEM 

and orthomosaic digital images for different seasons are presented in Figure 4.28 to Figure 4.31 

For the drone imagery collected in fall/winter 2022, the georeferenced DEM was imported 

into Civil 3D, and the surface was created using the kriging interpolation method. The surface 

profiles were created by using the alignment and surface profile tools within Civil 3D. Figure 

4.31 (b) and (c) show the slope 3D model and the surface profile views for fall 2022, respectively.  
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Figure 4.28  Digital Representation Derived from Drone Imagery of Slope 4 (Summer 202) 

 

Figure 4.29 Digital Representation of Slope 4 Derived from Drone Imagery (Fall 2021) 

 

3D Digital Model Digital Elevation Model 
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Figure 4.30 Digital Representation of Slope 4 Derived from Drone Imagery (Spring 2022) 

 

 

Figure 4.31 (Continued) 
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Figure 4.31 Drone Imagery of Slope 4 in Fall/Winter 2022: (a) Digital Elevation Model, (b) 3D 

Model and Surface Profile, (c) Surface Topography 

4.1.4.3 LiDAR 

Topography and profile views of Slope 4 developed from the Terrestrial LiDAR scanning 

data collected during different seasons from summer 2021 through fall/winter 2022 are presented 

in Figure 4.32. Laser scanning was performed at several stations, and the overlapping point cloud 

data were collected. The point clouds were post-processed on a computer and registered together 

to form a single point cloud that was georeferenced, using field ground control points with known 

coordinates. The low surface points were extracted, using a ground extraction algorithm, to create 

the bare ground point clouds. The bare ground point clouds were imported into Civil 3D, and 
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surfaces were generated using the kriging interpolation method. Topographic surface views were 

generated at 1 ft. major and 5 ft. minor contour intervals and are presented in Figure 4.32 (a-d).   

Surfaces from all seasons were overlaid, and alignments were created along the slope. 

Stacked surface profiles were created using the alignments along Sections A-A’ and B-B’ and are 

presented in Figure 4.33 (a) and (b), respectively. No significant variations were observed along 

A’A,’ but there were observable variations along the toe of the slope, along section B-B’. 

Summer 2021 
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Figure 4.32 (Continued) 

 

  

(a) 

(b) 



 

 

96 

Spring 2022 

 

Fall 2022 

 

Figure 4.32 LiDAR Point Cloud Surface Topography Seasonal Variations in Slope 4: (a) 

Summer 2021, (b) Fall 2021, (c) Spring 2022, (d) Fall 2022 
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Figure 4.33  LiDAR Point Cloud Surface Profiles of Seasonal Variations for Slope 4: (a) 

Section A-A’, (b) Section B-B’ 

4.1.5 Instrumented Slope 5: Sowell Road Highway Slope 

4.1.5.1 ERI 

An ERI test was conducted of 270 feet between the crest and the middle (Lines A and B) 

of Slope 5. The test lines and slope location are presented in Figure 4.34. The results obtained for 

Line A during different seasons from spring  2021 through fall/winter 2022 are presented in 

Figure 4.35 (a-e). 

 

Figure 4.34 Slope 5 ERI Test Lines Location 

(a) 

(b) 



 

 

98 

 

       

     

 

Figure 4.35  Results from ERI testing of Line A of Slope 5: (a) Spring 2021, (b) Summer 2021, 

(c) Fall 2021, (d) Winter 2021/Spring 2022, (e) Fall/Winter 2022 

The resistivity in the layers up to 8’ depth throughout the width of the slope crest gradually 

increased from fall 2021 to fall/winter 2022, indicating soil deformation. The deformation was 

more clearly defined in the ERI profiles from spring 2022 and fall/winter 2022, as seen in Figure 

4.35 (d) & (e), respectively. 

ERI results for Line B from testing performed during different seasons are presented in 

Figure 4.36 (a-e). In general, shallow levels (up to 5 ft. [1.5m] depths) have higher resistivity 

values (up to 75 Ohm-m). Perched water zones are found at depths greater than 15 feet (5m). 
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Figure 4.36 Line B of Slope 5: (a) Spring 2021, (b) Summer 2021, (c) Fall 2021, (d) Winter 

2021/Spring 2022, (e) Fall/Winter 2022 

4.1.5.2 Drone 

Drone surveys for Slope 5 were conducted during different seasons from summer 2021 

through fall 2022, and the aerial imagery was processed using specialized software. The 

coordinates were set to the State Plane Coordinate System Mississippi US-West. Aerial 

triangulation was performed with multiple tie points to stitch the images together and develop a 

digital elevation model (DEM), digital terrain model (DTM), and mosaics. The DEM and 

orthomosaic digital image representations are presented in Figure 4.34 to Figure 4.36. 
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The profile views of the slope were developed using two methods. The elevations were 

extracted, and a profile was created manually from the imagery obtained in summer 2021 and fall 

2021, as shown in Figures 4.37 & Figure 4.38 respectively. For the drone imagery collected in 

fall/winter 2022, the georeferenced DEM was imported into Civil 3D, and the surface was created 

using the kriging interpolation method. The alignment and surface profile tools in Civil 3D were 

used to create the surface profile. 

Figure 4.36 (b) and (c) shows the 3D model of the slope and the surface profile views for 

fall/winter 2022. The Orthomosaic failed for spring 2022 due to the light quality of the images 

and is therefore not included in this report. 

 

Figure 4.37 Slope 5 Drone Image (Summer 2021) 
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Figure 4.38 Drone Image of Slope 5 (Fall 2021) 

 

 

Figure 4.39 (Continued) 
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Figure 4.39 Slope 5 Drone Image Fall/Winter 2022: (a) Digital Elevation Model, (b) 3D Model 

& Surface Profile, and (c) Surface Topography 

4.1.5.3 LiDAR 

Topography and profile views of Slope 5 developed from the terrestrial LiDAR scanning 

data collected during different seasons from summer 2021 through fall/winter 2022 are presented 

in Figure 4.40. Laser scanning was performed at several stations, and the overlapping point cloud 

data was collected, post-processed on a computer and registered together to form a single point 

cloud. The combined point cloud was then georeferenced using field ground control points with 

known coordinates. Low surface points were extracted to create the bare ground point clouds, 

using a ground extraction algorithm.  The bare ground point clouds for all seasons collected were 

imported into Civil 3D, and digital elevation model surfaces were generated using the kriging 

interpolation method. Topographic surface views were generated at 1 ft. major and 5 ft. minor 

contour intervals and are presented in Figure 4.40 (a-d).  

Surfaces from all seasons were overlaid, and alignments were created along the slope. 

Stacked surface profiles were then created using the alignments along Sections A-A’ and B-B’ 

and are presented in Figure 4.3841 (a) & (b), respectively.  
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Figure 4.40 (Continued) 
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Figure 4.40 LiDAR Point Cloud Surface Topography Seasonal Variations in Slope 5: (a) 

Summer 2021, (b) Fall 2021, (c) Spring 2022, (d) Fall 2022 
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Figure 4.41 LiDAR Point Cloud Surface Profiles Seasonal Variations for Slope 5: (a) Section 

A-A’ and (b) Section B-B’ 

4.1.6 Instrumented Slope 6: McRaven Road Highway Slope 

4.1.6.1 ERI 

An ERI test was performed for 220 feet between the crest and the middle (Lines A and B) 

of Slope 6. The test lines and slope location are presented in Figure 4.42. The results of the testing 

for Line A, performed during different seasons from spring 2021 through fall/winter 2022 are 

presented in Figure 4.43 (a – e). Results for Line B are presented in Figure 4.44 (a-e). The test 

results showed patches of high resistivity (4- Ohm-m) at shallow depths (up to 5 ft. [1.5 m]) in 

both Line A and Line B. These sections, shown in red, are quickly followed by a length of low 

resistivity between 10 ft. (3m) and 25 ft. (7.6m), indicating a high moisture zone. The resistivity 

increases somewhat above the 35 ft (10.7m) level, indicating that the soil is slightly less saturated 

at those depths. 
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Figure 4.42 Location of ERI Test Lines in Slope 6 

 

 

 

 

 

Figure 4.43 Slope 6 ERI Line A: (a) Spring 2021, (b) Summer 2021, (c) Fall 2021, (d) Winter 

2021/Spring 2022, and (e) Fall/Winter 2022 
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Figure 4.44 Slope 6 ERI Line B: (a) Spring 2021, (b) Summer 2021, (c) Fall 2021, (d) Winter 

2021/Spring 2022, and (e) Fall/Winter 2022 

4.1.6.2 Drone 

Drone surveys were conducted during the various seasons from summer 2021 through fall 

2022, and the  aerial imagery captured was processed using specialized software. The coordinates 

for the imagery were set to the State Plane Coordinate System Mississippi US-West. Aerial 

triangulation was performed with multiple tie points to stitch the images together and develop a 

digital elevation model (DEM), digital terrain model (DTM), and mosaics. The DEM and 

orthomosaic digital image representations are presented in Figure 4.415 to Figure 4.47. 

The profile views of the slope were developed using two methods. The elevations were 

extracted, and a profile was created manually for the imagery captured in summer 2021, as shown 

in Figure 4.41. A georeferenced DEM was imported into Civil 3D for the imagery collected in 

fall/winter 2022, and the surface was created using the kriging interpolation method. Then, a 

surface profile was created along the slope, using the alignment and surface profile tools in Civil 

3D. Figure 4.437 (b) & (c) show the 3D model of the slope and the surface profile views for 

fall/winter 2022. The orthomosaic failed for spring 2022 and could not be included in this report. 

(

a) 

(

b) 

(

c) 
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Figure 4.45 Drone Image of Slope 6 (Summer 2021) 

 

Figure 4.46 Drone Image of Slope 6 (Fall 2021) 
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Figure 4.47 (Continued) 

(

a) 

(

b) 
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Figure 4.47 Drone Images of Slope 6 (Fall/Winter 2022): (a) Digital Elevation Model, (b) 3D 

Model & Surface Profile, (c) Surface Topography & Profile 

4.1.6.3 LiDAR 

Topography and profile views of Slope 6 developed from the terrestrial LiDAR scanning 

data collected during different seasons from summer 2021 through fall/winter 2022 are presented 

in Figure 4.448. Laser scanning was performed at several stations to collect point cloud data, 

which was then processed on a computer and registered to form a single point cloud. The 

combined point cloud was then georeferenced using field ground control points with known 

coordinates. Low surface points were extracted using a ground extraction algorithm to create the 

bare ground point clouds imported into Civil 3D.  Digital elevation model surfaces were generated 

using the kriging interpolation method. Topographic surface views were generated at 1 ft. major 

and 5 ft. minor contour intervals and are presented in Figure 4.448 (a-d).  

Surfaces from all seasons were overlaid, and alignments were created along the slope. 

Stacked surface profiles were then created using the alignments along Sections A-A’ and B-B’ 

and presented in Figure 4.49 (a) & (b). Minor elevation changes were observed on the slope 

surface, with more pronounced ones appearing at the toe of the slope along both profile sections. 

A comparison between the DEMs generated by drone images and LiDAR point cloud for I-slope 

6 is presented in Figure 4.50. Although the drone DEM provides good results for the surface 

elevations, terrestrial LiDAR scanning provides substantially better results for the surface 

elevation variation and surrounding features, such as trees and signposts. 

(

c) 
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Figure 4.48 (Continued) 

(

a) 

(

b) 

Summer 2021 

Fall 2021 
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Figure 4.48 LiDAR Point Cloud Surface Topography Seasonal Variations of Slope 6: (a) 

Summer 2021, (b) Fall 2021, (c) Spring 2022, and (d) Fall/Winter 2022 

 

(

c) 

(

d) 

Spring 2022 

Fall/Winter 2022 
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Figure 4.49 LiDAR Point Cloud Surface Profiles of Seasonal Variations in Slope 6: (a) Section 

A-A’, (b) Section B-B’ 

 

Figure 4.50 Drone 3D Model and LiDAR 3D Model of Slope 6 

4.2 Advanced Evaluation of the Failed Slope Sites 

4.2.1 Failed Slopes Site Selection 

A list of all the failed site slopes with their slope coordinates is presented in Table 4.2 and 

the location of each is presented on a map in Figure 4.51. 

(

a) 

(

b) 

(

a) 

(

b) 
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Table 4.2 Location of Failed Highway Slopes 

 

Slope # Failed Slope Names Slope Coordinates 

1 Not Used  

2 I-20 Slide repair near exit 100 32.329587° -89.295857° 

3 
SR 25 Southbound 1.0 mile north of the Rankin/Scott Co 

Line 
32.556351° -89.756880° 

4 SR 25/43 interchange 

Slope along SR25 SB 

32.494248° -89.881860° Left Abutment 

Right Abutment 

5 Black River 

Section 1 

32.350866° -90.619432° Section 2 

Section 3 

6 Metrocenter ERI Test Site 32.302328° -90.246606° 

7 US 49 South Slope 32.767579° -90.372679° 

8 178 Union Slide 34.426984° -88.947275° 

9 Dogwood 32.341764° -90.057848° 

10 US 49 North Slope 32.791746° -90.371784° 

11 Not Used  

12 Big Black River I20 Eastbound Slope 32.351763° -90.622673° 

13 US 51 South near Gallatin St. 32.277564° -90.193766° 

14 US 49 Slope in Simpson County (Vetiver site) 31.700006° -89.615546° 

15 Slope Along US 27 32.092452° -90.618008° 

16 
SR 13 NB Approx 500 Feet North of SR 481 Along Eastern 3:1 

Fill Slope of the NB Lane – Not used 
32.358823° -89.668809° 

17 
I-20 EB Approx 1 Mile E of SR 481 East of MP 81 Along 

Mainline Inside Slope 
32.319949° -89.598560° 

18 
I-55 NB Exit Ramp at Wynndale Rd Interchange Along 

Outside Backslope 
32.130873° -

90.287300° 

19 Mannsdale Rd HW 463 NB (Madison Site)  
32.497542° -

90.180010° 

20 Mannsdale Rd HW 463 SB (Madison Site) 
32.497387° -

90.180216° 
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Figure 4.51 Geo-location of Failed Slopes 

4.2.2 Failed Slope 2:  I-20 Slide Repair Near Exit 100 

4.2.2.1 ERI 

An ERI test was performed for failed Slope 2, along two lines spanning 270 feet between 

the crest and the middle (Lines A and B). The test lines and slope location are presented in Figure 

4.52. The results for Lines A & B presented in Figure 4.53 (a) & (b) for summer 2021 show that 

low resistivity areas exist below 8 ft. of depth, indicating wet soil along the whole span, likely 

caused by rainfall infiltration. The resistivity increases somewhat at 35 ft. (10.7 m), indicating 

that the soil is slightly less saturated at those depths. 
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Figure 4.52 Location of Failed Slope 2  

 

 

(a) 

 

(b) 

Figure 4.53 ERI Test Results of Failed Slope 2: (a) Line A and (b) Line B 

4.2.2.2 Drone 

A drone survey of failed Slope 2 commenced in summer 2021, and the aerial imagery 

captured by the drone was processed using specialized image processing software. Aerial 

triangulation was performed with multiple tie points to stitch the images together and develop a 

digital elevation model (DEM), digital terrain model (DTM), and mosaics. DEM and orthomosaic 

digital image representations of the failed slope are presented in Figure 4.53. The elevations from 

the DEM along section A were extracted, and a profile was created manually, as shown in Figure 

4.54. 
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Figure 4.54 Drone Images of Failed Slope 2  

4.2.2.3 LiDAR 

Laser scanning was performed at several stations, and the overlapping point cloud data 

were collected. The collected point clouds were then post-processed on a computer and registered 

together to form a single point cloud. The combined point cloud was then georeferenced using 

field ground control points with known coordinates. Using a ground extraction algorithm, low 

surface points were extracted to create the bare ground point clouds. The bare ground point cloud 

was processed in Civil 3D. The topographic surface view was generated at 1 ft. major and 5 ft. 

minor contour intervals and is presented in Figure 4.55(a). Using alignments created on the 

surface, a surface profile view was generated along section A-A,’ as presented in Figure 4.55 (b). 
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Figure 4.55 Failed Slope 2: (a) Surface Topography and (b) Surface Profile 

4.2.3 Failed Slope 3:  SR 25 Southbound 1.0-mile North of the Rankin/Scott Co Line 

4.2.3.1 ERI 

An ERI test for failed Slope 3 was conducted along two lines spanning 220 feet at the 

crest and middle (Lines A and B). The test line and slope location are presented in Figure 4.56. 

The results of the test conducted in summer 2021 for Lines A & B are presented in Figure 4.57 

(a) & (b). At Line A, the results indicated that soil deformation exists at the shallow levels, at 

(

b) 

(a) 

(b) 
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horizontal distances of 52 ft., 78 ft.,100 ft., and 148 ft. Just below the deformations, there are wet 

zones that are perched water zones formed most likely due to surface water infiltration through 

deformed soil. A similar phenomenon was also observed at the middle of the slope (Line B), 

where surficial deformations are followed by perched water zones, but to a lesser degree than 

those found in the crest of the slope. 

 

Figure 4.56 ERI Location in Failed Slope 3  

 

 

(a) 

 

(b) 

Figure 4.57 ERI Test Results of Failed Slope 3 

4.2.4 Failed Slope 4:  SR 25/43 Interchange. 

4.2.4.1 ERI 

In the summer of 2021, an ERI test was conducted for failed Slope 4 at three locations: 

along the slope of SR25 southbound, and along the left and right bridge abutments of the SR25/43 

interchange. On the slope of SR25 southbound, the test was done along three lines spanning 323 

feet at the crest, middle and toe of the slope (Lines A, B and C). The test lines and slope location 
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are presented in Figure 4.58, and the  results are presented in Figure 4.59 (a) and (b). The highest 

level of wet soil below 15 ft. depth is in Line B. Between 144 and 179 ft. horizontal distance, the 

soil deformation is clear by the sag in the resistivity profile. At the middle line (4.58 (b)), the high 

resistivity at the surficial level at the 144’ horizontal distance indicates soil deformation. Lines A 

and C also show high resistivity zones at the surficial level, followed by low resistivity zones at 

depths under 15 ft., indicating the presence of wet soil. 

 

 

Figure 4.58 Failed Slope 4:  Slope along SR25 SB SR 25/43 Interchange 

 

 

    

 

Figure 4.59 ERI Test Results of Failed Slope 4 -Slope along SR25 SB: (a) Line A, (b) Line B, 

(c) Line C 

(a) 

(b) 

(c) 
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Left Abutment: The ERI test was performed along two lines spanning 81 ft. (Lines D and E) 

at the left bridge abutment. The ERI test lines and slope location are presented in Figure 4.60; the  

results for Lines D & E are presented in Figure 4.61 (a) & (b).  

 

 

Figure 4.60 Location of ERI Lines at Failed Slope 4 - SR25/43 Interchange Left Abutment 

 

 

(a) 

 

(b) 

Figure 4.61 ERI Test Results of Failed Slope 4 at Left Abutment:  (a) Line D and (b) Line E 

Right Abutment: At the right bridge abutment  of the SR25/43 interchange, the ERI test 

was completed along two lines spanning 81 feet (Lines F and G). The ERI test lines and slope 

location are presented in Figure 4.62. The results for Lines F & G are presented in Figure 4.63 (a) 

& (b).  
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Figure 4.62 ERI Test Location of Failed Slope 4- SR25/43 Interchange Right Abutment 

 

 

(a) 

 

(b) 

Figure 4.63 Failed Slope 4 ERI Test Results - SR25/43 Interchange Right Abutment (a) Line F 

and (b) Line G 

4.2.4.2 Drone 

In summer of 2021, a drone survey mission commenced at three locations: along the slope 

of SR25 southbound, and along the left and right bridge abutments of the SR25/43 interchange. 

The aerial imagery captured by the drone was processed using specialized image processing 

software. Aerial triangulation was performed with multiple tie points to stitch the images together 

and develop a digital elevation model (DEM), digital terrain model (DTM), and mosaics. The 

elevations along Section A of the DEM were extracted, and surface profile views were manually 

created. DEM and orthomosaic 3D digital image representations of the failed slope are presented 

in Figure 4.64 (a-c). The slide failure along SR25 southbound is presented in Figure 4.64 (a); 

failures of the left and right bridge abutments of the SR25/43 interchange are presented in Figure 

4.64 (b) & (c), respectively. 
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Figure 4.64 (Continued) 

 

(a) 

(b) 

N 
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Figure 4.64 Slope 4 Failures: (a) Failure along SR25, (b) Failure of Left Abutment, (c)Failure 

of Right Abutment 

4.2.4.3 LiDAR 

Terrestrial scanning was performed at three locations: along the slope of SR25 southbound 

and along the left and right bridge abutments of the SR25/43 interchange. The laser scanner was 

placed at four or five stations, and the overlapping point cloud data were collected. The point 

clouds were then post-processed on a computer and registered together to form a single point 

cloud. The combined point cloud was then georeferenced using field ground control points with 

known coordinates. Using a ground extraction algorithm, low surface points were extracted to 

create the bare ground point clouds. The bare ground point clouds for all seasons collected were 

imported into Civil 3D, and digital elevation model surfaces were generated using the kriging 

interpolation method. Topographic surface views were generated at 1 ft. major and 5 ft. minor 

contour intervals. The topographic and surface profile views of the SR25 slope slide failure are 

presented in Figure 4.65. The uneven slope surface along the failed area is clearly visible from 

the surface profile view in Figure 4.65 (b).  

(c) 
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Figure 4.65 Slope 4 Slide Failure: (a) LiDAR Point Cloud Surface Topography, (b) Surface 

Profile 

The topographic contour view of the left bridge abutment of the SR25-43 interchange is 

presented in Figure 4.66 (a). The surface profile views along two lines (A-A’) and (B-B’) are 

presented in Figure 4.66 (b) & (c), respectively. 

(a) 

(b) 
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SR2543Left Abutment 

 

 

 

 

Figure 4.66 Failed Left Abutment of Slope 4: (a) LiDAR Point Cloud Surface Topography, (b) 

Surface Profile Section  A-A’, (c) Surface Profile Section  B-B’ 

A topographic contour view of the right bridge abutment of the SR25-43 Interchange is 

presented in Figure 4.67 (a). A surface profile views along two lines (A-A’) and (B-B’) are 

presented in Figure 4.67 (b) and (c), respectively. 

(b) 

(c) 

(a) 
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Figure 4.67 Failed Right Abutment in Slope 4: (a) LiDAR Point Cloud Surface Topography, 

(b) Surface Profile Section A-A’, (c) Surface Profile Section  B-B’ 

(a) 

(b) 

(c) 

SR25/43 Right  

abutment 
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4.2.5 Failed Slope 5:  Big Black River   

4.2.5.1 ERI 

ERI tests for failed Slope 5 were carried out in the summer of 2021 at the three locations 

identified in Figure 4.68 as Sections 1, 2 and 3. In Section 1, the ERI test was conducted along 

two test lines (Lines A & B) over a span of 323 ft., and the results are presented in Figure 4.69 

(a) and (b).  In Section 2, the ERI test was conducted along Lines C & D over a span of 270 ft., 

and the results are presented in Figure 4.70 (a) and- (b). In Section 3, the ERI test was conducted 

along Lines E and F, over a span of 108 ft., and the results are presented in Figure 4.71 (a) and 

(b). The results for Sections 1 and 2 show high resistivity zones along the whole test span up to 

10 ft. depth. Wet soil zones are present below the deformed soil, up to 65 ft. depth. The higher 

resistivity shown by the ERI profiles for Section 3 is probably because the images were taken at 

a depth of 26 ft. and the wet zones are below that depth.  

 

Figure 4.68 Location of ERI Test Lines in Failed Slope 5 (Big Black River)  

 

 

(a) 

 

(b) 

Figure 4.69 ERI Test Results of Section 1 of Failed Slope 5: (a) Line A, (b) Line B 
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(a) 

 

(b) 

Figure 4.70 ERI Test Results of Section 2 of Failed Slope 5: (a) Line C, (b) Line D 

 

 

(a) 

 

(b) 

Figure 4.71 ERI Test Results of Failed Slope 5, Section 3: (a) Line E (b) Line F 

4.2.5.2 Drone 

A drone survey mission was conducted for failed Slope 5 (Big Black River Slope) in the 

Summer of 2021 at three locations designated as Sections 1, 2 and 3 in Figure 4.6872. The aerial 

imagery captured by the drone was processed using specialized image processing software. Aerial 

triangulation was performed with multiple tie points to stitch the images together and develop a 

digital elevation model (DEM), digital terrain models (DTM), and mosaics. DEM was imported 

into Civil 3D, and the surface was created using the kriging interpolation method. Alignment 

along the slope was created, and a surface profile view was generated. Figure 4.72 (a) and (b) 

show the 3D model of the slope and the surface profile views. 
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Figure 4.72 Drone Images of Failed Slope 5:  (a) Digital Elevation Model, (b) Surface 

Topography and Profile (Summer 2021) 

(

a) 

(

b) 
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4.2.5.3 LiDAR 

Terrestrial LiDAR scanning was performed at three locations designated as Sections 1, 2 

and 3 of Slope 5, as shown in Figure 4.6873. The laser scanner was placed at four or five stations 

in each section of the slope, and the overlapping point cloud data were collected. The point clouds 

were then post-processed on a computer and registered together to form a single point cloud. The 

combined point cloud was then georeferenced using field ground control points with known 

coordinates. The low surface points were extracted to create the bare ground point clouds, using 

a ground extraction algorithm. The bare ground point clouds for all seasons collected were 

imported into Civil 3D, and digital elevation model surfaces were generated using the kriging 

interpolation method. Topographic surface views were generated at 1 ft. major and 5 ft. minor 

contour intervals, then surface profile views were generated, using alignments. The topographic 

and surface profile views of Section 1 of the Big Black River Slope are presented in Figure 4.73.  

 

 

Figure 4.73 LiDAR Point Cloud Surface Topography and Profile of Section 1 of Big Black 

River 

The topographic and surface profile views of Section 2 and Section 3of the Big Black 

River Slope are presented in Figure 4.74 and Figure 4.75, respectively. 

 

Big Black River Section 1 
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Figure 4.74 LiDAR Point Cloud Surface Topography and Profile of Section 2 of Big Black 

River 

 

 

 

Figure 4.75  LiDAR Point Cloud Surface Topography and Profile of Section 3 of Big Black 

River Site  

Big Black River Section 2 

Big Black River Section 3 
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4.2.6 Failed Slope 6:  Metrocenter ERI Test Site 

4.2.6.1 ERI 

The ERI test for the Metrocenter test site was performed at lines A, B, C, and D, spanning 

270 feet between the crest and the toe of Slope 6 after it failed in the fall of 2021. The location of 

the slope and the test lines are presented in Figure 4.76. ERI results for all four lines are presented 

in Figure 4.77 (a -d). High resistivity is probably the cause of the surface deformation that exists 

at Lines A, B and C between the 10 ft. and 70 ft. horizontal distances. At lower depths, lower 

resistivity indicates that the soil is wet, probably because of rainfall infiltration.  ERI test results 

indicate surface deformation at the surficial level between the 10’ – 70 ‘horizontal distances.  

 

Figure 4.76 Location of Test Lines for Failed Slope 6 

4.2.6.2 Drone 

A drone survey mission was performed for failed Slope 6 in summer 2021 and fall/winter 

2022. The aerial imagery captured by the drone was processed using specialized image processing 

software. Aerial triangulation was performed with multiple tie points to stitch the images together 

and develop a digital elevation model (DEM), digital terrain model (DTM), and mosaics. DEM 

and orthomosaic digital image representations for different seasons are presented in Figure 4.78 

and Figure 4.79 

 DEMs were imported into Civil 3D, and the surface was created using the kriging 

interpolation method. Alignment along the slope was created, and a surface profile view was 

generated along Line A, shown in Figure 4.78 (a) and Figure 4.79 (a). The summer 2021 and 

fall/winter 2022 DEM and orthomosaic 3D models are presented in Figure 4.78(a), Figure 4.79(a) 

and Figure 4.79 (b), respectively. The topographic contour views and surface profile views along 
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Line A for summer 2021 and fall/winter 2022 are presented in Figure 4.78 (b) and Figure 4.79 

(c), respectively. 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4.77 ERI Test Results for Failed Slope 6: (a) Line A, (b) Line B, (c) Line C, (d) Line D 

4.2.6.3 LiDAR 

Terrestrial LiDAR scanning data was collected in the summer of 2021 after the slope 

failed and then again in the fall of 2022 after it was stabilized. Laser scanning was performed at 

several stations, and the overlapping point cloud data were collected, processed, and registered 

together to form a single point cloud. The combined point cloud was then georeferenced using 

field ground control points with known coordinates. Using a ground extraction algorithm, low 

surface points were extracted to create the bare ground point clouds. The bare ground point clouds 

for all seasons collected were imported into Civil 3D, and digital elevation model surfaces were 

generated using the kriging interpolation method. Topographic surface views were then generated 

at 1 ft. major and 5 ft. minor contour intervals for summer 2021 and fall 2022 and are presented 

in Figure 4.80 (a) and (b), respectively. 
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Figure 4.78 Drone Images for Failed Slope 6: (a) Digital Elevation Model, (b) Surface 

Topography and Profile (Summer 2021) 

(a) 

(b) 
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Figure 4.79 (Continued) 

 

(

a) 

(
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Figure 4.79 Drone Images for Failed Slope 6: (a) DEM, (b) 3D Model View, (c) Surface 

Topography and Profile (Fall/Winter 2022) 

The surfaces from the two seasons were overlaid, and alignments were created along the 

slope. Stacked surface profiles were created using the alignments along Sections A-A’ and are 

presented in Figure 4.80 (c). The rugged slope profile of summer 2021 is indicative of the terrain 

after the failure of the slope, which is unlike the smooth profile captured in fall 2022. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scale: 1” = 100’ 
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c) 
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Figure 4.80 (Continued) 

 

Summer 2021 

(

a) 
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Figure 4.80 LiDAR Point Cloud Surface Topography of Failed Slope 6: (a) Summer 2021, (b) 

Fall 2021, (c) Overlayed Surface Profile 

4.2.7 Failed Slope 7:  US 49 South Slope 

4.2.7.1 ERI 

The ERI test for failed Slope 7 was conducted along three lines: Lines A & B, which 

spanned 270 feet at the crest and middle, and Line C, which spanned approximately 82 ft. at the 

toe of the slope. The location of the slope and test lines are presented in Figure 4.81. The ERI 

results for Lines A & B for summer 2021 are presented in Figure 4.82 (a), (b) and (c). The ERI 

results indicated that from the surface of the crest up to a depth of 15 ft., there are high resistivity 

layers that indicate loose soil with air voids. Low resistivity areas exist below the loose soil, 

Fall 2022 

(

b) 

(

c) 
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indicating wet soil along the entire span, likely caused by rainfall infiltration. Line B in the middle 

of the slope has lower resistivity than the crest. The soil at Line C is wetter from the surficial 

levels to the surveyed depth of 13 ft. 

 

 

Figure 4.81 Location of ERT Test Lines for Failed Slope 7 
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(a) 

 

(b) 

 

(c) 

Figure 4.82 ERI Test Results of Failed Slope 7: (a) Line A, (b) Line B, (c) Line C 

4.2.7.2 Drone 

A drone survey mission in summer 2021 captured aerial imagery that was processed using 

specialized image processing software. Aerial triangulation was performed with multiple tie 

points to stitch the images together and develop a digital elevation model (DEM), digital terrain 

model (DTM), and mosaics. DEM and orthomosaic digital image representations of the failed 

slope are presented in Figure 4.83. The elevations along line A were extracted, and the profile 

shown in Figure 4.83 was created manually. 
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Figure 4.83  Drone images of Failed Slope 7 (Summer 2021) 

4.2.8 Failed Slope 8:  178 Union Slide 

4.2.8.1 ERI 

ERI tests were performed along three lines, Lines A, B & C, for failed Slope 8, all 

spanning 378 feet. The location of the slope and the test lines are presented in Figure 4.84. The 

results for Lines A, B & C are presented in Figure 4.865 (a), (b) and (c). The results showed the 

presence of high resistivity layers, indicating loose soil with air voids, from the surface of the 

crest (Line A) down to 6 ft. and also below 47 ft. Low resistivity areas are below the loose soil, 

indicating wet soil along the entire span, likely caused by rainfall infiltration. 
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Figure 4.84 Location of ERI Test Lines in Failed Slope 8 

 

 

(a) 

 

(b) 

 

(c) 

Figure 4.85 Results of ERI Test Results for  Failed Slope 8: (a) Line A, (b) Line B, (c) Line C 
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4.2.9 Failed Slope 9:  Dogwood  

4.2.9.1 ERI 

ERI tests were performed along three lines, A, B & C, of failed Slope 9, each spanning 

378 feet. The locations of the slope and ERI test lines are presented in Figure 4.86. ERI results 

for Lines A, B & C are presented in Figure 4.87 (a), (b) and (c). The results showed that high 

resistivity layers exist up to a depth of 20 ft. at the crest line (Line A), between a horizontal 

distance of 40 and 65 ft., indicating deformed soil. Low resistivity areas are directly below the 

loose soil, indicating perched water conditions from rainfall infiltration. Lines B & C, shown in 

Figure 4.87 (b) and (c) indicate a similar pattern but to a lesser degree than that in Line A. 

 

Figure 4.86 Location of ERI Test Lines in Failed Slope 9 

 

(a) 

(b) 

 

(c) 

Figure 4.87 ERI Test Results for Failed Slope 9 -Dogwood Slope:  (a) Line A, (b) Line B, 

(c) Line C 
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4.2.9.2 Drone 

A drone survey mission was conducted in the summer of 2021 of the failed Flowood 

Dogwood Slope (Slope 9), and the aerial imagery captured by the drone was processed using 

specialized image processing software. Aerial triangulation was performed with multiple tie 

points to stitch the images together and develop a digital elevation model (DEM), digital terrain 

model (DTM), and mosaics. The DEM and orthomosaic digital image representations are 

presented in Figure 4.88. The elevations from the DEM along Line A were extracted, and a profile 

was created manually, as shown in Figure 4.88. 

 

Figure 4.88 Drone Images of Failed Slope 9 (Summer 2021) 

4.2.9.3 LiDAR 

Terrestrial LiDAR scanning data was collected in the summer of 2021. Laser scanning 

was performed at several stations, and the overlapping point cloud data were collected. The point 

clouds were then post-processed on a computer and registered together to form a single point 

cloud. Using a ground extraction algorithm, low surface points were extracted to create the bare 

ground point clouds, which were processed  in Civil 3D. The topographic surface view was 

generated at 1 ft. major and 5 ft. minor contour intervals, then a surface profile view was 

generated, using alignments. The topographic contour view is presented in Figure 4.89(a).  The 

surface profile view along section A-A’ is presented in Figure 4.89 (b). 
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Figure 4.89 LiDAR Point Cloud Surface of Failed Slope 9: (a)Topography and (b) Profile View 

4.2.10 Failed Slope 10: US 49 North Slope Profile Summer 2021 

4.2.11.1 ERI 

ERI tests were conducted for failed Slope 10 along three lines, A, B & C, each spanning 

486 feet, with electrodes spaced at intervals of 9 ft.  The location of the slope and the test lines 

are presented in Figure 4.90. The results for Lines A, B & C are presented in Figure 4.91 (a), (b) 

and (c). The results revealed high resistivity layers at all three lines up to approximately 25 ft. 

depth, indicating deformed soil. Low resistivity areas exist directly below the loose soil, 

indicating perched water conditions caused by rainfall infiltration.  

(

b) 

(

a) 
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Figure 4.90 Location of ERI Test Lines in Failed Slope 10 

 

 

(a) 

 

(b) 

 

(c) 

Figure 4.91 ERI Test Results for Failed Slope 10: (a) Line A, (b) Line B, (c) Line C 

4.2.10.1 Drone 

A drone survey mission in summer 2021 captured aerial imagery that was processed using 

specialized image processing software. Aerial triangulation was performed with multiple tie 

points to stitch the images together and develop a digital elevation model (DEM), digital terrain 

model (DTM), and mosaics. The DEM and orthomosaic digital image representations are 
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presented in Figure 4.92. The elevations were extracted from the DEM along Line A, and a profile 

was created manually, as shown in Figure 4.92. 

 

Figure 4.92 Drone Images of Failed Slope 10 (Summer 2021) 

4.2.10.2 LiDAR 

Terrestrial LiDAR scanning data was collected in the summer of 2021 for failed Slope 10. 

Laser scanning was performed at several stations, and the overlapping point cloud data were 

collected, post-processed on a computer, and registered together to form a single point cloud. 

Using a ground extraction algorithm, low surface points were extracted to create the bare ground 

point clouds, which were processed  in Civil 3D. The topographic surface view was generated at 

1 ft. major and 5 ft. minor contour intervals, then  a surface profile view was generated, using 

alignment. The slope’s topographic contour view and surface profile view along section A-A’ are 

presented in Figure 4.93. 
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Figure 4.93 LiDAR Point Cloud Surface Topography and Profile View of Failed Slope 10 

4.2.11 Failed Slope 12:  Big Black River I20 Eastbound Slope 

4.2.11.1 ERI 

ERI tests for failed Slope 12 were performed along the A and B lines that span 

approximately 220 ft. and are equipped with electrodes spaced at 5 ft. intervals. The location of 

the slope and test lines are presented in Figure 4.94. The ERI results for Lines A & B are presented 

in Figure 4.95 (a) & (b) and show that high resistivity layers are present up to  approximately 8 

ft. depth, indicating deformed soil. Low resistivity areas exist directly below the loose soil, 

indicating perched water conditions from rainfall infiltration.  

 

A’ 

A 
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Figure 4.94 ERI Test Lines in Failed Slope 12 

 

 

(a) 

 

(b) 

Figure 4.95 ERI Results of Failed Slope 12: (a) Line A (b) Line B 

4.2.11.2 Drone 

A drone survey mission was conducted for failed Slope 12 in the summer of 2021, and the 

aerial imagery captured was processed using specialized image processing software. Aerial 

triangulation was performed with multiple tie points to stitch the images together and develop a 

digital elevation model (DEM), digital terrain model (DTM), and mosaics. The DEM and 

orthomosaic digital image representations are presented in Figure 4.96 (a). The DEMs were 

imported into Civil 3D, and the surface was created using the kriging interpolation method. 

Alignment was created along the slope, and a surface profile view was generated along Line A, 
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as shown in Figure 4.96 (a). The topographic contour views and surface profile view along line 

A for summer 2021 are presented in Figure 4.96 (b). 

 

 

Figure 4.96 Drone Images of Failed Slope 12 Captured in Summer 2021: (a) Digital Elevation 

Model, (b) Surface Topography and Profile 

4.2.12 Failed Slope 13:  US 51 South near Gallatin St. 

The Gallatin St. slope was an active construction site at the time of reconnaissance, so it 

was only accessible by a drone. The drone imagery processing results are presented in 4.2.12.1. 

(

a) 

(

b) 
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4.2.12.1 Drone 

A drone survey mission was conducted for Slope 13 in the fall of 2021, after its failure. 

The captured aerial imagery was processed using specialized image processing software. Aerial 

triangulation was performed with multiple tie points to stitch the images together and develop 

digital elevation models (DEMs), digital terrain models (DTMs), and mosaics. The DEM and 

orthomosaic digital image representations are presented in Figure 4.97 (a). The DEM was 

imported into Civil 3D, and the surface was created using the kriging interpolation method. 

Alignment along the slope was created, and a surface profile view was generated along Section 

A), identified in Figure 4.97(a). The topographic contour views and surface profile view along 

Section A for fall 2021 are presented in Figure 4.97 (b). 

 

Figure 4.97 (Continued) 

 

(

a) 



 

 

153 

 

Figure 4.97 Drone Images of Failed Slope 13: (a) Digital Elevation Model, (b) Surface 

Topography (Summer 2021) 

4.2.13 Failed Slope 14:  US 49 Slope in Simpson County (Vetiver Site). 

4.2.13.1 ERI 

ERI tests were conducted for failed Slope 14 across two lines, A & B, spanning 320 ft. 

and equipped with electrodes spaced at 5 ft. intervals. The location of the slope and test lines are 

presented in Figure 4.98. The ERI results are presented in Figure 4.99 (a) and (b). 

 

(

b) 
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Figure 4.98 Location of ERI Test Lines in Failed Slope 14 

 

 

(a) 

 

(b) 

Figure 4.99  ERI Test Results of Failed Slope 14:  (a) Line A (b) Line B 

4.2.13.2 Drone 

Drone survey missions were conducted over failed Slope 14 in spring 2022 and fall 2022, 

and the aerial imagery captured was processed using specialized image processing software. 

Aerial triangulation was performed with multiple tie points to stitch the images together and 

develop digital elevation model (DEMs), digital terrain models (DTMs), and mosaics. The DEM 

and orthomosaic digital image representations are presented in Figure 4.100 (a) & Figure 4.101 

(a).  

The DEMs were imported into Civil 3D, and surfaces were created using the kriging 

interpolation method. Alignments along the slope were created, and surface profile views were 

generated along the slope. The topographic contour views and surface profile views for spring 

2022 and fall 2022 are presented in Figure 4.100 (b) & Figure 4.101 (b) respectively. The 3D 
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model representation of the slope and surface profile views for spring 2022 and fall 2022  are 

presented in Figure 4.100 (c) and Figure 4.101 (c) respectively. 

 

  

Figure 4.100 (Continued) 

 

(

a) 

(

b) 
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Figure 4.100 Drone Images of Failed Slope 14: (a) Digital Elevation Model, (b) Surface 

Topography & Profiles, (c) 3D Model & Surface Profile (Spring 2022) 

 

(

c) 
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Figure 4.101 (Continued) 

 

(

a) 

(

b) 
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Figure 4.101 Drone Images of Failed Slope 14: (a) Digital Elevation Model, (b) Surface 

Topography & Profiles, (c) 3D Model & Surface Profile (Fall 2022) 

4.2.13.3 LiDAR: 

Terrestrial LiDAR scanning data was collected after the failure of Slope 14 in spring 2022 

and then again in Fall 2022 after the slope was stabilized with vetiver grass. Laser scanning was 

performed at several stations, and the overlapping point cloud data were collected, then post-

processed and registered together to form a single point cloud, which was then georeferenced 

using field ground control points with known coordinates. Using a ground extraction algorithm, 

low surface points were extracted to create the bare ground point clouds. The bare ground point 

clouds for all seasons collected were imported into Civil 3D, and digital elevation model surfaces 

were generated using the kriging interpolation method. Topographic surface views were 

generated at 1 ft. major and 5 ft. minor contour intervals for spring 2022 and fall 2022 and are 

presented in Figure 4.102 (a) and (b), respectively. The surfaces from the two seasons were 

overlaid, and alignments were created along the slope. Stacked surface profiles were then created 

using the alignments along Sections A-A’ and B-B’ and are presented in Figure 4.103 (a) & (b).  

 

(

c) 
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Figure 4.102 LiDAR Point Cloud Surface Topography for Failed Slope 14: (a) Fall 2021, (b) 

Fall 2022 

Spring 2022 

Fall 2022 

(

a) 

(

b) 
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Figure 4.103 LiDAR Point Cloud Overlayed Surface Profiles for Failed Slope 14: (a) Profile 

Section A-A’, (b) Profile Section B-B’ 

4.2.14 Failed Slope 15:  Slope Along US 27 

4.2.14.1 Drone 

A drone survey mission was conducted over failed Slope 15  in the fall of 2021, and the 

captured aerial imagery was processed using specialized image processing software. Aerial 

triangulation was performed with multiple tie points to stitch the images together and develop a 

digital elevation model (DEM), digital terrain models (DTMs), and mosaics. The DEM and 

orthomosaic digital image representations are presented in Figure 4.104 (a). The DEM was 

imported into Civil 3D, and the surface was created using the kriging interpolation method. 

Alignment along the slope was created, and a surface profile view was generated along Section 

A. The topographic contour and surface profile for fall 2021 are presented in Figure 4.104 (b). 

(

a) 

(

b) 
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Figure 4.104 Drone Images of Failed Slope 15: (a) Digital Elevation Model (b) Surface 

Topography and Profile (Fall 2021) 

(

a) 

(

b) 
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4.2.14.2  LiDAR 

Terrestrial LiDAR scanning data was collected of failed Slope 15 in the fall of 2021. Laser 

scanning was performed at several stations, and the overlapping point cloud data were collected, 

then post-processed on a computer and registered together to form a single point cloud. Using a 

ground extraction algorithm, the low surface points were extracted to create the bare ground point 

cloud, which was processed in Civil 3D. The topographic surface view was generated at 1 ft. 

major and 5 ft. minor contour intervals, then a surface profile view was generated, using 

alignment. The slope’s topographic contour view and surface profile view along section A-A’ are 

presented in Figure 4.105 

 

Figure 4.105 LiDAR Point Cloud Surface Topography and Profile View for Failed Slope 15 

(Fall 2021) 
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4.2.15 Failed Slope 17:  I-20 EB Approx 1 Mile E of SR 481 at Forrest Near MP 89 Along 

Mainline Inside Slope  

4.2.15.1 ERI 

ERI tests were conducted along two lines, A & B, of failed Slope 17, spanning 

approximately 270 ft. and having electrodes paced at 5 ft. intervals. The slope of the location and 

the ERI test lines are presented in Figure 4.106. The results, presented in Figure 4.107 (and)  (b), 

show the presence of  high resistivity layers up to approximately 15 ft. depth at Line A, between 

30 ft. and 230 ft. horizontal distance, indicating deformed soil. Low resistivity areas are directly 

below the loose soil, indicating perched water conditions from rainfall infiltration. Line B has a 

similar ERI pattern but has lower resistivity. 

 

Figure 4.106 ERI Test Lines at Failed Slope 17 

 

 

(a) 

 

(b) 

Figure 4.107 ERI Test Results of Failed Slope 17: (a) Line A (b) Line B 
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4.2.15.2 Drone 

Drone survey missions were carried out over failed Slope 17 in fall 2021 and fall/winter 

2022, and the captured  aerial imagery was processed using specialized image processing 

software. Aerial triangulation was performed with multiple tie points to stitch the images together 

and develop a digital elevation model (DEM), digital terrain model (DTM), and mosaics. The 

DEM and orthomosaic digital image representations for Fall 2021 and Fall/Winter 2022 are 

presented in Figure 4.108 (a) & Figure 4.109 (a). DEMs were imported into Civil 3D, and surfaces 

were created using the kriging interpolation method. Alignments along the slope were created, 

and surface profile views were generated along the slope. The topographic contour views and 

surface profile views for Fall 2021 and Fall/Winter 2022 are presented in Figure 4.108 (b) and 

Figure 4.109(b). The 3D model representation of the slope and surface profile views for Fall 2021 

and Fall/Winter 2022  are presented in Figures Figure 4.108 (c) and Figure 4.109 (c). 

 

Figure 4.108 (Continued) 

 

 

(

a) 
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Figure 4.108 Drone Images of Failed Slope 17 from Fall 2021: (a) Digital Elevation Model and 

(b) Surface Topography and Profile 

 

(

b) 
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Figure 4.109 (Continued) 

(

a) 

(

b) 
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Figure 4.109 Drone Images of Failed Slope 17: (a) Digital Elevation Model, (b) Surface 

Topography, (c) 3D Model & Surface Profile (Fall 2022) 

4.2.15.3 LiDAR 

Terrestrial LiDAR scanning data was collected for failed Slope 17 in fall 2021 and fall 

2022. Laser scanning was performed at several stations, and the overlapping point cloud data 

were collected, then post-processed on a computer and registered together to form a single point 

cloud. The ground control points weren’t available for the data collected in fall 2021, so the point 

cloud wasn’t georeferenced; however, the point cloud for fall 2022 was georeferenced using field 

ground control points with known coordinates. Using a ground extraction algorithm, the low 

surface points were extracted to create the bare ground point clouds for both seasons, which were  

imported into Civil 3D, and digital elevation model surfaces were generated using the kriging 

interpolation method. Topographic surface views for Fall 2021 and Fall/Winter 2022 were 

generated at 1 ft. major and 5 ft. minor contour intervals and are presented in Figure 4.110 (a) and 

Figure 4.111 (a), respectively. Surface profile views for Fall 2021 and Fall/Winter 2022  were 

generated using alignments and are presented in Figure 4.110 (b) and Figure 4.111 (b) 

 

(

c) 
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Figure 4.110 LiDAR Point Cloud Surface for Failed Slope 17: (a)Topography, (b) Surface 

Profile (Fall 2021) 

 

Fall 2021 

(

b) 

(

a) 
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Figure 4.111 LiDAR Point Cloud Surface of Failed Slope 17: (a) Topography, (b) Surface 

Profile View (Fall 2022) 

 

4.2.16 Failed Slope 18:  I-55 NB Exit Ramp at Wynndale Rd Interchange Along Outside 

Backslope 

4.2.16.1 ERI 

ERI tests were conducted at failed Slope 18, along Lines A and B spanning approximately 

275 ft. and equipped with electrodes spaced at 5 ft. The locations of the slope and test lines are 

presented in Figure 4.112. The test results are presented in Figure 4.113(a) and (b). The slope is 

deformed at the surficial level, and there are low resistivity zones at Line A, at shallow  depths 

up to approximately 12 ft., indicating infiltration of water due to surficial soil deformation. High 

Fall 2022 

(

a) 

(

b) 
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resistivity layers are present between 155 ft. and 185 ft. horizontal distances, at a depth of 15 ft. 

to 40 ft.. 

 

Figure 4.112 Location of ERI Test Lines in Failed Slope 18 

 

 

(a) 

 

(b) 

Figure 4.113 ERI Test Results of Failed Slope 18: (a) Line A and (b) Line B 

4.2.16.2 Drone 

A drone survey mission was carried out over failed Slope 18 in fall/winter 2022, and the 

aerial imagery captured was processed using specialized image processing software. Aerial 

triangulation was performed with multiple tie points to stitch the images together and develop a 

digital elevation model (DEM), digital terrain models (DTMs), and mosaics. The DEM and 

orthomosaic digital image representations are presented in Figure 4.114 (a). The DEM was 

imported into Civil 3D, and the surface was created using the kriging interpolation method. 

Alignment was created and a surface profile view was generated along the slope (section A). The 

topographic contour is presented in Figure 4.114 (b). The 3D model representation created from 

the drone imagery, along with the surface profile view, is presented in Figure 4.114(c). 
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Figure 4.114 (Continued) 

 

(

a) 

(

b) 
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Figure 4.114 Drone Images of Failed Slope 18: (a) Digital Elevation Model, (b) Surface 

Topography, and (c) 3D Model and Surface Profile (Fall 2022) 

4.2.16.3 LiDAR 

Terrestrial LiDAR scanning was performed at several stations in fall/winter 2022, and  

overlapping point cloud data were collected, then post-processed on a computer and registered 

together to form a single point cloud. Using a ground extraction algorithm, low surface points 

were extracted to create the bare ground point clouds, which were processed in Civil 3D. The 

topographic surface view was generated at 1 ft. major and 5 ft. minor contour intervals, then a 

surface profile was generated, using the  alignment. The slope’s topographic contour view is 

presented in Figure 4.115 (a), and surface profile views along sections A-A’ and B-B’ are 

presented in Figure 4.115 (b) and (c). 

(

c) 
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Figure 4.115 LiDAR Point Cloud Surface Topography of Failed Slope 18: (a) Surface 

Topography, (b) Surface Profile Section A-A’,  (b) Surface Profile Section B-B’ (Fall 2022) 

Fall 2022 

(

a) 

(

b) 

(

c) 
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4.2.17 Failed Slope 19:  Mannsdale Rd HW 463 NB (Madison Site) 

4.2.17.1 ERI 

ERI tests were conducted for failed Slope 19 along lines A and B that spanned 440 ft. and 

were equipped with electrodes spaced at 8 ft. intervals. The location of the slope and test lines are 

presented in Figure 4.116. ERI results for Lines A & B are presented in Figure 4.117 (a) and (b). 

Patches of low resistivity zones exist at both lines, across the entire horizontal span of the ERI 

profile, as the slope and road have suffered extensive settlement over the years due to the 

condition of the soil. 

 

Figure 4.116 Location of ERI Test Lines in Failed Slope 19 

 

(a) 

 

(b) 

Figure 4.117 ERI Test Results of Failed Slope 19: (a) Line A and (b) Line B 

4.2.17.2 Drone 

A survey mission was carried out by drone over failed slope 19 in spring 2022, and the aerial 

imagery captured was processed using specialized image processing software. Aerial 

triangulation was performed with multiple tie points to stitch the images together and develop a 

digital elevation model (DEM), digital terrain models (DTMs), and mosaics. The DEM was 
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imported into Civil 3D, and the surface was created using the kriging interpolation method. 

Alignment was created along the slope, and a surface profile view was generated along Section 

A of the slope. The DEM and orthomosaic digital images and the surface profile view are 

presented in Figure 4.118. 

 

Figure 4.118 Drone Images of the DEM and Surface Profile of Failed Slope 19 (Spring 2022)  

4.2.17.3 LiDAR 

   Terrestrial LiDAR scanning was performed at several stations in fall 2021 and spring 2022, 

and the overlapping point cloud data were collected, then post-processed and registered together 

to form a single point cloud. The combined point clouds for both seasons were georeferenced 

using field ground control points with known coordinates. Using a ground extraction algorithm, 

the low surface points were extracted to create the bare ground point clouds. The bare ground 

point clouds were imported into Civil 3D, and the digital elevation model surfaces were generated 

using the kriging interpolation method. Topographic surface views were generated at 1 ft. major 

and 5 ft. minor contour intervals and are presented in Figure 4.119 (a) and (b), respectively. The 

surfaces from the two seasons were overlaid, and alignments were created along the slope. 

Stacked surface profiles were then created using the alignments along Section A-A,’ which is 

presented in Figure 4.120. 
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Figure 4.119 LiDAR Point Cloud Surface Topography for Failed Slope 19: (a) Fall 2021 and 

(b) Spring 2022 

Fall 2021 

Spring 2022 

(

a) 

(

b) 
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Figure 4.120 LiDAR Point Cloud Overlaid Surface Profiles for Failed Slope 19 

4.2.18 Failed Slope 20:  Mannsdale Rd HW 463 SB (Madison Site) 

4.2.18.1 ERI 

ERI tests were performed along Lines A and B of failed slope 20 that spanned 495 ft. and 

were equipped with electrodes spaced at 9 ft. intervals. The locations of the slope and ERI test 

lines are presented in Figure 4.121. The ERI results are presented in Figure 4.122 (a) and (b). 

Patches of high resistivity exist along both lines in the shallow depths, indicating loose or 

deformed soil. Low resistivity areas exist directly below the loose soil, from 15 to 30 ft. depths, 

indicating perched water conditions from rainfall infiltration. 

 

 

Figure 4.121:  ERI Test Lines at Failed Slope 20 
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(a) 

 

(b) 

Figure 4.122 ERI Test Results of Failed Slope 20: (a) Line A and (b) Line B 

4.2.18.2 Drone 

A survey mission was carried out by a drone over failed Slope 20 in spring 2022, and the 

aerial imagery captured was processed using specialized 0 

 

Figure 4.123 Drone Images of DEM for Failed Slope 20 (Spring 2022) 
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CHAPTER 5 APPLICATION OF ADVANCED LANDSLIDE 

MONITORING METHODS 

5.1 Introduction 

This study monitored instrumented slopes and failed slopes using multiple advanced 

techniques such as instrumentation, electrical resistivity imaging (ERI), drones, and LiDAR. The 

collected data was analyzed using advanced tools and software for advanced site characterization 

and to understand the slope’s behavior over time. Examples of slope monitoring applications are 

provided in this chapter. 

5.1.1 Instrumentation 

Six highway slopes in the Jackson, MS  area, were instrumented with sensors to monitor 

various soil parameters. The soil parameters include soil moisture content, matric suction, soil 

temperature, air temperature, and rainfall intensity. Industrial-grade sensors such as GS-1 

moisture sensors, Meter Teros 21 soil water potential sensors, ECRN-50 tipping bucket rain 

gauges, EM50 data loggers, and RT-1 air temperature sensors were installed at each slope. 

Additionally, two 30 ft. long inclinometer casing pipes were installed at each slope to track and 

assess slope movement along the grade. The sensors were connected to data loggers through 

cables of approximately 150 ft. in length, enabling the collection of continuous and real-time 

measurements. Data loggers were programmed to gather readings from the various sensors 

hourly, providing valuable information about moisture levels, temperature, and rainfall intensity.  

5.1.2 Electrical Resistivity Imaging (ERI) 

ERI surveys enable the creation of subsurface resistivity profiles, which offer insights 

into an area's geological composition and moisture distribution. The collected resistivity data 

from the field investigation, obtained through AGI's Super-Sting R8/IP equipment, was 

processed using EarthImager-2D software. This software facilitated the construction of an initial 

model based on the resistivity information. Then the software performed ERI inversion to 

transform the field data into color-coded 2D image profiles. The observed voltage and current 

measurements were used to rebuild the subsurface resistivity distribution during the ERI 

inversion process. 

5.1.3 LiDAR 

In this study, 3D laser scanning was performed using Trimble X7 terrestrial LiDAR 

equipment. Dense point cloud data were acquired from an embankment that had previously 

experienced extreme surficial deformations and failure. Topographical surfaces were developed 

using the dense point cloud data, and the bare ground was extracted. Temporally spaced surface 

profiles of the failed and undamaged areas of the slopes were created for comparative analysis, 

and the surface profiles were matched against the resistivity imaging profiles collected during the 

same time period. 

This study utilized Trimble X7 terrestrial LiDAR equipment for 3D laser scanning of a 

previously failed embankment. Dense point cloud data was acquired and used to develop 

topographical surfaces, followed by the extraction of bare ground. The comparative analysis 
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involved creating surface profiles of both the failed and undamaged areas of the slopes, which 

were then matched with resistivity imaging profiles collected concurrently. 

5.1.4 UAV 

Aerial imagery for this study was captured using the DJI Matrice 200 Professional 

Quadcopter, referred to as a drone or UAV. Weighing 9.986 lb., including the camera payload, 

and with an endurance of approximately 24 minutes, the UAV features an integrated 3-axis 

gimbal system to stabilize the camera during flight. This minimizes vibration-induced blur in the 

aerial images. The gimbal allows for a pitch range of -90° (nadir) to +30°, adjustable in-flight 

using the DJI GO and COPTERUS mobile application. Aerial images were captured in daylight 

using the UAV-mounted FLIR's Zenmuse XT2 payload unit featuring a 1/1.7" CMOS 12.4 

megapixel camera. The UAV was operated both manually and automatically by a remote FAA-

licensed small unmanned aerial system (sUAS) pilot. UAV flights were carried out at elevations 

ranging from approximately 100 ft. to 300 ft. over the areas of interest. The airborne photography 

was completed at each slope site location (shown in Figure 5.1) in approximately 10 to 20 

minutes. 

5.2 ERI, LiDAR and UAV for Site Characterization 

5.2.1 Site Description & Methodology 

Data collected from UAV, LiDAR, and ERI investigations for the four slopes in central 

Mississippi listed below were used to evaluate their current conditions. The methodology 

schematic is presented in Figure 5.2 

 

• Highway Slope at I220S exit 1B Ramp  

• Highway Slope at I20E near Exit 100 

• Highway Slope at US 49S toward Jackson 

• Highway Slope at SR 25S/43 Interchange 

5.2.2 Data Collection 

Resistivity data at the slope sites were collected using multiple ERI survey lines with 56 

electrodes configured in a dipole-dipole array on each slope. The collected data were processed 

through EarthImager software to obtain resistivity image profiles. 
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Figure 5.1 Sites Selected for Comparing Results of Geophysical and Remote Sensing 

Investigations 
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Figure 5.2 Schematic of Methodology (Nobahar et al., 2023) 

 

UAV Field Test Data Collection: Aerial images were obtained from a DJI Matrice 200 

Professional Quadcopter (UAV or drone). The drone imagery was processed by specialized image 

processing software, and a DEM and DSMs were created using well-established photogrammetry 

procedures.  

LiDAR: Trimble X7 terrestrial LiDAR scanner was deployed at five stations on the slope 

for surveying, and point cloud data was collected during the scanning process. Additionally, 10 

spherical targets were positioned 4 ft. above the ground around the slope to assist with the 

registration of the point cloud data obtained from each station. 

5.2.3 Data Analysis & Results 

5.2.3.1 Slope along Metrocenter, I220S Exit 1B Ramp to US 80W 

The failed slope was investigated by conducting ERI testing, LiDAR, and drone surveys. 

ERI Results 

The results of the ERI analysis for embankment lines A, B, C, and D at the Metrocenter 

site indicate the presence of multiple low-resistivity areas within the embankment. (See Figure 

5.3.) The ERI profiles show areas characterized by low resistivity in blue. These regions exhibit 

resistivity values ranging from 2 to 6 Ohm-m. The presence of low resistivity indicates a high 

degree of soil saturation and the presence of water accumulation zones, known as perched water 

zones, within the embankment. Areas with high resistivities, indicated by yellow and red colors, 

are relative, depending on the nature of the soil. High resistivity areas are denoted by deformed 

and loosely packed soil that tends to have larger air voids. The extent of a failed area can be 
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identified based on high resistivity areas (red-colored zones) and by the sag in the ERI profile, as 

seen in Figure 5.3. 

 

Figure 5.3 ERI Test Results of Line A, B, C & D for Slope along I220N and I55 N Interchange 

Drone Results 

After collecting the data, the images were processed using specialized software, and 

digital elevation models (DEM) were created, using the principles of photogrammetry. The DEMs 

were further classified into digital surface models (DSMs) and digital terrain models (DTMs). 

DSMs capture the elevation of all objects such as vegetation; DTMs eliminate all artificial and 

natural features and retain only the natural surface of the earth. DTMs provide more precise 

information about elevation changes than DSMs, as they capture both natural and artificial 

features of the slope failure and provide more detailed information about the soil profile 

settlement. The elevation changes were calculated by measuring the slope of each pixel. The 

DTM, DSM, and 3D output data created using the results of UAV surveying are presented in 

Figure 5.4 and help clearly identify the characteristics of the slope failure. The failure area can be 

clearly delineated from the drone DSM, and the area of soil that moved was estimated as 10522 

sq. ft.; the volume of soil that moved was estimated as 4550 cu. ft. 
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(a) 

 

(b) 

 

(c) 
 

(d) 

Figure 5.4 ERI Test Site for Slope at Metrocenter (I220S Exit 1B Ramp Toward US80): (a) 

UAV Orthomosiac Image, (b) UAV DSM, (c) UAV 3D DSM, (d) UAV DTM, (e) UAV 

Surface Profile 

LiDAR Results 

 The point cloud data collected during the summer of 2021 and the fall/winter of 2022 

were processed and analyzed following the workflow described in Section 5.1.3. The resulting 

surface profiles, obtained at different time intervals, are shown in Figure 5.5. The point clouds 

from both seasons were registered independently. The temporally spaced point clouds were 

georeferenced and stacked on each other to compare them and detect any changes that occurred. 

The slope surface profiles for different seasons were extracted from the same locations on both 

point clouds. Comparing the pre-failure profile with the post-repair surface profile revealed 

crucial information. From Figure 5.5(c), it is evident that the crest of the slope is 2 ft. higher than 

the collapsed part of the slope. Near the middle of the slope, the elevation had to be raised 3 ft. 

from the failed level. At the toe of the slope, the excess dirt had to be removed, and as a result, 

the repaired slope at toe was about 1.5 ft. lower than that of the collapsed slope. 
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(a) 

 
(b) 

 

Figure 5.5 ERI Test Site for Slope at Metrocenter (I220S Exit 1B Ramp Toward US80): (a) 

LiDAR Surface Topography Summer 2021, (b) LiDAR Surface Topography Fall/Winter 2022, 

(c) LiDAR Stacked Surface Profiles 

Evaluation 

Analysis of LiDAR-captured point cloud data and drone DEM showed variations in the 

surface profile settlement. The LiDAR output was far more detailed regarding surface variations, 

but the drone imagery provided excellent visualization, as seen in the DSM and DTM presented 

in Figure 5.4. The results of the UAV surveying analysis helped identify the characteristics of 

slope failure. The ERI analysis of embankment lines A, B, C, and D at the Metrocenter site 

showed the presence of multiple low resistivity areas within the subsurface embankment, which 

suggests a high level of soil saturation and the existence of water accumulation zones. These 

perched water zones may have caused the eradication of suction over time in the surficial level 

and resulted in slide failure. The ERI image profile also confirmed the depth of the slip surface, 

which was highlighted by areas of high resistivity due to the presence of loose soil with air voids.  

c) 
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5.2.3.2 Slope along I20E Before Exit 100 

ERI Results 

The ERI analysis of Lines A & B of the failed slope along I20 near exit 100 is presented 

in Figure 5.6. Several low resistivity areas are located at different points along the embankment 

profile, suggesting soil saturation and water accumulation (perched water zones) within the 

embankment. For example, the dark blue area between 90 ft. and 150 ft. on the ERI profile along 

line A, which has the lowest resistivity value  (less than 3 Ohm-m at a depth of 34 ft.), suggests a 

high potential for soil movement due to high soil saturation. 

 

Figure 5.6 ERI Test Results for Lines A & B for Slope along I20E Before Exit 100 

Drone Results 

The failed slope near Exit 100 on I20 EB was analyzed using imagery captured by the 

drone. The aerial imagery was processed, the DEM, DSM, and 3D output data were generated, 

and the surface failure profile was extracted using the DEM model, as shown in Figure 5.7. The 

profile reveals that the soil has settled 5.14 ft. at 10 ft. from the crest of the embankment and  5.56 

ft. at the toe of the embankment. By using DEM, it is possible to create a detailed map of the 

failure area, accurately define the failure's boundaries, and measure the area of the soil that has 

moved (15,801.73 sq. ft.) and the amount of dirt that has been displaced (33,270.30 cubic ft.). 
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Figure 5.7 Slope at I20 EB Exit 100: (a) UAV Orthomosiac Image, (b) UAV DSM, (c) UAV 

3D Model, (d) UAV DEM, (e) UAV Surface Profile 

 

a) 

c) 

c) 

d) 

e) 
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LiDAR Results 

The elevations presented below are from the Mississippi State Plane Coordinate System 

and are  different from the drone results, which are in the GPS system. The surface topography 

and profile obtained from the LiDAR survey are presented in Figure 5.8. Regardless of the 

coordinate system, the surface profile developed from the LiDAR point cloud is similar to that 

obtained from the drone DEM. 

 

Figure 5.8 LiDAR Results: Surface Topography and Profile View 

Evaluation 

The location of the slope failure indicated by the drone and LiDAR surface representations 

coincide with the ERI profile low resistivity areas within the subsurface, indicating zones with 

excessively wet soil. The surface profiles created from both drone imagery and LiDAR verify the 

failure dimensions, eliminating the need for manual measurements. The wet zones delineate the 

depth of the slip surfaces, whereas the surface profile and DEM help characterize the extent of 

the failure and several morphological aspects such as scarp, heaving, and so forth. 

5.2.3.3 Slope along US 49S Toward Jackson 

ERI Results 

The ERI profiles of the embankment at Lines A, B, and C in Figure 5.9 indicate several 

zones with low resistivity. The red color in the Line A profile represents high resistivity areas  

that were covered with a mesh to repair the embankment. The low resistivity blue color in the 

Line A profile below 10 ft. represents areas with soil saturation and water accumulation, or 

perched water zones within the embankment. According to the inspection findings of Line C, the 
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embankment toe has been completely saturated with water due to rainwater infiltration. This 

suggests that there is a high risk of the embankment failing. 

 

Figure 5.9 ERI Test results for Lines A, B & C for Failed Slope along US49S toward Jackson 

Drone Results 

The analysis results of the UAV survey imagery for the embankment are presented in 

Figure 5.10. The images were captured after the slope failure was repaired; therefore, little 

settlement is visible from the surface profile. The orthomosiac and the DEM are presented in 

Figure 5.10, and the failure length and width were delineated and measured as 95 ft. long x 145 

ft wide. The DSM provides clear boundaries around the failure area and an accurate measurement 

of the amount of soil moved (12,948.98 sq. ft.). 
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Figure 5.10 Slope at US49S 20 EB Exit 100: (a) UAV Orthomosiac Image, (b) UAV DSM, (c) 

UAV Surface Profile 

Evaluation 

Comparing the ERI results of the drone survey results provided much valuable 

information. For instance, the extent of the repaired area, which is clear from the UAV DEM in 

Figure 5.10, coincides with the subsurface higher resistivity areas in the ERI profiles in Figure 

5.11, thus informing the extent of the repair of the previously failed area in x, y and z directions. 

The high resistivity zones up to a depth of 16 ft. at Lines A, B & C indicate the depth of the slip 

surface, which was repaired. 
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5.2.3.4 Slope along Highway 25S/MS43 Interchange 

ERI Results 

The ERI profiles for Lines A, B and C at the slope along US HWY 25 are presented in 

Figure 5.11. Lines A and C have higher resistivity than Line B, indicating that the middle of the 

slope has high water accumulation that might have weakened the shear strength of the slope soil 

and caused the failure.  

 

Figure 5.11  ERI Test Results of Line A, B, and C for Failed Slope along Hwy 25 at MS25/43 

Interchange 

Drone Results 

The characteristics of the failure along Highway 25 were identified using DEM. The 

failure profile was extracted using the DEM model, as shown in Figure 5.12. Based on the profile, 

the soil settlement is 3.15 ft. at 26 ft. horizontal distance from the crest, which is approximately 

the middle of the embankment. The failure depth, which was clearly defined by the DEM, was 

measured as 3.33 ft. at the toe of the embankment. The area of the soil moved was measured at 

22,625.37 sq. ft. 
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(a)                                                                         (b) 

 

(c) 

Figure 5.12 Slope along SR 25:  (a) UAV Orthomosiac Image, (b) UAV DSM, (c) UAV 

Surface Profile 

LiDAR Results 

Point cloud data collected from the terrestrial LiDAR survey was processed and analyzed, 

and the resulting surface topography and surface profiles are presented in Figure 5.13. The LiDAR 

surface profile is similar to that provided by the UAV, except that it is more detailed, once again 

proving that LiDAR point clouds provide greater detail in surface profiles than UAVs. The failure 

area can also be identified in the LiDAR surface profile by the drop in elevation on the surface 

profile view. The subsurface resistivity on the ERI profile at this point also indicated high 

resistivity soil, indicating the presence of loose deformed soil and thus providing corroboration. 

Continuous LiDAR monitoring of the slope can detect changes and variations in slope profiles 

over time. 

 

 

Failure Area 

Toe 

Crest 
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Figure 5.13 Slope along SR 25 LiDAR Results: Surface Topography and Profile 

Evaluation 

LiDAR research based on remote sensing offers a trustworthy substitute for destructive 

tools such as inclinometers in determining slope movement. LiDAR does not provide subsurface 

profiles, but it is clear from the findings of previous studies (Salunke et al., 2023) that movement 

is greater near the surface and gradually diminishes with depth. Hence, any considerable surface 

displacement should be immediately addressed when it is first noticed by routine LiDAR 

scanning. If a subsurface ERI survey reveals high saturation zones, then the wet soil under the 

shallow subsurface is more than likely causing the slope to move, as was observed in this case. 

5.3 Predicting Soil Moisture from UAV Images and Machine Learning Methods 

Imagery captured by unmanned aerial vehicles (UAVs) has proven to be effective in 

predicting important soil properties, such as moisture content.  Salunke et al., (2023) conducted 

a study to develop a statistical and machine-learning model that could predict the amount of 

moisture in soil from UAV-captured optical and thermal images. The color and temperature 

information obtained from the images captured by a UAV was used to develop machine learning 

(ML) and statistical models that could predict soil moisture. The methodology used for this 

process is presented in Figure 5.14 below. 

Slope  

Failur

e Area 
Toe 
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Figure 5.14 Methodology of Predicting Soil Moisture from UAV Images(Salunke et al., 2023) 

SMC from Optical Images 

The primary goal of the study was to develop soil moisture prediction models, using the 

color and temperature information obtained from optical and thermal images captured by a UAV. 

To achieve this, the red, green, and blue (RGB) color values of each pixel in the optical images 

were extracted and then correlated with the ground truth moisture content, using established 

machine-learning algorithms. The study was conducted on three repaired slope sites: Slope 2 

located at  the I55N & I220 N interchange, Slope 3 located on Terry Road, and Slope 5 on Sowell 

Road. Figure 5.15 shows the locations where the measurements for the ground truth soil moisture 

content were taken and the pixel color values extracted for developing the ML models. 

Nonlinear regression models based on a support vector machine; an ensemble gradient 

tree-based algorithm, Extreme Gradient Boosting (XGB); and multiple linear regression (MLR) 

were implemented to predict soil moisture content using the pixel RGB values.  
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Figure 5.15 Regions of Interest in Optical Images for Pixel Value Extraction 

The RGB model relies on the fact that bare ground pixels have higher red values and 

vegetation-covered areas have higher green values. A combination of vegetation-covered and 

bare-ground classes of RGB inputs was utilized to develop the RGB-SMC prediction model. This 

allowed for the averaging out of peaks and troughs, resulting in a model that can be applied across 

both bare-ground and vegetation-covered image classes. The XGB regression model performed 

better in predicting soil moisture from RGB colors than the support vector regression (SVR) 

model, and its predictions are presented in Figure 5.16. 

 

 

Figure 5.16 XGB Model’s Prediction of Soil Moisture Content 

Thermal infrared (TIR) images were taken of the highway slope’s vegetative and bare 

ground areas of interest to identify where ground truth soil moisture is collected. The images were 

processed to obtain the temperature values (in Fahrenheit) of each pixel on the surface of the 

slope, and diurnal land surface temperature amplitudes (DLST) were extracted from TIR images 

captured at midday (peak temperature) and dawn (low temperature). The post-processed TIR 

images are presented in Figure 5.17. 
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Figure 5.17 TIR Image of Sowell Road: (a) Dawn and (b) Mid-day 

DLST values were compared with the actual soil moisture content (SMC) determined 

through soil sampling to establish a correlation between temperature and SMC. The study 

leveraged the relationship between soil surface thermal inertia and moisture content variations to 

develop a single-parameter regression model that was effective in predicting soil moisture in areas 

with vegetation cover. The linear regression model is presented in Figure 5.18 It's worth noting 

that the study was conducted on a field scale and not in a controlled environment, which enhanced 

the generalizability of the models. 

 

 

Figure 5.18 Soil Moisture Prediction Model based on Land Surface Temperature 

The TIR-SMC model produced better prediction results for vegetation-covered areas than 

for bare-ground images. Using UAV-captured TIR imagery to predict soil moisture content is a 

time-efficient and non-contact method for site characterization, as it provides valuable 

information on soil moisture variations in highway slopes and helps predict shallow slide failures. 

In future studies, the models developed in this study could be compared with the established 

electrical resistivity imaging and SMC model. 

5.4 Comparison of ERI and Instrumentation for Quantifying Soil Moisture Content and 

Soil Matric Suction  

Several advantages of correlating electrical resistivity and data obtained from ground truth 

instrumentation (in-situ sensors) to measure soil moisture and suction are discussed in this 

section. ERI is a nondestructive technique that utilizes equipment that is durable, requires minimal 
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maintenance, and can be conducted over a large area as many times as needed. In contrast, 

installing borehole sensors is destructive; the equipment and sensors are expensive, subject to 

wear and tear, lose connectivity over time and eventually become worthless, and provide spatially 

restrictive readings of soil moisture and suction that can only cover a small area. The results from 

the ERI testing of six highway slopes in the Jackson metro area were correlated with 

instrumentation data to develop resistivity vs. soil moisture and resistivity vs. matric suction 

models. The methodology for developing these resistivity models is presented in Figure 5.19. 

5.4.1 Field Instrumentation 

Volumetric soil moisture content (𝜽), matric suction, and rainfall intensity were monitored 

by field instrumentation installed by the Mississippi Department of Transportation (MDOT) at 

the six slopes, as described in Chapter 3. Moisture and water potential sensors were installed at 

depths of 5 ft., 10 ft., and 15 ft. in 15 ft. boreholes drilled into the crest, middle, and bottom of the 

slopes, and the  moisture content and water potential (matric suction or "suction") were measured 

and recorded hourly, as shown in Figure 5.20 (a). Data from the toe of the slopes was not 

considered for this study.  The lab measurement of 𝜽 was compared with the volumetric water 

content obtained from sensor readings, and the validation is presented in Figure 5.20 (b) 
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Figure 5.19 Methodology for Developing Resistivity vs Soil Moisture and Soil Suction Models 

(Nobahar et al. 2022 Geotechnics) 
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Figure 5.20 (a) Instrumentation in I-Slopes, (b) In-situ Sensor vs Lab Measurement of 𝜽 

5.4.1.1 Field Instrumentation Results 

Variations in the matric suction and 𝜽 for the six I-slopes at different depths were studied 

based on field instrumentation data recorded for two years, between June 2019 and June 2021. 

The time-series variations of rainfall and suction and of rainfall and 𝜽 of I-Slope 3 are presented 

in Figure 5.21 and Figure 5.22, respectively. There was no notable variation in the potential of 

matric suction along the crest of I-slope 3, but the suction at 15 ft. depth was lower than that of 

soil closer to the surface. The moisture content at I-Slope 3 varied little at 5 ft. and 10 ft. depths, 

even with increased rainfall during some months, but considerable variations in moisture content 

were observed at the 15 ft. depth. 

 

 

Figure 5.21 Results from Instrumentation for Suction vs. Rainfall at I-Slope 3: (a) Crest, (b) 

Middle. 
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Figure 5.22 Instrumentation Results of 𝜽 vs Rainfall at I-Slope 3: (a) Crest, (b) Middle 

The suction remained unchanged at all depths for most of the monitored I-slopes, 

including I-Slope 3. The moisture content remained at or above the saturation level at 5 ft. and 10 

ft. depths but varied and remained below the saturation level at 15 ft. depth. This suggests that 

rainfall that runs off the crest of the slope only saturates the shallow depths of Yazoo Clay 

(Nobahar et al., 2020). 

5.4.2 ERI Testing Results 

The field instrumentation locations and results from the ERI inversion for I-Slope 3 at 

Line A (crest) and Line B (middle) are presented in Figure 5.23. The ERI inversion images show 

that high resistivity areas (represented by yellow and red) are typically found closer to the surface 

and suggest that the soil zone up to a depth of 5 feet is unsaturated. Areas with low resistivities 

(represented by blue) are at greater depths, indicating the presence of moisture and fully saturated 

soil. Pockets of high resistivities at the surface usually indicate that the soil has been disturbed, 

either by failure or other reasons. Pockets of low resistivities beneath the soil usually indicate the 

presence of perched water zones, which often initiate slide failures in Yazoo Clay embankments 

(Nobahar et al., 2020; Khan et al., 2020). 

 

 

Figure 5.23 ERI Results of I-Slope 3: (a) Crest, (b) Middle 

I-Slope 3 at crest (𝜽) I-Slope 3 at middle (𝜽) 
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The relationship between soil resistivity and 𝜽 at the crest and middle of all six I-slopes 

is presented in Figure 5.24. A single parameter exponential model defined by Equation (1) was 

developed, based on previous studies, to correlate resistivity and soil moisture content.  

𝛿 = 1.65𝑒(−0.33)𝜀                                                                                                       (1) 

Where 𝜀  & 𝛿  are the soil resistivity and soil moisture content, respectively. 

5.4.3 Soil Resistivity vs. Soil Matric Suction 

Instrumentation data from the six highway slopes were compared with concurrent ERI 

test results, and a correlation was established between soil matric suction and resistivity. 

Normally, soil's matric suction potential is negative or less than zero at any given level. If it has 

a high matric suction potential or its granules can absorb water, it is rated as having a "less 

negative" potential. A "more negative" potential corresponds to a poor matric suction.  For 

visualization purposes in this study, all negative matric suction values were converted into 

positive values. (See Figure 5.24 [b].)  

  

(a) (b) 

Figure 5.24 (a) Resistivity vs Soil Moisture Content, (b) Resistivity vs Matric Suction 

Variations of resistivity with soil matric suction at the crest and middle of the Jackson 

metrocenter highway slopes are presented as a group in Figure 5.24. A polynomial function of the 

second degree was found to provide a better fit between resistivity and the matric suction. The 

single parameter model is expressed by Equation (2).  

𝜔 = 12.04 − ((−0.87) 𝜀) + (0.072) 𝜀2)           (2) 

where soil resistivity and the soil SMS are denoted as 𝜀 and 𝜔 

5.5 Integrating ERI and UAV Results with Numerical Modeling for Back-Calculations 

of Soil Strength Properties 

Back-analysis, using numerical modeling in PLAXIS, was performed for the failed 

Metrocenter slope to determine the soil’s properties at failure. The ERI results are presented in 

Figure 5.25 and the drone results are presented in Figure 5.26. The analysis involved adjusting 

parameters and identifying the cohesive strength of the soil at failure by successive iterations. 
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Figure 5.27 illustrates the boundary condition of the embankment at a global scale. The initial 

depth of the water table for each referenced embankment was determined independently, based 

on field observations. It is important to note that the selection of the parameters and depths are 

key aspects of the back-analysis process. Soil parameters such as bulk unit weight, saturated unit 

weight, cohesion, internal friction angle, Young’s modulus, and Poisson’s ratio are defined in 

Table 5.1. 

 

Figure 5.25 Metrocenter ERI Test Results (I220 S Exit 1B) 

 

Figure 5.26 Metrocenter Drone DEM Deformation (I220S Exit 1B) 

(

b) 
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Figure 5.27 2D Finite Element Mesh of Slope 1  

Table 5.1 Soil Parameters of Slope Back-calculated with Numerical Modeling 

Soil Property Unit Slope 1 

Bulk Unit Weight Lbs./ft3 126 

Saturated Unit Weight Lbs./ft3 135 

Cohesion (c) Lbs./ft2 51 

Internal Friction Angle (F) Degree 17 

Young’s Modulus (E) Lbs./ft2 7x104 

Poisson’s Ration (µ) - 0.3 

A deformation analysis of Slope 1 was conducted using 2-D FEM modeling. The integration of 

UAV surface profiles, ERI test results, and FEM back-analysis accurately identified the failure 

slip surface, matching the observed field slip surface. This methodology provides more accurate 

slip surface identification and extraction of soil properties compared to other post-failure analysis 

methods. The UAV and ERI data helped verify the post-failure surface geometry through 

numerical analysis. 

.  

Figure 5.28 Deformation at Failure (when FS<1) with Slip Surface Field Observations  
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CHAPTER 6 CONCLUSION 

Geotechnical infrastructure (geo-infra) assets such as highway earth slopes and 

embankments are integral to transportation infrastructure. In Mississippi, these assets are 

becoming increasingly vulnerable due to the increasing intensity and amount of rainfall. The 

problem is compounded because many of the geo-infra-assets are built on expansive clay, whose 

shear strength properties are weakened by the scorching summers and extreme rainfall, causing 

shallow and deep-seated landslides and failures. Warning systems and timely evaluations are 

imperative preventative measures to reduce the risks to highway slopes and embankments. 

However, traditional in-situ evaluation methods are outdated, expensive, and produce spatially 

restricted information. In-situ confined monitoring systems do not provide a complete picture of 

the condition of the entire asset, such as a slope. Furthermore, many geo-infra-assets go 

unmonitored and fail without notice due to the lack of in-situ monitoring devices.  

This study utilized instrumentation and advanced nondestructive testing methods to 

investigate the performance of 6 instrumented highway slopes and 20 failed slopes to evaluate 

the subsurface and surficial variations they underwent during different seasons. Geophysical and 

remote sensing techniques such as electrical resistivity imaging (ERI), LiDAR, and UAV imaging 

were used to monitor the slopes from Fall 2020 to Spring 2023. The collected data were analyzed 

and then compared with each other to understand the subsurface and surficial variations over time. 

Geo-referenced DEMs from LiDAR and drone surveys were used to develop stacked surficial 

profiles, monitor surficial movements over time, and compare them with the subsurface 

movement data obtained from an inclinometer. ERI subsurface imaging was compared with in-

situ instrumentation. Advanced numerical modeling, using the Finite Element Method (FEM), 

was conducted to recreate the sliding failure based on UAV DEMs and ERI subsurface images, 

and the soil strength parameters were back-calculated. LiDAR imaging captured from a terrestrial 

scanning device and aerial surveys captured from drone images (photogrammetry) were used to 

monitor the soil deformation. ERI test results were compared with the data obtained from 

inclinometers, surface movement data obtained from LiDAR/aerial survey imaging, and a vast 

amount of diverse data provided by field instrumentation. Resistivity inversion, photogrammetry, 

3D modeling, numerical modeling, statistical analysis, and machine learning methods were 

employed to extract meaningful information that provided the basis for comparative analysis. 

Based on the study, some of the key findings are highlighted in the following section. 

Instrumentation Results: Field instrumentation revealed that the matric suction 

remained mostly consistent at 208.85 psf (10 kPa) at all three depths during the wet season, and 

the highway slopes were fully saturated once the matric suction reached an equilibrium condition 

with a low value. The suction generally remained constant at all depths at the peak of the crest of 

all the I-slopes; only a few slopes experienced a change in suction at shallow depths. The moisture 

content did not change between depths of 5 ft. and 10 ft. and remained at or above the saturation 

level; however, it varied at a depth of 15 ft. and was lower than that observed at shallow depths. 

This is attributed to rainfall running off from the slopes' crest, saturating the Yazoo clay's shallow 

depths without permeating the soil at deeper levels. These findings are consistent with previous 

studies on Yazoo Clay slopes (Khan et al., 2020) that suggest that rainfall becomes trapped in 

perched water zones at shallow levels of high-plastic Yazoo Clay slopes and takes significant 

time to infiltrate deeper levels.  
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Generally, an increase in suction should be met with a decrease in soil moisture and vice 

versa, but the anomalies observed in this study can be regarded as due to the characteristics of the 

Yazoo Clay, where water infiltration and permeation patterns are site-specific and depend on 

seasonal variations. The lack of variations in suction can be attributed to the soil being fully 

saturated from 5 ft. to 15 ft. depths. Considerable variations in the suction potential at the middle 

of the six I-slopes were observed in I-slopes 2 and 5; I-slopes 1, 3, 4, and 6 had little-to-no 

variations. On the other hand, the moisture content of all six highway I-slopes changed 

substantially in the middle.  

ERI Results: The resistivity of expansive clay soil is typically low, ranging between 30-

50 Ohm-m in a dry condition, mostly due to the ionic charge within the soil. In saturated clay 

soils, the ionic charge, combined with the moisture content, drastically reduces the soil's 

resistivity. Resistivity values less than 5 Ohm-m indicate a very saturated soil zone.  

The results of the ERI testing performed in this study showed that shallower depths had 

higher resistivity values due to the existence of unsaturated soil, cracks, displaced disturbed soils, 

and air pockets that increased the air void ratio. In the middle of the highway slopes, the resistivity 

was high at unsaturated levels, and perched water existed under deformation. The moisture 

content was high at the crest in summer. In fall, it decreased in the crest but increased in the 

middle and toe of the slope, which explains the subsurface water flow from crest to toe during 

different seasons. The instrumentation data plot shows that the moisture content remained almost 

constant between summer 2021 and fall 2021 at all measured depths for most of the instrumented 

slopes. This observation matches ERI results along the middle of the slope, which coincides with 

the instrumentation location where wet areas indicated by low resistivities are present in both 

seasons. 

Statistical models were developed by comparing ERI data on soil moisture and matric 

suction with data from in-situ sensors. An exponential model was developed to describe the 

correlation between resistivity and soil moisture content; a polynomial model was developed to 

explain the correlation between resistivity and matric suction. 

UAV & LiDAR Results: Several valuable results were derived from the UAV 

photogrammetry and LiDAR scans. The DEMs generated from drone imagery helped estimate 

the amount of displaced soil, identify the depth of the slip surface, and recreate failure conditions 

in numerical modeling tools. The stacked surface profiles of the I-slopes developed from the 

LiDAR point cloud revealed details of surficial movement and reflected changes over time. The 

toes of I-slopes 4, 5, and 6 showed variations up to 3 inches in elevation over time, indicating that 

plastic movement pushes the soil down the slope. A significant change is visible in the surface 

profile of I-Slope 2 at the large voids (sink holes), which shows that the soil is gradually eroding, 

enlarging the voids. Investigating the failed slopes resulted in accurate DEMs and surface profiles 

that can be used as baseline data for future comparisons. Stacked surface profiles from DEMs 

developed at different times at the Mannsdale NB slope (failed Slope 19) showed settlement at 

the crest over time and changes in elevation at the toe of the slope. This has been an ongoing 

problem at this site, which has been continually repaved. A LiDAR-generated surface profile 

helps accurately quantify the settlement. In other applications of this study, machine learning 

models were developed to infer soil moisture from pixel color (Red, Blue, Green) values extracted 

from the drone optical imagery. A statistical model was also developed to infer soil moisture from 

land surface temperature variation data extracted from drone thermal imagery. 
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Results from ERI, drones, and instrumentation were used to perform numerical modeling in 

PLAXIS and recreate the slope failure conditions. Back analysis was performed to identify soil 

strength properties at failure.   

The in-situ sensors, and traditional site investigation methods, offer valuable data for 

evaluating landslides and performance monitoring of slopes. However, they are spatially 

restrictive and can be enhanced by combining with advanced non-destructive investigation 

techniques such as geophysical and remote sensing methods. There are several benefits of 

adopting advanced geophysical and remote sensing techniques for landslide investigations and 

geotechnical asset evaluation in general. For instance, advanced monitoring techniques aid quick 

and accurate characterization of landslides and other failures from natural hazards, and evaluation 

results provide early warning of impending disasters. The high-resolution spatial and temporal 

information at the subsurface and surface level offer a wealth of information to understand the 

landslide's evolution and the general asset behavior.  

Impacts from climate loading, such as precipitation and temperature variations, can be 

better characterized by studying the high-resolution spatial and temporal subsurface and surface 

characterization data. Furthermore, the advanced investigation techniques provide reliable risk 

information to plan for a future resilient design of the geotechnical assets.   

Risk-informed smart design, enabled by the advanced investigation techniques described 

in this study, will help design the structure to address the actual risk and avoid redundant 

overdesigning. Such risk-informed design practice offers potential savings in the construction 

cost, reducing risks and increasing the resiliency of geo-infra-assets.  

Early identification of vulnerable or failing assets is crucial for strategizing repairs and 

maintenance activities, and combining remote sensing methods with geophysical investigations 

will help develop a modern performance monitoring methodology to integrate into the GAM 

framework. The findings of this study show the merits of a cross-platform landslide evaluation 

protocol. Importantly, these advanced evaluation techniques can be easily implemented on other 

geotechnical assets such as retaining walls, foundations, levees, and bridge abutments.  

Implementing these advanced tools in future research endeavors will yield substantial 

improvements in site investigations and enhance the reliability of transportation GEO 

infrastructure design in Mississippi. By incorporating techniques such as electrical resistivity 

imaging (ERI), LiDAR technology, and drone imaging, a more comprehensive understanding of 

the subsurface conditions can be achieved. This enhanced knowledge will contribute to more 

accurate assessments of soil properties, moisture content, and potential failure mechanisms. 

Ultimately, leveraging these advanced tools will promote more informed decision-making 

processes and lead to the development of robust and resilient transportation infrastructure in 

Mississippi. 
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