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Executive Summary 
 
Preservation of existing culverts plays a critical role in highway embankment construction. On road widening 
projects, preservation of these structures is challenging because they are subjected to higher loads from added fill 
material. To mitigate the impacts of higher loads on culverts, lightweight materials (LWMs) can be installed above 
the culvert. However, practitioners need better guidance on LWM installation profiles for culverts in highway 
widening projects.  
 
This report lays out practical guidelines, empirical formulas, and a user-friendly design procedure — operationalized 
via a web-based app — that practitioners can use to develop LWM installation profiles for existing culverts under 
widened embankments. Researchers developed guidance based on reduced-scale model laboratory tests and over 
12,000 numerical simulations. The combination of laboratory testing and numerical simulation is a cost-effective 
and robust method for studying culvert behavior under different loading conditions.  
 
Laboratory tests analyzed the impacts of dry play sand, brown silty clay, Pudgee, Geofoam, cellular concrete blocks, 
and lightweight aggregates on the maximum bending strains of culvert ceiling and walls. Despite Pudgee's higher 
mass density, it resulted in greater culvert ceiling strain reductions than the Geofoam. The proximity of material to 
the culvert’s top surface strongly influences the magnitude of strain reductions or increases. Placing LWMs closer to 
the culvert’s top surface typically led to greater strain reductions. In most installation profiles, Pudgee and Geofoam 
inclusions increased culvert wall strain. Cellular concrete and lightweight aggregates generally increased both culvert 
ceiling and wall strains.  
 
Applying empirical formulas derived from numerical simulations can guide development of LWM installation profile 
designs that will enhance long-term infrastructure resilience. The proposed design method incorporates a systematic 
approach for assessing culvert loads and load ratios. This method involves defining target reduction ratios, drawing 
on soil mechanics principles to delineate search regions, and achieving optimal load reduction within designated 
regions. 
 
The web-based app will advance the state of the art for designing effective LWM installation profiles. Its user-friendly 
interface, algorithm integration, and collaboration features make it a valuable tool for engineers, researchers, and 
industry professionals who work on LWM installation profile design. Adopting the insights, methodologies, and tools 
presented in this study will enhance infrastructure resilience and sustainability on highway widening projects. 
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Section 1 Introduction 
 
Transportation agencies often preserve existing culverts when highway embankments are constructed as part of 
road widening projects (Figure 1.1). At some existing sites, culvert ceiling and wall thicknesses were reduced in a 
stepped-down manner along culvert for sections located beneath embankment slopes. This design approach 
resulted in these culvert sections being intended for smaller loads compared to those acting on sections under the 
main embankment. During road widening, significantly larger loads are exerted on these weaker portions of the 
culvert due to the added weight of fill material. To mitigate the effects of increased loads in these areas, lightweight 
materials (LWMs) can be placed around the culvert. The Kentucky Transportation Cabinet (KYTC) has implemented 
this construction method on several projects, including stepped-down culverts on I-75 and I-64 interstate widening. 
 

 
Figure 1.1 Lightweight Material Used for Culvert Preservation 

 
 
According to Spangler's research, [1] the supporting strength of a buried structure primarily depends on three factors:  
 
1. The structure’s inherent strength  
2. The distribution of vertical load and bottom reaction  
3. The magnitude and distribution of lateral earth pressures, which may act against a structure's sides.  
 
The second and third factors are influenced significantly by the bedding character on which the structure is founded 
and the backfill placed against the culvert sides. The relative stiffness of the buried structure and the materials placed 
around it dictate the magnitude and distribution of earth pressures on the structure. 
 
To mitigate large vertical earth pressures on buried structures, Marston’s imperfect ditch method of construction 
can be utilized.[2] This method helps minimize the load on a culvert under an embankment. Expanded polystyrene 
(EPS, or Geofoam — a lightweight material used in geotechnical earthwork) can be installed as the compressible 
material in the ditch above the culvert to promote positive arching.[3] EPS has low stiffness and favorable elastic-
plastic behavior. When the embankment is constructed, the soft zone compresses more than its surrounding fill, 
inducing positive arching above the culvert.  
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Without the use of the imperfect ditch — backfilled with a compressible material like EPS — areas of high stress 
concentrations exist at the top and bottom of the culvert. Placing EPS above the culvert significantly reduces the 
concentrated stresses at the top and bottom.[4][5] Stress reductions are influenced by the size of the EPS and the 
distance between the top of the culvert and the EPS. 
 
This report lays out practical guidelines, empirical formulas, and a user-friendly design procedure — operationalized 
via a web-based app — that practitioners can use to develop LWM installation profiles for existing culverts under 
widened embankments. We examined LWMs, including cellular concrete, lightweight aggregates, and recycled tires 
to determine how effective they are at reducing loads on a culvert. Analyses considered a range of factors, including 
the stiffness of LWMs, size of LWMs, distance between the LWM and culvert, and different backfill soils. 
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Section 2 Project Scope 
 
This report proposes practical guidelines and empirical formulas for evaluating the amount of pressure applied to 
existing culverts under widened embankments. We adopted a multifaceted approach to develop these guidelines 
and formulas, which involved using test data, in-situ measurements, and numerical simulation. The report focuses 
on examining different installation profiles of LWMs placed within new and/or existing embankment limits. As part 
of this project, we:  
 
• Conducted reduced-scale model laboratory tests to validate theoretical models  
• Carried out detailed numerical simulations to analyze different scenarios  
• Developed precise empirical formulas based on collected data  
• Optimized coefficients in these formulas to ensure they are accurate and reliable  
• Developed a user-friendly design procedure  
 
Additionally, we designed a web app to facilitate implementation of guidelines and formulas. Applying the guidance 
from this report and available in the web app will help practitioners identify acceptable lightweight fill installation 
profiles that effectively distribute loads and mitigate pressures on existing culverts. 
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Section 3 Reduced-Scale Model Laboratory Test 
 
Reduced-scale model laboratory tests have several benefits over developing full-scale models or conducting field 
tests. First, they are cost-effective. Building and testing a reduced-scale model is often less expensive than 
constructing a full-scale model or conducting field tests. Testing these models is thus a more feasible option, 
especially when there are budget constraints. Second, reduced-scale models can be tested more quickly than full-
scale models. This enables faster analysis and decision making, which are particularly important when time 
constraints are an issue. Third, small-scale testing can help identify potential problems early, reduce the risk of failure 
in full-scale applications, lower costs, and improve safety. Fourth, conducting some tests at full scale is not feasible 
or practical due to technical limitations or resource availability, making reduced-scale models a valuable alternative. 
Finally, reduced-scale models are often used in research and development to study the behavior of materials, 
structures, or systems under different conditions, motivating new discoveries and innovations in engineering.[6] 
 
We used reduced-scale model laboratory tests to simulate culvert behavior under different loading conditions to 
clarify how they will perform and how LWMs behave when subjected to changing loads. During our testing, we 
systematically varied parameters such as the stiffness and size of LWMs, distance between LWM and the culvert, 
and the properties of backfill soils. This systematic approach lets us evaluate the impact of each factor on overall 
culvert performance and the effectiveness of LWMs in enhancing culvert structural capabilities.  
 
3.1 Design and Fabricate Reduced-Scale Culvert Models 
Culverts measuring 10 ft. x 10 ft., with top and bottom panels 14 in. thick and side walls 12 in. thick, are commonly 
used in Kentucky. For laboratory testing, we designed and fabricated culvert models at a 1:20 scale. The scaled-down 
models were 6 in. high x 6 in. wide (Figure 3.1). 
 

 
Figure 3.1 Reduced-Scale Plexiglass Culvert Model  
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On two reduced-scale culvert models, the thicknesses of top and bottom panels and the two side walls were 3/8 
inch. On a third model, these components were 1/2 inch thick. All components had a uniform depth of 3.8 inches. 
All models were constructed using plexiglass. The models with thinner panels and side walls (3/8 inch) experienced 
functionality issues after a certain number of tests. We traced this issue to a problem with connection points 
between the top panel and the side wall. The model with thicker panels and side walls (1/2 inch) performed 
flawlessly, highlighting the importance of structural integrity in model construction. 
 
To monitor performance, nine (9) strain gauges were strategically installed on the reduced-scale culvert model. Four 
(4) gauges were positioned on the top panel, four (4) were affixed to the side wall, and the last gauge was attached 
to the bottom panel. 
  
3.2 Design and Construct a Loading Frame for Reduced-Scale Model Testing 
We designed and constructed a loading frame appropriate for reduced-scale model testing and suitable for frequent 
loading-unloading test situations, ensuring ease of assembly and disassembly. The loading procedure was designed 
to be efficient and observable. The loading frame had the following dimensions: 
 
• Height: 3 ft. 2 in. 
• Width: 3 ft. 1 in. 
• Depth: 8 in. 
 
Three sides of the frame were made of wood and two sides were made of glass. Two pieces of tempered glass 
(dimensions: 3 ft. square and 1/2 inch thick) were used to create transparent windows at the front and back of the 
frame so we could observe testing. To facilitate assembly and disassembly, wood frames on two sides were cut in 
half, providing access inside the frame when handling the culvert model, LWMs, and soils (Figure 3.2). This design 
feature lets us easily manipulate components and conduct tests within the frame.  
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Figure 3.2 Loading Frame  
 
To ensure tests were repeatable and accurate, we meticulously drew a grid pattern on one the loading frame’s glass 
faces (Figure 3.3). The grid consisted of rectangles 2 in. wide and 3 in. tall. Spacing vertical lines 2 in. apart, ensured 
consistent compaction points. Precision was critical for achieving uniform compaction across the soil surface during 
testing. We spaced horizontal lines 3 in. apart to facilitate even load distribution during each loading step. This 
ensured the load was uniformly applied across the culvert model. A single horizontal line 3.5 in. below the culvert's 
top surface acted as a separator between two-step loading processes, allowing for controlled loading before the 
load height reached the culvert's top surface. 
 
To facilitate identification and tracking of loading levels, each horizontal line was labeled with its corresponding 
elevation level. This labeling system enabled precise monitoring of the loading process and ensured the desired 
loading conditions were achieved consistently throughout testing (Figure 3.3). 
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Figure 3.3 Front Glass with Grid Pattern and Elevation Labels  
 
 
3.3 Data Acquisition System 
The StrainSmart Data Acquisition System 7000 is a comprehensive solution for stress testing analysis. It features 
high channel density and can handle up to 128 channels in a 4U height, 19-in. rack-mountable scanner. The system 
accommodates sensors such as strain gauges, strain-gauge-based transducers, thermocouples, and LVDTs. Its 
Ethernet interface allows for flexible positioning and synchronization of scanners (Figure 3.4). 
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Figure 3.4 StrainSmart Data Acquisition System 7000  
 
This system’s measurement accuracy is ±0.05% of full scale and 0.5 microstrain resolution. It also offers scan rates 
of up to 2,048 samples per second and includes nonvolatile data storage, self-calibration capability, and RJ-45 input 
connectors. Additionally, the system supports interchangeable sensor input cards with analog input cards, reducing 
assembly time and cabling costs. 
 
StrainSmart software simplifies test setup for different transducers. It automatically outputs test data in 
engineering units based on input parameters for sensors, materials, and instrumentation hardware. The software 
can store test setups and measurement data for offline display or integration into databases, word processors, and 
spreadsheets. It also accounts for unique strain gauge characteristics and measurement system errors, ensuring 
accurate and reliable strain measurements.[7] 
 
3.4 Tools for Soil Loading and Unloading 
All tools utilized during testing had to fit in the 4-in. space between the loading frame’s two glass faces. In addition 
to the standard small soil scoop and a manually operated standard soil compaction hammer weighing 5.5 lb. with a 
12-in. drop height, a 20-oz. plastic cup and a custom-made 72-oz. metal sheet cup were used for soil loading and 
unloading (Figure 3.5). The custom metal sheet cup offered a more efficient method of loading and unloading soil. 
Compact hand trowels, brushes, hammers, wrenches, and other tools (as depicted in Figure 3.5) were used to load 
and unload soil as well as to assemble and disassemble the frame as necessary throughout testing.  
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Figure 3.5 Tools Used for Soil Loading and Unloading 

 
3.5 Materials Used in Reduced-scale Model Laboratory Test 
Testing focused on how LWM installation profiles affect loads on the culvert. To analyze their impacts, we varied the 
size of LWMs and adjusted the distance between the materials and the culvert’s top surface. The primary load on 
the culvert originates from soils. LWMs can potentially reduce this load. Soils used during testing were brown silty 
clay and play sand. LWMs included Pudgee (a commercial soft foam simulation product by Dynamic System, Inc.), 
Geofoam, cellular concrete, and lightweight aggregates. Table 3.1 summarizes LWM and soil properties. 
 
Table 3.1 Materials Used in Reduced-Scale Model Laboratory Test 

Material Elastic 
Modulus E (psf) 

Poisson’s 
Ratio (U) 

Mass Density 
(pcf) 

Cohesion C  
(psf) 

Friction Angle 
(ϕ) 

Moisture 
Content (%) 

Play sand 835417.37 0.25 95.00  41.00 < 5 
Brown silty clay 417708.69 0.30 108.05 1994.56 20.00 14.50 – 19.69 
Pudgee 1440.00 0.10 12.35  
Geofoam 13300.00 0.10 1.35 
Cellular concrete (45) 22600000.00 0.20 45.00 
Lightweight aggregates 12850000.00 0.15 52.80 

 
3.6 Test Procedures 
Our testing procedures ensured systematic and precise management of soil and LWMs. These are described in the 
subsections below. 
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3.6.1 Culvert Model Installation and Strain Gauge Cable Connection 
Prepare the clean interior of the loading frame. Place the culvert model along the centerline on top of a 1/2-in.-thick 
wooden platform. This raises the bottom of the culvert model, improving its visibility. To prevent soil from infiltrating 
the culvert model, use mineral-based non-hardening clay to seal small gaps between the culvert model and the 
frame’s glass faces (Figure 3.3). Carefully guide the nine pairs of strain gauge cables from the culvert model at the 
inside frame bottom to the side frame corner and then out of the top of the loading frame. Ensure the cables are 
neatly arranged and free from obstructions. 
 
Once the cables are positioned, connect them to the appropriate ports on the StrainSmart Data Acquisition System 
7000. Follow manufacturer instructions for proper cable connection. This step is crucial for monitoring and recording 
strain data effectively throughout testing. Next, read the deformation data using the data acquisition system. This 
measures initial readings and establishes a baseline for later deformation measurements. 
 
3.6.2 Load and Compact Soil on First Two Layers below Culvert Model Top Surface 
Begin soil loading by using a 20-oz. plastic cup and a custom-made 72-oz. metal sheet cup. Load soil up to the 4-in. 
elevation line and level it using appropriate tools. Compact soil along each vertical line twice, covering two rows with 
each row along the front and back glass faces of the loading frame. Record the deformation data measured by the 
data acquisition system. Load the second layer of soil up to the 7.5-in. elevation line, aligning it with the top surface 
line of the culvert model. Compact the second layer of soil following the same procedure used for the first layer. 
Record deformation data at this loading level to evaluate changes or responses under this soil load. 
 
3.6.3 Load and Compact Soil above the Top Surface of Culvert Model 
This section involves three loading cases: 
 
a. Soil loading without LWM 
b. Soil loading with lightweight block material placed 
c. Soil loading with digging and burying lightweight aggregate or block material 
 
Each case employs a unique loading strategy. Soil loading without LWM serves as a baseline. Adding lightweight 
block material and lightweight aggregate material introduces variations into the loading approach, which enables 
assessments of their impact on the culvert model's performance under different conditions. 
 
3.6.3.1 Soil Loading Without Lightweight Material 
The process begins at the 7.5-in. elevation line. Each layer of soil is added in 3-in. lifts until an elevation of 34.5 in. is 
reached. Once each lift is placed, compact the soil along each vertical line twice, covering two rows along the loading 
frame’s front and back glass faces, similar to the procedure described in Section 3.5.2. With the first lift, avoid 
compacting soil directly above the culvert model to prevent impact damage. Compensate for missed compaction at 
one lift by applying it at the next higher level. After each round of compaction, record deformation data. These data 
measure the culvert's response under loading. 
 
3.6.3.2 Soil Loading with Lightweight Block Material Placed – Direct Placement 
Following the procedure outlined in Section 3.6.3.1, compact and level the layer designated for lightweight block 
material installation at the expected elevation. Place the lightweight block accordingly. Continue with 3-in. lifts and 
compact soil at each level. Avoid direct compaction above the lightweight block area when placing the first lift to 
prevent impact damage or unexpected deformation. Compensate for missed compaction by applying it at the next 
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higher level. Record deformation data after each round of compaction to measure the culvert’s response under 
loading. 
 
3.6.3.3 Soil Loading with Lightweight Aggregate or Block Material – Dig-And-Bury 
Consistent with steps outlined in Section 3.6.3.1, compact and level the soil layer up to the elevation for the top 
surface of lightweight aggregate or block material. Then, remove soil from the designated area for the lightweight 
aggregate or block material and install it in this space. Proceed with equal 3-in. lifts and soil compaction at each 
level, including the first lift, based on the characteristics of lightweight aggregate. For the compaction of lightweight 
blocks, follow the procedures outlined in Section 3.6.3.2. Record deformation data after each round of compaction 
to monitor the culvert’s response under loading. 
 
3.6.4 Soil and Lightweight Material Unloading 
Once the soil reaches an elevation of 34.5 in., compact the final layer of soil and record deformation data. Carefully 
remove soil from the loading frame using trowels and cups. As soil is extracted to the level of the LWM’s top surface, 
record the deformation data. Continue removing soil and LWM until reaching the culvert’s top surface. At this point, 
take another deformation reading. Complete the unloading process by clearing remaining soil from the loading 
frame. Then take the final deformation reading. Thoroughly clean the inside and outside of the frame to prepare for 
the next testing cycle. 
 
3.7 Analysis of Test Results 
We conducted a series of tests using different combinations of LWMs and soils. Using different soil types revealed 
how soil properties affect the loads on the culvert. Similarly, experimenting with different LWMs provided insights 
into how materials with different stiffnesses impact culvert loads. Varying LWM size and the distance between the 
material and culvert's top surface let us identify optimal conditions for reducing culvert loads.  
 
3.7.1 Loading with Dry Play Sand 
We used dry play sand, whose properties are more stable than silts or clays, in the preliminary tests to assess the 
impact of LWMs on the culvert model. This phase focused on testing Pudgee and Geofoam under the load exerted 
by dry play sand. These tests sought to document how LWMs influence the behavior of the culvert model under 
different loading conditions. 
 
3.7.1.1 Preliminary Tests with Pudgee at Varied Thicknesses Directly on Culvert Top Surface 
We placed Pudgee directly on the culvert’s top surface in three thicknesses (0.875 in., 1.80 in., and 2.675 in.). For all 
levels of thickness, the Pudgee had a width of 6.75 in. We conducted an initial reference test using only sand as the 
fill material to establish a baseline. Following this, we carried out three additional tests by placing the different 
thicknesses of Pudgee directly on the culvert top surface. Pudgee was installed following procedures outlined in 
Section 3.6.3.2. 
 
Once the fill height reached 16.5 in. maximum bending strains experienced by the culvert ceiling were lower when 
Pudgee inclusions were used compared to the sand-only loading condition (Figure 3.6). Thicker Pudgee inclusions 
were associated with greater reductions in strains at their respective points. The legend in Figure 3.6 indicates the 
condition represented by each line-symbol combination. For example, the yellow line with triangles captures the 
maximum bending strains recorded when a 6.75 in. wide x 0.875 thick Pudgee inclusion was installed. There was no 
compaction above the culvert top until the 13.5-in. elevation, resulting in the culvert ceiling experiencing negative 
strain. Compaction was done above this elevation, resulting in higher strains. Data at elevations of 10.5 in. and 13.5 
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in. for the three tests involving Pudgee were excluded due to the area above the Pudgee not being compacted 
according to the procedures outlined in Section 3.6.3.2. 
 

 
Figure 3.6 Culvert Ceiling Maximum Bending Strains — Sand Only and Pudgee Inclusions 

 
Culvert wall maximum strains exhibited the opposite trend. When a Pudgee inclusion was installed, strains were 
higher than those observed with the sand-only loading condition (Figure 3.7). The strain curve for the sand-only 
condition increases continuously until the elevation exceeds 16.5 in., at which point the deformation on the culvert 
ceiling displays a larger increase due to normal compaction above the culvert’s top surface. The larger increase in 
deformation on the culvert ceiling leads to negative strain due to the semi-rigid connection between the culvert 
ceiling and wall. As the thickness of the Pudgee inclusion increased, so did measured strain. This underscores the 
importance of being cautious when using Pudgee as a fill material, as it can increase the culvert wall’s maximum 
bending strain. Data for elevations of 10.5 in. and 13.5 in. for the three tests involving Pudgee were excluded due to 
the area above the Pudgee inclusion not being compacted according to the procedures outlined in Section 3.6.3.2. 
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Figure 3.7 Culvert Wall Maximum Bending Strains — Sand Only and Pudgee Inclusions  

 
3.7.1.2 Tests with Pudgee at Different Installation Profiles Above the Culvert 
For the next batch of tests, we varied Pudgee width (6.75 in., 10.1 in., and 13.5 in.) but held its thickness fixed (1.9 
in.). We also varied the distance between the culvert’s top surface and the bottom of the Pudgee (0.0 in., 3.0 in., 6.0 
in., 12.0 in.). Baseline data reported in the previous section for the sand-only loading condition serve as a point of 
comparison. We conducted 12 tests by placing the different sizes of Pudgee at four different positions for each 
Pudgee inclusion.  
 
Once fill height reached 16.5 in., maximum bending strains experienced by the culvert ceiling were lower when a 
Pudgee inclusion was used than under the sand-only loading condition (Figure 3.8). Holding the size of the Pudgee 
inclusion constant, we found that the closer the inclusion was placed to the culvert’s top surface, the greater the 
strain reduction. However, strain reduction was not always directly proportional to Pudgee inclusion width. In our 
tests, a Pudgee inclusion width of 10.1 in. placed 0.0 in. from the culvert’s top surface yielded the largest strain 
reduction. Some data points were excluded due to the area above the Pudgee inclusion not being compacted 
according to the procedures outlined in Section 3.6.3.2. 
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Figure 3.8 Culvert Ceiling Maximum Bending Strains — Sand Only and Pudgee Inclusions  

 
Culvert wall maximum strains exhibited diverse trends. When a Pudgee inclusion was used, culvert wall strains were 
higher or similar to those measured under the sand-only loading condition. Figure 3.9 visualizes these trends and 
underscores the importance of exercising caution when using Pudgee inclusions as they can increase the culvert 
wall’s maximum bending strain. Some data points were excluded due to the area above the Pudgee inclusion not 
being compacted according to the procedures outlined in Section 3.6.3.2. 
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Figure 3.9 Culvert Wall Maximum Bending Strains — Sand Only and Pudgee Inclusions  

 
3.7.1.3 Tests with Geofoam at Different Elevations Above the Culvert 
This section reports on the performance of Geofoam, an LWM often used in US highway construction. For all tests 
discussed in this section, the Geofoam specimen was 6.75 in. x 2.75 in. We varied the distance between the bottom 
of the Geofoam and the culvert’s top surface (0.0 in., 3.0 in., 6.0 in.).  
 
Compared to the sand-only loading condition, Geofoam reduced culvert ceiling strain (Figure 3.10). Geofoam placed 
0.0. in. above the culvert’s top surface yielded the largest reduction in strain. Our observations align with theoretical 
expectations, which predict an inverse relationship between strain reduction and the distance between Geofoam 
and the culvert's top surface. Some data points were excluded due to incomplete compaction above the Geofoam. 
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Figure 3.10 Culvert Ceiling Maximum Bending Strains — Sand Only and Geofoam Inclusions  

 
Geofoam produced higher culvert wall maximum strains than the sand-only loading condition, with the most 
significant increases observed for Geofoam installed near the culvert’s top surface (Figure 3.11). Geofoam placed 
6.0 in. above the culvert’s top surface exhibited trends similar to the sand-only loading condition. Some data points 
were excluded from analysis due to incomplete compaction above the Geofoam.  
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Figure 3.11 Culvert Wall Maximum Bending Strains — Sand Only and Geofoam Inclusions  

 
3.7.1.4 Comparison of Strain Changes between Pudgee and Geofoam 
Figure 3.12 compares test results for Pudgee and Geofoam inclusions of the same size (6.75 in. x 2.675 in.) placed 
the same distance (0.0 in.) above the culvert’s top surface. Despite a higher mass density, Pudgee yielded greater 
reductions in culvert ceiling strain. This demonstrates that the self-weight of LWM is not the sole determinant of 
load reduction — the material’s elastic modulus also plays a significant role. For instance, at a fill height of 34.5 in., 
we observed a 58.71% strain reduction with Pudgee compared to a 14.96% reduction for Geofoam. Pudgee’s lower 
elastic modulus contributes to a larger arch effect, which redistributes the load to adjacent areas, effectively 
reducing the load beneath the LWM. 
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Figure 3.12 Culvert Ceiling Maximum Bending Strains — Pudgee and Geofoam Inclusions, and Sand Refill 

 
Figure 3.13 compares the effects of Geofoam and Pudgee inclusions on culvert wall strain. At a fill height of 34.5 in, 
the Pudgee inclusion resulted in a 44.15% increase in strain, while Geofoam inclusion yielded a 17.59% increase. This 
is attributable to the arch effect discussed above. 
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Figure 3.13 Culvert Wall Maximum Bending Strains — Pudgee and Geofoam Inclusions, and Sand Refill 
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3.7.2 Loading with Brown Silty Clay 
Brown silty clay is commonly used as fill material in highway embankments due to its widespread availability and 
practicality. The series of tests described in the subsections below used brown silty clay as the loading material. 
Testing involved applying loads using four LWMs: Pudgee, Geofoam, cellular concrete, and lightweight aggregates. 
Our results offer insights into changes in culvert ceiling and wall bending strains when using more practical LWMs 
with different installation profiles. 
 
3.7.2.1 Tests with Pudgee at Different Installation Profiles Above the Culvert 
For testing, we varied the widths of Pudgee inclusions (6.75 in., 10.1 in., 13.5 in.) but held the thickness constant at 
1.9 in. We varied the distance between the culvert’s top surface and the bottom of the Pudgee inclusion (0.0 in., 3.0 
in., 6.0 in., 12.0 in.). Before evaluating Pudgee’s performance, we conducted a reference test using only brown silty 
clay as the fill material to establish a baseline (i.e., soil-only loading condition).  
 
For all 12 tests in which Pudgee inclusions were used, culvert ceiling bending strains were less than those measured 
under the soil-only loading condition (Figure 3.14). This trend is especially noticeable for fill heights greater than 
16.5 in (Figure 3.14). Soil compaction began at an elevation of 13.5 inches, resulting in strain increases above this 
height.  
 
Holding the size of Pudgee inclusion constant, the closer the material was placed to the culvert’s top surface, the 
greater reduction in strain. Strain reductions were directly proportional to the Pudgee inclusion’s width when the 
distance between the top of the culvert and Pudgee was less than 6.0 in. But this trend shifts for Pudgee inclusions 
placed at least 6.0 in. from the culvert’s top surface.  At a distance of 12.0 in. above the culvert’s top surface, the 
smallest-width Pudgee inclusion (6.75 in.) yielded the largest reduction in strain. We observed the overall largest 
strain reduction for the 13.5-in. Pudgee placed 0.0 in. above the culvert’s top surface. Some data points were 
excluded due to the area above the Pudgee inclusion not being compacted according to outlined procedures. 
 
In all cases, we measured higher culvert wall strains when Pudgee inclusions were used than under the soil-only 
loading condition. The strain curve for the soil-only loading condition (in red) continuously increases until the 
elevation exceeds 16.5 in., where the deformation on the culvert wall decreases due to normal compaction above 
the culvert’s top surface. This larger increase in deformation on the culvert ceiling leads to negative strain due to the 
semi-rigid connection between the culvert ceiling and wall. 
 
When the distance between the culvert’s top surface and Pudgee inclusion was smaller (0.0 in., 3.0 in.), increases in 
strain were directly proportional to the inclusion width. However, this trend shifts at the 6.0-in. distance, eventually 
reversing at the 12.0-in. distance. When the Pudgee inclusion was placed 12.0 in. above the culvert’s top surface, 
the smallest inclusion (6.75 in.) yielded the largest increase in strain.  
 
Figure 3.15 visualizes these trends and reaffirms the importance of exercising caution when using Pudgee inclusions 
because they can increase the culvert wall maximum bending strain. Some data points were excluded due to 
incomplete soil compaction above the Pudgee inclusion.  
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Figure 3.14 Culvert Ceiling Maximum Bending Strains — Soil Only and Pudgee Inclusions  
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Figure 3.15 Culvert Wall Maximum Bending Strains — Soil Only and Pudgee Inclusions  

  
3.7.2.2 Tests with Geofoam at Different Elevations Above the Culvert 
For Geofoam testing, we used a single size of Geofoam inclusion (10.25 in. x 6.0 in.) placed at four different distances 
(0.0 in., 3.0 in., 6.0 in., 12.0 in.) above the culvert’s top surface. Baseline data from previous tests using only brown 
silty clay as fill material (i.e., soil-only loading condition) were used for comparisons.  
 
Compared the soil-only loading condition, we measured lower culvert ceiling strains when Geofoam inclusions were 
used, with the greatest reductions seen when Geofoam was installed directly above the culvert’s top surface. As the 
distance between the Geofoam inclusion and the culvert’s top surface increased, the magnitude of strain reductions 
decreased. At a distance of 12.0 in., we observed little difference in strains between the Geofoam involved and soil-
only loading conditions.  
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Figure 3.16 Culvert Ceiling Maximum Bending Strains — Soil Only and Geofoam Inclusions  

 
As the distance between the Geofoam inclusion and the culvert’s top surface decreased, the culvert wall maximum 
strain increased, similar to the trend described in Section 3.7.1.3 (Figure 3.17).  
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Figure 3.17 Culvert Wall Maximum Bending Strains — Soil Only and Geofoam Inclusions  

 
3.7.2.3 Tests with Cellular Concrete: Variations in Installation Profile Above the Culvert Using Procedures from 
Section 3.6.3.2 
Our tests used three different sizes of cellular concrete block (6.5 in. x 3.0 in., 6.5 in. x 6.0 in., 10.25 in. x 6.0 in.). The 
bottoms of these blocks were placed at four different distances above culvert’s top surface (0.0 in., 3.0 in., 6.0 in., 
12.0 in.). Baseline data from previous tests using the soil-only loading condition were used for comparisons.  
 
Culvert ceiling maximum bending strains tended to be higher for cellular concrete block involved than for the soil-
only loading condition (Figure 3.18). 
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Figure 3.18 Culvert Ceiling Maximum Bending Strains — Soil Only and Cellular Concrete Block  

 
Holding the size of cellular concrete block constant, the closer the block was to the culvert’s top surface, the greater 
the measured increase in strain. We observed the largest strain increases with the 6.5 in. x 6.0 in. cellular concrete 
block (neither from the smallest size of 6.5 in. X 3.0 in., nor from the largest size of 10.25 in. X 6.0 in.) when the 
distance between the bottom block and the culvert’s top surface was 0.0 in. One possible explanation for this trend 
is that cellular concrete is stiffer than the surrounding soil, causing significantly less deformation and potentially 
creating a negative arch effect. A negative arch effect increases loading in the area under the cellular concrete block. 
Compared to cellular concrete block with a size of 6.5 in. x 6.0 in., the 6.5 in. X 3.0 in. block creates less differential 
deformation on the surrounding soil because it is less thick. The block sized 10.25 in. x 6.0 in. shelters a larger area 
underneath the cellular concrete block and reduces load redistribution.  
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Figure 3.19 Culvert Wall Maximum Bending Strains — Soil Only and Cellular Concrete Block  

 
Culvert wall maximum bending strains were lower with cellular concrete blocks than under the soil-only loading 
condition (Figure 3.19). Load redistribution due to the negative arch effect caused by cellular concrete block explains 
why culvert wall and ceiling maximum strains exhibited opposite trends.  
 
3.7.2.4 Tests with Cellular Concrete: Variations in Installation Profile Above the Culvert Using Procedures from 
Section 3.6.3.3 
This section reports test results for the dig-and-bury method of installing cellular concrete blocks. We used three 
different widths of cellular concrete block (6.5 in., 10.25 in., 13.25 in.). Block thickness was held constant at 6.0 in. 
for all tests. The vertical distance between the culvert’s top surface and the bottom of the block varied (0.0 in., 3.0 
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in., 6.0 in., and 12.0 in.). We compared the performance of different block – distance combinations to the soil-only 
loading condition. 
 
Culvert ceiling maximum bending strains were higher when cellular concrete blocks were used than under the soil-
only loading condition (Figure 3.20). This differs slightly from the cases shown in Figure 3.18 and results from soil 
being compacted before the dig-and-bury steps. 
 
Similar to the results reported in Section 3.7.2.3, when the size of the concrete block was held constant, we observed 
greater strain increases when the block was placed nearer to the culvert’s top surface. The largest strain increase 
was observed when the smallest size of cellular concrete block was placed 0.0 in. above culvert’s top surface. This is 
due to smaller blocks creating more negative arch effect, which increases culvert ceiling strain. Larger blocks shelter 
a bigger area underneath them, which reduces load redistribution.  
 
We saw a similar trend in maximum strains for the culvert wall. In all tests involving cellular concrete blocks, we saw 
greater strains than under the soil-only loading condition (Figure 3.21). This divergence from observations reported 
in Section 3.7.2.3 is due to the dig-and-bury method resulting in more compaction above the culvert. When the dig-
and-bury method is employed, deformations on the culvert ceiling and wall are built up before soil is dug out. These 
deformations are not fully released once digging is complete. Added load from the block installation accumulates on 
both the culvert ceiling and wall, which increases both culvert ceiling and wall strains. 
 
Results discussed in this section and the previous one highlight that the method used to install LWMs influences 
loadings on the culvert, even when the same LWM is used. The culvert wall is most affected. The dig-and-bury 
method generated higher loadings on the culvert wall due to increased compaction at lower elevations. Unlike elastic 
or discrete materials, brown silty clay does not exhibit elastic recovery after deformation caused by loading. Even if 
the load is reduced, the structure remains deformed. 
 
With the dig-and-bury installation method, when part of the brown silty clay is excavated, the surrounding soil stays 
in place, preserving most of the deformation. Subsequent loading from the LWM combines with this existing 
deformation, significantly increasing culvert wall strain. The levels of strain induced by the two installation methods 
— direct placement and dig-and-bury — differ significantly. 
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Figure 3.20 Culvert Ceiling Maximum Bending Strains — Soil Only and Cellular Concrete Block  
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Figure 3.21 Culvert Wall Maximum Bending Strains — Soil Only and Cellular Concrete Block  

 
3.7.2.5 Tests with Lightweight Aggregates at Different Installation Profiles Above the Culvert 
We conducted these tests using lightweight aggregates in three sizes (13.5 in. x 6.0 in., 13.5 in. x 12.0 in., 20.0 in. x 
12.0 in.) placed at three different distances above the culvert’s top surface (0.0 in., 3.0 in., 12.0 in.). We compared 
results for lightweight aggregates to those obtained under the soil-only loading condition. 
 
Across testing configurations, culvert ceiling maximum bending strains tended to be higher when lightweight 
aggregates were used than under the soil-only loading condition. We attribute this to the negative arch effect caused 
by the higher elastic modulus of lightweight aggregates and more compaction before the dig-and-bury installation. 
But maximum strains at points where compaction on lightweight aggregates starts were lower than those produced 
under the soil-only loading condition. Notably, maximum strains generated by two sizes of lightweight aggregate 
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(13.5 in. X 12.0 in., 20.0 in. X 12.0 in.) placed 12.0 in. above the culvert’s top surface were less than strains under the 
soil-only loading. In these situations, the self-weight of lightweight aggregates plays a dominant role. 
 

 
Figure 3.22 Culvert Ceiling Maximum Bending Strains — Soil Only and Lightweight Aggregates 

 
Holding the size of the lightweight aggregates constant, we saw that strains increased the closer aggregates were 
placed to the culvert’s top surface. The smallest size of lightweight aggregate installed 0.0 in. above the culvert’s top 
surface yielded the highest increases in strain. Larger sizes of lightweight aggregate shelter a larger area underneath, 
create less negative arch effect, and result in less culvert ceiling strain. 
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Figure 3.23 Culvert Wall Maximum Bending Strains — Soil Only and Lightweight Aggregates 

 
Maximum strains observed for the culvert wall were generally higher with lightweight aggregates than under the 
soil-only loading condition (Figure 3.23). These trends are akin to the results documented in the previous section for 
cellular concrete blocks installed using the dig-and-bury method. With this installation method, deformations on the 
culvert ceiling and wall accumulate before soil is excavated, and these deformations are not fully released by 
excavation. Added load from the lightweight aggregates accumulates on both the culvert ceiling and wall, which 
results in higher strains for both the ceiling and wall, except when larger lightweight aggregate inclusions were 
placed 12.0 in. above the culvert’s top surface — for this cases there was barely any strain reduction.  
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3.8 Summary on Reduced-Scale Model Laboratory Test 
Our tests analyzed the impacts of dry play sand, brown silty clay, Pudgee, Geofoam, cellular concrete blocks, and 
lightweight aggregates on culvert ceiling and wall maximum bending strains. Despite Pudgee's higher mass density, 
it resulted in greater culvert ceiling strain reductions than Geofoam. The proximity of material to the culvert’s top 
surface strongly influences the magnitude of strain reductions or increases. Generally, placing LWMs closer to the 
culvert’s top surface led to greater strain alterations. In most installation profiles Pudgee and Geofoam inclusions 
increased culvert wall strain. Cellular concrete and lightweight aggregates generally increased both culvert ceiling 
and wall strains. These findings provide valuable insights for determining the optimal method for using lightweight 
materials to reduce culvert loads. 
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Section 4 Numerical Simulation 
 
Numerical simulation involves using mathematical models and computational techniques to analyze real-world 
systems or phenomena by breaking down complex problems into solvable equations. In this project, leveraging 
numerical simulation offered numerous benefits. Interactions among the new embankment, buried LWMs, and the 
existing culvert are complex, and numerical simulation accurately captured this complexity by considering factors 
like soil properties, material behavior, and loading conditions. 
 
Numerical simulation provides a cost-effective alternative to full-scale physical tests by virtually simulating different 
scenarios. With numerical simulation, we can quickly test different design installation profiles and scenarios and 
easily modify parameters such as LWM type and placement, embankment height, and soil properties to assess their 
impact on culvert pressure. Simulations generate data that can be used to develop empirical formulas for practical 
LWM profile design. 
 
4.1 FLAC – A Commercial Tool for Advanced Numerical Simulation 
Fast Lagrangian Analysis of Continua (FLAC) is robust numerical modeling software used extensively in geotechnical 
engineering and rock mechanics. It simulates material behavior under diverse loading and boundary conditions. FLAC 
employs the finite difference method to tackle problems related to soil and rock mechanics, such as slope stability 
analysis, excavation support design, and studies on underground structure interaction.  
 
Previous Kentucky Transportation Center (KTC) projects verified FLAC’s effectiveness. It accurately predicted loads 
on a 9.0 ft. wide x 8.0 ft. high culvert embedded under 52.0 ft. of fill, including Geofoam, on US 127 in Russell County, 
Kentucky.[5] Additionally, FLAC successfully compared loads on a culvert with two different inclusions — Geofoam 
and cellular concrete — required for highway widening on I-75 in Grant County, Kentucky.[8] Moreover, it accurately 
predicted loads on a three-sided culvert with shallow Geofoam filling on KY 1447 in Jefferson County, Kentucky.[9] 
 
4.2 Approach and Methodology in Numerical Simulations 
In our numerical simulations, the dimensions of the culvert opening were set at 10.0 ft. wide x 10.0 ft. high, with 
specific thicknesses for the ceiling, bottom, and walls. Dimensions related to LWMs were scaled based on culvert 
width, which helped generate dimensionless parameters for empirical formulas. Next, we generated a finely divided 
geometrical model that precisely captures the physical components of the culvert, embankment, surrounding soil 
layers, and layout of LWMs. This process involved delineating geometric features and attributing material properties 
based on the culvert and surrounding environment's conditions. 
 
Next, we transformed the geometrical model into a finite difference grid, discretizing the entire domain into smaller 
grids to enable efficient numerical computations. Grid generation is crucial, particularly in areas of material 
discontinuities, to ensure simulation accuracy. 
 
For the soils and LWMs considered, appropriate constitutive models were employed to describe their mechanical 
behavior under diverse loading conditions. This included utilizing models such as the Mohr-Coulomb model for soils 
and elastic models for LWMs. 
 
We imposed boundary conditions and encompassing constraints and supports to simulate interactions among the 
culvert, embankment, and surrounding soil layers. We conducted simulations based on the defined model setup, 
which encompassed the size and placement of LWMs, material properties, and loading conditions. FLAC iteratively 
solves governing equations to calculate system response, with a specific focus on culvert ceiling and wall moments. 
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Once simulations were complete, we performed sensitivity analyses to pinpoint key parameters that significantly 
impact culvert behavior and moment variations. Numerical simulations were validated and verified by comparing 
them to field test data from previous studies, ensuring our model is accurate and reliable enough for real-world 
engineering applications. 
 
4.3 Materials Involved in Numerical Simulations 
To capture a broad spectrum of geotechnical scenarios, numerical simulations included a range of soils and LWMs. 
Soil selection encompassed different Young’s modulus values, representing a continuum from relatively soft soils 
with low plasticity (e.g., low plasticity soil-clay) to extremely rigid soils (e.g., uniform gravel). This range is crucial as 
it is representative of typical soil variations encountered on real-world geotechnical projects.  
 
Simulations also evaluated the effects of incorporating LWMs used in contemporary engineering. We performed 
detailed assessments of Geofoam (both soft and normal states), shredded tire chips, lightweight aggregates, and 
cellular concrete. Each material has unique properties and behaviors, which influence factors like load distribution, 
deformation characteristics, and overall structural performance. Table 4.1 lists the properties of all soils and LWMs 
evaluated in our simulations. 
 
Table 4.1 Materials Used in Numerical Simulations 

Material 
Type 

Material Young’s 
Modulus (psf) 

Poisson’s 
Ratio 

Density Cohesion 
(psf) 

Friction 
Angle (pcf) (slug/ft3) 

LWM Soft Geofoam 7,200.90 0.050 1.261 0.0392   
LWM Geofoam 13,299.48 0.100 1.287 0.0400   
LWM Shredded tire chips 21,096.00 0.230 32.499 1.0101   
LWM Lightweight aggregates 835,475.00 0.250 52.765 1.6400   
LWM Cellular concrete 22,600,000.00 0.200 45.000 1.3986   
Soil Low plasticity soil-clay 41,775.00 0.250 118.645 3.6876 125.31 24.00 
Soil Russell clay 397,733.30 0.250 118.722 3.6900 529.50 26.20 
Soil Uniform-coarse soil-sand 522,233.30 0.250 99.911 3.1053 0.00 34.00 
Soil Uniform gravel 835,475.00 0.250 99.911 3.1053 0.00 34.00 

 
4.4 Developing the Numerical Simulation Model 
The first step in model development was defining key parameters and variables. This included specifying culvert 
dimensions and properties (width, height, ceiling, bottom, and wall thickness) and properties of the surrounding 
soils and LWMs. Parameters related to the LWMs (length, thickness, distance from the culvert top, fill height) were 
defined in relation to the culvert width. 
 
We then constructed a detailed geometrical model to represent physical aspects of the culvert, embankment, 
surrounding soil layers, and placement of LWMs. This involved generating geometric features for each component 
and assigning appropriate material properties based on real-world conditions. The geometrical model was converted 
into a finite difference grid, where the entire domain was discretized into smaller grids to facilitate numerical 
computations and ensure the accuracy and efficiency of simulations.  
 
Appropriate constitutive models were selected for simulating the mechanical behavior of soils and LWMs under 
different loading conditions. For soils, models such as the Mohr-Coulomb model were used; elastic models were 
suitable for LWMs. Boundary conditions, including constraints and supports, were applied to simulate interactions 
among the culvert, embankment, and surrounding soil layers. 
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We derived our numerical simulation model from an embankment cross section that incorporates a culvert (Figure 
4.1(a)). Figure 4.1(b) illustrates a section along the road, encompassing the culvert. This section is theoretically 
infinite on its left and right sides. In light of the symmetric conditions of geometry and loading, a half section from 
Figure 4.1(b) was utilized. Figure 4.1(c) illustrates the numerical simulation model generated following assignment 
of boundary conditions.  
 
 
 

 
 

Figure 4.1 Numerical Simulation Model Depicting an Embankment with an Embedded Culvert 
 
 
4.5 Calibrating the Numerical Simulation Model 
Calibration enhances a numerical model’s ability to replicate real-world scenarios accurately. It is an iterative process 
that involves fine-tuning model parameters and inputs to align with observed data. Calibration improves a model's 
predictive capabilities and reliability for engineering applications. 
 
For calibration of our numerical simulation model, we leveraged long-term in-situ data obtained from a previous 
study (Sun et al. 2011).[5] This study utilized a 2-foot-thick layer of Geofoam as the LWM. It had a Young's modulus 
of 13,300 psf, Poisson's ratio of 0.1, and a density of 1.35 pcf. In-situ soil properties were also well-documented, 
with a Young’s modulus of 397,733.3 psf, Poisson's ratio of 0.25, density of 118.722 pcf, cohesion of 529.5 psf, and 
a friction angle of 26.2 degrees. The fill height above the culvert’s top surface was 52.0 feet. 
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During calibration, we adjusted the stiffness parameters of the culvert's ceiling, walls, and bottom and fine-tuned 
connections between the soil, culvert, and Geofoam. We made these adjustments to achieve loading ratios that 
closely matched observed data from the in-situ study. Our calibrated model yielded loading ratios of 21.68% on the 
culvert ceiling and 128.09% on the culvert wall, which were calculated by comparing the maximum moments under 
soil and Geofoam loading to the soil-only loading condition. These ratios were consistent with measurements from 
the in-situ data, validating the accuracy and practicality of our numerical simulation model.  
 
4.6 Conducting Numerical Simulations and Analysis 
Our numerical simulations explored culvert behavior under a range of conditions (see Table 4.1 for soil and LWM 
parameters): 
 
• Six different lengths of LWM (L/W = 1.0, 1.4, 2.0, 3.0, 4.0, 5.0, where L = Length of lightweight material - see L 

in Figure 4.2, which is parallel to culvert cut section; W = Width of culvert)  
• Five different thicknesses of LWM (t/W = 0.2, 0.5, 1.0, 2.0, 4.0, where t = Thickness of lightweight material),  
• Six different distances between the bottom of the LWM and the top of the culvert (d/W = 0.0, 0.25, 0.5, 1.0, 

2.0, 4.0, where d = Distance between LWM bottom and culvert top)  
• Six different fill heights (h/W = 0.2, 0.5, 1.0, 2.0, 4.0, 7.0, where h = Fill height) 
 
We conducted 12,480 simulations due to the interdependent relationships among the thickness of the LWM, 
distance from the bottom of the LWM to the culvert’s top surface, and fill height (see Figure 4.2). Initially, we 
determined 21,600 simulations would be needed (calculated as 4 x 5 x 6 x 5 x 6 x 6). Adjusting this number optimized 
computational resources while ensuring comprehensive coverage of relevant scenarios. 
 
The final data points generated through numerical simulations served as the foundation for developing empirical 
formulas. Results from all numerical simulations are documented in the supplemental file, Numerical Simulation 
Results.pdf.  Simulations shed light on critical factors influencing the culvert load under varying conditions of LWM 
use: 
 
• Size of LWM  

o The size of the LWM significantly impacts culvert loads. As LWM size increases, it has a larger impact on 
altering the load distribution on the culvert. 

• Distance from Culvert Top  
o Proximity of the bottom of the LWM to the culvert’s top surface intensifies the impact, amplifying the 

alterations in load distribution. 
• Effect of Young’s Modulus  

o LWMs with lower Young's moduli exhibit a positive arch effect. This effect helps reduce loads on the 
culvert's top surface while potentially increasing loads on the culvert wall, especially for shorter lengths of 
LWM. 

• Impact of Hard Young’s Modulus  
o LWMs with higher Young's moduli exhibit a negative arch effect. This effect can offset load reductions from 

the LWM’s self-weight, potentially increasing loads on the culvert ceiling. However, it reduces loads on the 
culvert wall in most scenarios. 

• Complexity of Load Calculation  
o Calculating culvert loads when incorporating LWMs is a complex task due to interactions among soil, culvert 

structure, and the properties of LWMs. The size of the LWM and its distance from the culvert's top surface 
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are critical variables and must receive careful consideration in any analysis of the impacts of LWM 
integration. 

 
 

 
Figure 4.2 Relationships Among Fill Height, LWM Thickness, and Distance Between LWM and Culvert 
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Section 5 Development of Empirical Formulas 
 
This section describes the development of empirical formulas from data generated through numerical simulations 
and analysis. Empirical formulas are valuable for engineers and practitioners attempting to optimize the installation 
profiles of LWMs above culverts and enhancing infrastructure resilience under changing loading conditions, such as 
those encountered during highway widening projects. 
 
5.1 Data Overview 
Our dataset included 12,480 data points generated through numerical simulations (see Section 4). Each data point 
represented a unique combination of parameters related to LWM use and soil loads, providing a comprehensive 
understanding of how different factors influence loads on the culvert. 
 
5.2 Formulating Empirical Formulas 
The empirical formulas capture relationships between key parameters and the load on the culvert. Experimenting 
with power, exponential, and polynomial functions revealed that a polynomial function provided the most accurate 
representation for our purposes. Equation 5.1 is the formula for calculating the load on the culvert in the absence 
of LWMs. 
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where:  
Esoil = Young’s modulus for soil 
γsoil = Soil density  
h = Fill height  
(normalized using constants E0 = 500,000 psf, γ0 = 1 slug/ft3, and W = 10.0 ft. for dimensionless purposes) 
 
The formula includes 13 coefficients (a00, a10, a11, a12, a13, a20 … a33) that are determined through regression.  
 
Equation 5.2 is the formula for calculating the load ratio on the culvert when LWM is installed above the culvert’s 
top surface. 
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where: 
t = LWM thickness  
L = LWM length  
ELWM = LWM Young’s modulus  
γLWM = LWM density  
Esoil = Young’s modulus for soil 
γsoil = Soil density  
d = Distance between the bottom of LWM and the top of the culvert  
h = Fill height 
(normalized using constants E0, γ0, and W as in Equation 5.1)  
 
Equation 5.2 contains 33 coefficients (a00, a10, a11, a12, a13, a20 … a83) that are determined through regression analysis. 
 
5.4 Coefficient Optimization in Empirical Formulas  
We determined coefficients for Equations 5.1 and 5.2 through regression analysis, which minimizes differences 
between predicted and actual values. Regression analysis was conducted iteratively, with coefficients adjusted to 
achieve the best possible fit to the numerical simulation data. This process involved mathematical optimization 
algorithms that systematically adjusted the coefficients until the resulting empirical formulas aligned closely with 
observed data points. Fine-tuning coefficients through regression analysis ensured the empirical formulas provide 
reliable and accurate predictions for culvert loads under different conditions. 
 
When determining coefficients for empirical formulas, a crucial metric we use is the coefficient of determination 
(R2). This statistical measure is calculated as: 
 

𝑅𝑅2 = 1 − Sum of Squared Residuals (SSR)
Total Sum of Squares (TSS)

 = 1 − ∑(𝑦𝑦𝑖𝑖−𝑦𝑦�𝑖𝑖)2

∑(𝑦𝑦𝑖𝑖−𝑦𝑦�)2
                                                                             (5.3)                                                               

 
 
where:  
𝑦𝑦𝑖𝑖 = Predicted value from the empirical formula  
𝑦𝑦�𝑖𝑖 = Value from numerical simulation  
𝑦𝑦� = Average value of the total simulation data  
 
SSR (Sum of Squared Residuals) quantifies the discrepancy between predicted and observed values, while TSS (Total 
Sum of Squares) measures variability in the data. 
 
R2 is measured on a scale from 0 to 1 and captures the proportion of variance in the dependent variable (culvert 
load or load ratio) explained by the model’s independent variables (e.g., soil properties, LWM characteristics, 
dimensions). Higher R2 values indicate a model effectively captures and predicts the observed variability in the data, 
indicating a stronger correlation between the predicted and actual values. Table 5.1 lists R2 values for different 
combinations of soils and LWMs. 
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Table 5.1 Regression Summary for Coefficient Optimization in Empirical Formulas 

 
 
An R2 value above 0.7 or 0.8 is considered robust for scientific and engineering studies. All R2 values for the culvert 
ceiling formula regression exceeded 0.8290, with the lowest value being 0.8291 (All Data). R2 values for the culvert 
wall formula regression were modestly lower, especially for Lightweight Aggregates (0.6037) and Cellular Concrete 
(0.6040) cases. In situations with lower R2 values, caution is needed when utilizing the empirical formula as they may 
have limited predictive accuracy. 
 
Substituting optimized values (see Appendix A) for the 13 coefficients in Equation 5.1 and the 33 coefficients in 
Equation 5.2 yielded empirical formulas for culvert load and culvert load ratio. Practitioners can use these formulas 
to forecast culvert behavior under different loading conditions. 
 
 
  
 
 

 
  

Culvert Ceiling Culvert Wall
Soil Only 0.9927 0.9880
All Data 0.8291 0.7279

3 Soft Lightweight Materials 0.8859 0.8094
3 Soft Lightweight Materials + 3 Normal Soils 0.9252 0.8356

Soft Geofoam + 3 Normal Soils 0.9262 0.8455
Normal Geofoam + 3 Normal Soils 0.9349 0.8543

Shredded Tires + 3 Normal Soils 0.9230 0.8323
Lightweight Aggregates 0.8733 0.6037

Cellular Concrete 0.8829 0.6040
3 Soft Lightweight Materials + Low Plasticity 0.9271 0.8117

Soft Geofoam + Low Plasticity 0.9459 0.9013
Geofoam+Low Plasticity 0.9305 0.8887

Shredded Tires+Low Plasticity 0.9719 0.7356
3 Soft LW + Russell 0.9501 0.8768

3 Soft LW + Soil Sand 0.9400 0.8769
3 Soft LW + Uniform Gravel 0.9213 0.8529

Case R2
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Section 6 Design Method Utilizing Empirical Formulas 
 
We developed a multistep design procedure that can be used to assess culvert loads and load ratios under diverse 
conditions. Applying this procedure helps ensure the reliability and effectiveness of LWM installation profile design. 
 
6.1 Establishing Target Reduction Ratio 
The first step in establishing target reduction ratios due to the increase in fill height is to determine the existing loads 
on the culvert ceiling and wall. This involves gathering data on the culvert and soil fill, including culvert dimensions, 
fill height, and soil properties. Once this information is in hand, Equation 5.1 is used to calculate the existing loads 
on the culvert ceiling and wall. 
 
Next, we simulate the effects of the new fill height and adjusted soil properties resulting from highway widening. 
We again use Equation 5.1 but substitute in the new fill height and soil property values to calculate the new loads 
on the culvert ceiling and wall. The new loads reflect the altered conditions caused by the increased fill height. 
 
The target reduction ratios — denoted as RCeiling and RWall — are calculated using Equation 6.1. Target reduction ratios 
quantify the extent of load reduction achieved through new fill heights and soil properties. This information can 
guide the optimization process for LWM installation profiles and highway widening design strategies. These ratios 
are critical indicators of whether proposed design changes will effectively mitigate culvert loads.  
 

𝑅𝑅 = 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

                                                                                                                              (6.1) 

 
6.2 Defining Search Region Using Soil Mechanics 
Adding new fill material above an existing embankment can significantly alter the distribution of loads on a buried 
culvert. In Figure 6.1, the yellow area represents the active zone as defined by soil mechanics principles. The active 
zone is the soil region that sees notable changes in stress and deformation due to external loading. When a structure 
is buried in the active zone, it is vulnerable to soil movements and pressures. 
 
Behavior in the active zone adheres to fundamental soil mechanics principles, including soil pressure distribution, 
shear strength, and stress-strain relationships. For culverts, the active zone's behavior is critical and influences the 
amount of pressure exerted on the culvert. On highway widening projects that involve the placement of additional 
fill material, the active zone around the buried culvert sees heightened stress levels, which increases pressure on 
the culvert walls and ceiling. Failure to consider these factors adequately during design and construction can result 
in structural challenges. 
 
Fill material in the yellow area contributes to loads on the culvert's ceiling and walls. Finding combinations of LWMs 
and soil within this zone that offset the additional load from the new fill is key to optimizing the LWM installation 
profile. Areas outside the yellow zone can be disregarded. 
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Figure 6.1 Active Zone Under Fill Materials Extending from the Lowest Level of the Culvert 

 
6.3 Achieving Optimal Reduction Ratio in the Designated Region 
Equation 6.2 is used to determine the minimum thickness of LWM required for effective load reduction. 
 

𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚,𝐿𝐿𝐿𝐿𝐿𝐿 = 𝛾𝛾𝑛𝑛𝑛𝑛𝑛𝑛,𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆∗�ℎ𝑛𝑛𝑛𝑛𝑛𝑛−ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒�
𝛾𝛾𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆−𝛾𝛾𝐿𝐿𝐿𝐿𝐿𝐿

                                                                                                    (6.2) 

 
where: 
𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚,𝐿𝐿𝐿𝐿𝐿𝐿 = Minimum required thickness of lightweight material  
ℎ𝑛𝑛𝑛𝑛𝑛𝑛 = New fill height  
ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = Existing fill height  
𝛾𝛾𝑛𝑛𝑛𝑛𝑛𝑛,𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = Density of the new fill soil  
𝛾𝛾𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = Density of the existing soil 
𝛾𝛾𝐿𝐿𝐿𝐿𝐿𝐿 = Density of LWM 
 
The LWMs layer is initiated from the top of the culvert, with the minimum length set equal to the culvert's width 
(see Figure 6.2). The starting thickness (𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝐿𝐿𝐿𝐿𝐿𝐿) is determined as follows:  
 
𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝐿𝐿𝐿𝐿𝐿𝐿 = 0.66 ∗ 𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚,𝐿𝐿𝐿𝐿𝐿𝐿, if ELWM < ESoil, or  
𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝐿𝐿𝐿𝐿𝐿𝐿 = 1.05 ∗ 𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚,𝐿𝐿𝐿𝐿𝐿𝐿, if ELWM > ESoil.  
 
where:  
ELWM  = modulus of elasticity of the lightweight material  
ESoil = modulus of elasticity of the soil 
 
Substituting all relevant variables into Equation 5.2 returns load reduction ratios for both the culvert ceiling and wall. 
If both of these ratios are less than or equal to the required target reduction ratios computed with Equation 6.1, the 
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current size and position of the LWM offsets the additional load from the new fill. If the ratios do not meet these 
criteria, increase the size of LWM and repeat the comparison. 
 
The maximum length of LWM is constrained in the active zone (Figure 6.3), ensuring effective load distribution. 
Maximum thickness (𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚,𝐿𝐿𝐿𝐿𝐿𝐿) is defined according to the following criteria: 
 
𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚,𝐿𝐿𝐿𝐿𝐿𝐿 = 1.05 ∗ 𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚,𝐿𝐿𝐿𝐿𝐿𝐿, if ELWM < ESoil  
𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝐿𝐿𝐿𝐿𝐿𝐿 = 1.55 ∗ 𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚,𝐿𝐿𝐿𝐿𝐿𝐿, if ELWM > ESoil. 
 
Varying the distance between the bottom of the LWM and the culvert’s top surface throughout the potential region 
and repeating the aforementioned procedures identifies all installation profiles that satisfy target load reduction 
ratios. These installation profiles are viable options for installing LWM to achieve optimal load reduction. 
 

 
Figure 6.2 Initial Size and Positioning of LWM Layer Atop the Culvert 
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Figure 6.3 Maximum Length of the LWM is Determined by Active Zone 
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Section 7 Development of Lightweight Material Installation Profile Design Web App 
 
We developed a web app that facilitates the efficient design of LWM installation profiles for culverts exposed to 
additional load from new fill placed above existing embankments. It can be used by engineers, researchers, and 
industry professionals engaged in highway widening projects and LWM installation profile design. 
 
7.1 User Interface Design 
The web app user interface features interactive elements such as input fields for culvert dimensions, existing fill 
height, new fill height, soil properties, and LWM specifications. Dropdown menus, parameter auto-distribution 
based on input, and checkboxes are strategically employed to improve user interaction and simplify parameter 
selection. 
 
Figure 7.1 showcases the interface, where users can input essential conditions and parameters for generating a LWM 
installation profile. In the Existing Condition section, users specify details such as the existing fill height, culvert size, 
and soil properties. If the soil used for new fill is the same as the existing fill, users can click on the button labeled 
Use Same Soil for New Fill. Clicking this button automatically populates boxes in the New Fill Condition section with 
the existing soil properties. If the new fill will be a different soil type, users can manually input the corresponding 
soil properties in this section. 
 

 
Figure 7.1 Web App Interface  
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Once the user enters all data in the Existing Condition and New Fill Condition sections, they click the Go button in 
the New Design Fill Profile section. Clicking this button initiates creation of the LWM installation profile. The results 
include multiple option sets for parameters like Fill Height above LWM (h), Thickness of LWM (t), Length of LWM (L), 
and Distance between Culvert Top and LWM Bottom (d). Design options listed in the box at the bottom of the screen 
range from utilizing the minimal amount of LWM to designs involving minimal excavation.  
 
7.2 Algorithm Integration 
The web app is powered by sophisticated algorithms that calculate the optimal LWM installation profile based on 
user inputs and the established search strategy. These algorithms incorporate equations derived from our numerical 
simulations and empirical formulas to determine the minimum required thickness and length of LWMs required to 
offset additional loads from new fill materials. 
 
7.3 Features and Capabilities 
The web app offers several features to assist users in designing effective installation profiles: 
 
• Input Parameters  

o Users can input culvert dimensions, existing fill height, new fill height, soil properties (density, modulus of 
elasticity, and friction angle), and LWM specifications (density and modulus of elasticity), along with some 
fixed parameters. 

• Optimization Algorithms 
o The app utilizes optimization algorithms to calculate the minimum required thickness and length (which is 

parallel to culvert cut section) of LWMs to achieve desired load reduction ratios. 
• Load Reduction Analysis 

o The app provides detailed load reduction analysis, including calculated load reduction ratios for the culvert 
ceiling and walls based on the selected LWM installation profiles. 

• Flexible Design Options 
o Users can adjust parameters and experiment with different scenarios to identify the most suitable LWM 

installation profile for their project. 
• Output and Recommendations  

o The app generates comprehensive output reports and recommendations based on the analysis, assisting 
users in making informed design decisions. Clicking on the Print Design Form button compiles all input and 
design options into a single design form in PDF format. 

 
7.4 Accessibility and Collaboration 
The web app can be accessed from desktops, laptops, and tablets. Multiple users in the same group can work on 
design iterations collaboratively and share project data securely. The app represents an important step forward in 
designing LWM installation profiles for highway widening projects. Appendix B includes a user’s manual that has 
comprehensive instructions, guidelines, and illustrative examples to ensure the proper utilization of the web design 
app. 
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Section 8 Conclusions and Further Work 
 
Developing LWM installation profiles for culverts exposed to greater loads from new fill in highway widening projects 
is critical for preserving their structural integrity and durability. Through reduced-scale model laboratory tests, 
numerical simulations, and development of empirical formulas, we have made significant progress in understanding 
culvert behavior under varying loading conditions and optimizing LWM installation profiles. 
 
Empirical formulas illuminate factors that influence culvert loads and load ratios and guide practical applications in 
LWM installation. Incorporating these formulas into a systematic design procedure facilitates efficient evaluations 
of culvert loads and development of effective LWM installation profiles that mitigate pressures on existing culverts. 
The web app lets engineers, researchers, and industry professionals design optimal LWM installation profiles tailored 
to individuals project needs. The app's intuitive interface, algorithm integration, and collaborative features make it 
a valuable tool for developing LWM installation profile designs. 
 
Future research can focus on several areas to improve LWM installation profile design above existing culverts: 
 
• Validation and Calibration:  

o Further validation and calibration of empirical formulas and numerical simulation models using field data 
and long-term monitoring could enhance their accuracy and reliability in practical applications. 

• Advanced Material Analysis:  
o Investigating the behavior of new LWMs and innovative construction techniques can spur the development 

of more efficient and sustainable culvert support systems. 
• User Feedback and Iterative Improvement:  

o Gathering user feedback and incorporating iterative improvements into the web app would ensure its 
continued effectiveness and relevance in the field. 

 
Addressing these areas will advance the design of LWM installation profiles above existing culverts and lay the 
foundation for improving the resilience and sustainability of infrastructure modified during road widening projects. 
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Appendix A Optimized Coefficients for Empirical Formulas 
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Appendix B KYTC Lightweight Material on Culvert Design Web Application User’s 
Manual 
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