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when not in use [2]. 

Ladders are useful tools both at home and at the work-
site; however, they can also be dangerous. Many hospital 
visits result from ladder falls. According to the National 
Institute for Occupational Safety and Health (NIOSH), 
ladder-related falls account for more than 100 fatalities 
and thousands of injuries each year [1]. In 2020, there 
were 22,710 injuries caused by ladder-related falls, com-
pared with 22,330 in 2019. The installation, maintenance, 
and repair occupations had the highest ladder-related in-
juries — with 5,790 incidents reported. Construction and 
extraction occupations accounted for 5,370 ladder injuries, 
and service occupations had 3,160 [3]. Despite efforts at 
improving safety and training, the number of fatalities and 
ladder-related injuries from falls does not change much 
from year to year. 

Investigating Effects of Imperfections 
on Aluminum Stepladder Using  
Finite Element Analysis
By John Thomazin, PE, DFE (NAFE #1188M), Bill Webster, and Sai Kosaraju, PhD

Abstract
Ladders are a valuable tool, but they can also be dangerous. In 2020, ladder-related falls resulted in 

more than 100 fatalities and thousands of injuries, particularly in the installation, maintenance, and repair 
industries [1]. The ANSI A14.2 standard governs the safe construction, design, testing, and use of portable 
metal ladders, outlining requirements for ladder rung spacing, connections, and angle of inclination. While 
15 different load tests are performed to ensure a ladder meets the standard, it’s important to note that these 
tests use statistical tolerances and represent pass/fail criteria. Altering the cross-section of a shape can im-
pact its stiffness, and imperfections can affect a structure’s collapse. Understanding the testing limitations 
is crucial. To reduce ladder-related injuries and fatalities, imperfection-sensitive ladders can be detected, 
evaluated, and identified using 3D modeling and nonlinear finite element analysis (FEA). This paper pres-
ents a technique for using linear-elastic buckling analysis to identify potential failure modes. It is followed 
by nonlinear static analysis with material plasticity to detect significant decreases in strength when dents or 
other imperfections are included in the geometry or when the applied load directions are changed.

Keywords
Forensic engineering, finite element analysis, FEA, structural safety, ladder design, fall-related injuries, ANSI  

standards A14.2, load testing, workplace safety, imperfection sensitivity, 3D modeling, simulation, computer-aided 
engineering, CAE

Ladder Hazards & Injuries
The stepladder is a mechanical linkage consisting of 

front and back rails connected with spreaders that are used 
to lock the front and back rails in the open position. Steps 
on the front rails are spaced at approximately 1-foot in-
tervals. Once the stepladder is locked in position, the feet 
form a base along with the four rails, creating two basic 
triangles that form a rigid, stable framework suitable for 
climbing. 

Ladders, a tool in use for more than 10,000 years, 
have seen significant advancements in safety. The first 
practical folding stepladder was invented by John H. 
Balsley, a skilled carpenter from Pennsylvania. His  
patent in 1862 marked a significant improvement in  
ladder safety, as he replaced round rungs with flat  
steps and added hinges for easy folding and storage  

John Thomazin, PE, DFE, 1925 Westbourne Dr., Oviedo, FL 32765, (407) 375-1435, jthomazin@outlook.com
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Duty  
Rating

Ladder  
Type

Working 
Load (lb)

Size  
(ft)

Special Duty IAA 375 3-12
Extra Heavy Duty IA 300 3-20

Heavy Duty I 250 3-20
Medium Duty II 225 3-12

Light Duty III 200 3-6

Injury and Background
In the late summer of 2019, a homeowner was us-

ing a stepladder purchased from a home-improvement 
retail chain. As the stepladder was being used for house-
hold chores, the side rail components of the stepladder’s  
A-frame buckled, resulting in instability, downfall, and 
collapse. The stepladder was allegedly not overloaded or 
subject to abuse at the time of the collapse. The home-
owner landed on his backside and was injured by the col-
lapse. Settlement terms of the case prevent disclosure of 
the parties’ names and product brands. The subject step-
ladder was sold throughout the United States and distrib-
uted through major home-improvement retail chains. The 
subject stepladder is made of aluminum and has a rated 
load capacity of 250 pounds. 

ANSI Standards and Certifications
The subject stepladder is marked with the American 

National Standards Institute (ANSI) A14.2, Occupational 
Safety and Health Administration (OSHA) certification 
label. The Metal Ladder Manufacturers Association is 
responsible for initiating the ANSI standard for portable 
metal ladders, dating back to May 1951. The ANSI 14.2 
standard prescribes rules governing the safe construction, 
design, testing, care, and use of portable metal ladders of 
various types and styles [4]. 

As shown in Figure 1, there are five duty ratings 
and ladder types with working-load limits ranging from 
200 pounds to 375 pounds. According to the label on the 
subject stepladder, the ladder’s size was 6 feet, the maxi-
mum reach was 10 feet, and the highest standing level was  
3 feet, 10 inches. It has a tray for holding tools or one paint 
can and slots for a roller tray. As such, the subject ladder 
would be considered “light duty.” 

Development of ANSI Ladder Standards
The prescriptive standard aims to provide reasonable 

safety for life, limb, and property. The voluntary standard 
on portable ladders is one of many American National 

Standards prepared under the ANSI Accredited Standards 
Committee on Safety in the Construction, Care, and Use 
of Ladders (A14). The subcommittee for portable metal 
ladders is A14.2.

Section five of A14.2 outlines portable metal ladders’ 
general safety and performance criteria. The requirements 
are kept to a minimum to allow for various combinations 
of metals and design alternatives when designing and 
constructing the ladders. This section specifies dimen-
sions such as rung spacing, width, and height, ensuring 
the ladders provide a stable and comfortable climbing 
experience. Other features, such as rungs, steps, and rail-
ings, must comply with safety specifications regarding 
size and shape. Designers and manufacturers must ensure 
that ladders are designed and constructed to safely support 
the loads they will encounter during use, accounting for 
strength, durability, and stability. The construction materi-
als must be high-quality and appropriate for ladder manu-
facturing. Furthermore, the design must ensure that the 
ladder is strong and stiff enough to meet the performance 
requirements of this standard and is free from structural 
defects or accident hazards, such as sharp edges or burrs. 

The standard outlines the safe construction, design, 
testing, care, and use of metal ladders. The testing proce-
dures in section seven were developed for three applica-
tions: design verification, quality control, and in-service 
testing. During the original design development of the 
product, design verification tests are generally conducted 
as destructive tests. The manufacturer performs quality 
control tests on an ongoing basis, including both destruc-
tive and nondestructive tests. 

The standard’s remaining sections outline the most 
appropriate procedures for ladder care, selection, and use. 
They also specify the required labeling and product data 
information marks for the different types of ladders. 

Investigation and Examination
For the subject incident investigation, the home-

owner was available for an interview, and the room 
where the fall happened was measured, photographed, 
and 3D-scanned. The subject stepladder was also mea-
sured and photographed. The assembled stepladder 
framework uses rivets to fasten aluminum and plastic 
components into the finished product. The braced alu-
minum side rails are open-section C-shaped members 
joined by steps, rungs, cleats, or rear braces at regular 
intervals. The thickness of the aluminum side rails con-
necting the rungs was approximately 14 gauge (0.0747 

Figure 1
Classification of stepladders by duty rating, type, and size.
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Figure 2
Buckled condition of the front side rails for the subject stepladder. 

inches). The aluminum back rails are open-section C-
shaped members with unequal legs. The thickness of 
the aluminum back rails was approximately 13 gauge  
(0.0897 inches). The diameter of the rivets was approxi-
mately 3/16 inches. The subject stepladder generally met 
the requirements of Section 5 and the specifications of 
section 6 of ANSI A14.2. Additionally, it fulfilled the la-
beling/marking requirements of Section 9.0 in ANSI 14.2. 

According to A14.2 requirements, the physical loads 
on the stepladder, and the homeowners’ description of use 
before the collapse, the ladder should not have collapsed. 
The stepladder was set up on carpet, and the floor was 
even and firm. The homeowner weighed approximately 
160 pounds — well below the ladder’s working load limit. 
According to the claimant, at the time of the incident, the 
stepladder was not overloaded, and the weight was cen-
tered on its base. As shown in Figure 2, the right front side 
rail of the stepladder buckled near the first rung and braces 
by the connections. Overall, buckling initiated below the 
lower rung near the connections along the shorter, hori-
zontal axis of the two front-side rails. 

Exemplar Ladder 
An exemplar ladder was purchased for comparison. 

The exemplar and subject ladders were manufactured at 
the same plant four years apart. The authors photographed, 
measured, and documented the exemplary ladder and used 
those measurements to create a 3D CAD model, which 
could then be used in FEA simulation software.

Manufacturer’s Testing
The test requirements in A14.2 Section seven are pre-

ferred methods to determine whether a ladder conforms to 
the standard’s requirements. The tests that were developed 
for the standard use statistical methods. If a single test fails, 
then the test can be repeated using a sufficient sample size 
to ultimately determine whether a ladder passes or fails a 

test. In the case of a stepladder, various loads are placed on 
it — usually for 1 minute. If the ladder does not collapse 
or permanently deform after the test, it has passed. In all, 
there are about 15 different load tests for a stepladder. This 
analysis addresses only one test: the Torsional Stability 
Test, which is a design verification test.

After the incident, the manufacturer performed physi-
cal testing on the exemplar stepladder to recreate the dam-
age and deformation seen in the subject stepladder. The 
physical testing was video recorded and narrated. The test-
ing consisted of a demonstration and modified A14.2 test 
cases. In the demonstration, the product tester stepped on 
the bottom rung of the ladder, gently lifted the front rails 
of the ladder, and twisted the stepladder at the top to simu-
late a walking motion. The implied purpose of the demon-
stration was to show that the stepladder could be misused 
without collapsing. 

FEA vs. Physical Testing
The manufacturer’s tests did not replicate the buckling 

response seen in the subject stepladder. The post-buckling 
damage observed in the stepladder’s side rails implies a 
torsional loading condition or walking motion before col-
lapse. Desired confidence intervals and error levels es-
tablish the necessary sample size for testing [5] [6]. High 
confidence intervals and low error levels require more test 
trials, and vice versa (Figure 3). The great advantage of 
computer simulation is that multiple trials can be run at a 
fraction of the time and labor of a physical test. In addi-
tion, the model can predict failure modes before failure.  
A stepladder response can forewarn of potential failure 
modes present in the stepladder’s structure.

The torsional loading test case in ANSI 14.2 Section 
7.5.12 Rail Torsion and Spreader Test was chosen for 
FEA, as shown in Figure 4. After the FEA analysis, ANSI 
physical tests could be performed, and the results com-
pared, if needed. In Section 7.5.12, the test unit should be 
placed on a level floor, with a 200-pound load applied to 
the ladder top cap and a horizontal force applied to the 
top cap. The ladder should withstand the forces without 
damage. Ladders with a bucket shelf should be tested with 

Figure 3
Sample size needed for various confidence intervals and error levels.
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the shelf in the in-use position, and step stools are exempt 
from this test. 

The stiffness of a ladder or any framework combines 
material elasticity, given as Young’s modulus, and ge-
ometry. The shape of individual components, combined 
with the overall assembled geometry of the structure, de-
termines the framework’s stiffness. Changing the cross-
section of a shape can increase or decrease its stiffness. 
Dimensionally larger cross-sections are generally stiffer 
than dimensionally smaller cross-sections. To change the 
stiffness and affect a favorable response, a designer can 
change either material, geometry, or a combination of both 
geometry and material. Gaining insight into the response 
of the stepladder’s assembled framework to external loads 
can start with an understanding of the response of indi-
vidual components to external loads. 

The buckling of bars, frames, plates, shells, or other 
members is a response to compressive axial loads. Buck-
ling occurs when a member converts membrane strain en-
ergy into bending strain energy without changing external-
ly applied loads [7, Ch. 14]. There is no forewarning when 
conditions become critical — that moment when buckling 
is imminent — and any slight change in the deformation 

state triggers an instant conversion of membrane energy to 
bending energy. Comparatively, a member can store huge 
amounts of membrane strain energy, but bending strain en-
ergy can only absorb the released membrane energy with 
large lateral deflections and cross-sectional rotations. In 
other words, buckling occurs without forewarning when 
compressive forces reduce the bending stiffness to near-
zero for some deformation mode, and potential energy 
rapidly converts to kinetic energy with large lateral defor-
mations. 

FEA is a good tool for gaining insight into stress dis-
tribution throughout ladder components before the onset 
of buckling behavior. Both a limit-state analysis and a 
computer-aided linear-bifurcation buckling analysis may 
over-predict the failure load of a structure. The goal of the 
forensic engineer is to understand if the structure loses 
strength when applied to various loads.

The post-buckling response of a structure becomes 
nonlinear, and stiffness is reduced. A loss of stiffness can 
result in large deformations without any increase in load. 
In that case, the performance of a structure is strongly af-
fected by small changes in the direction of the loads, the 
manner of support, or changes in the structure’s geometry.  
Changing the geometry of the structure or cross-sectional 
properties of a member is an effective means for favorably 
changing the response of a structure to prevent collapse.  
Accordingly, FEA is an effective technique for modeling 
the effects of changes.  

Finite Element Model and Workflow 
The initial step in any simulation process, following 

thorough research and planning, is generating an appropri-
ate model for analysis. Broadly, this entails creating a fi-
nite element mesh, applying relevant material and section 
properties, modeling connections, interactions, or con-
tact phenomena, and finally, constraining and loading the 
structure. While the process may appear straightforward, 
it requires significant expertise and a deep understanding 
of physics to be executed correctly. The FEA workflow for 
evaluating buckling sensitivity generally unfolds in four 
stages, as depicted in Figure 5.

Following the creation of a detailed ladder model, a 
linear buckling analysis was performed to estimate buck-
ling loads, yielding results comparable to those from 
hand calculations. Although this analysis is relatively 
simple and based on linear assumptions, it offers several 
advantages. First, it provides a more efficient method for 
conducting traditional buckling calculations on complex  

Figure 4
Setup for rail torsion and spreader test.

(1) The test bar is clamped to the top cap.
(2) Clamp only used for the rail torsion and spreader tests in 7.5.12.
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structures compared to manual calculations using free-body  
diagrams and spreadsheets. More importantly, it identifies 
potential failure locations in the structure and predicts the 
failure mode or shape. This information empowers engi-
neers to make qualitative design improvements, alter load 
paths, and adjust boundary conditions to mitigate risks of 
failure. Additionally, linear buckling analyses are compu-
tationally inexpensive, allowing for the rapid evaluation of 
design alternatives. For reference, each buckling simula-
tion was completed in approximately 3 minutes.

In the subsequent workflow phase, geometric imper-
fections were introduced to assess sensitivity to various 
defects. The authors examined thickness and section de-
fects by reducing the thickness of the front leg and short-
ening the length of the C-channel flange. Shape defects 
were also explored, although their introduction posed 
challenges in terms of model implementation. Determin-
ing the defect’s size, shape, and placement within the mod-
el required careful consideration to ensure a meaningful 
impact on the results. By leveraging the buckled shapes 
from the linear buckling analysis, the authors ensured that 
imperfections were properly sized, shaped, and positioned 
to yield worst-case scenarios.

The final phase involved conducting a nonlinear static 
analysis on both the baseline geometry and the models 
with geometric defects. This analysis considers material 
plasticity, load redistribution, section changes, contact, 
and stress stiffening, making it more realistic than linear 
analyses or hand calculations.

Material and Model Discretization
Creating a model for FEA begins with a thorough un-

derstanding of the material properties. In the absence of 
specific material properties for the ladder under investiga-
tion, the authors used properties for 6061-T6 aluminum, 
which are well-documented in existing literature. Alumi-
num 6061-T6 is recognized for its favorable mechanical 

Figure 5
General workflow for FEA buckling model creation and analysis.

properties, corrosion resistance, widespread availability, 
and relatively low cost compared to other aluminum al-
loys. They referenced MMPDS-04 [8], a key standard 
for metal material properties in the aerospace industry  
(Figure 6a), to obtain engineering properties such as 
Young’s modulus, yield strength, ultimate strength, and 
elongation — necessary for defining the model’s material 
behavior (Figure 6b).

The nonlinear stress-strain behavior was approximat-
ed using the Ramberg-Osgood equation, which has shown 
excellent correlation with physical test data for metals 
such as steel, aluminum, and titanium. This method, de-
veloped in 1943, relates strain to stress, Young’s modulus, 
a material-specific strength coefficient, and a material-spe-
cific hardening coefficient. These coefficients can be cal-
culated using readily available engineering data, making it 
a convenient method for approximating nonlinear material 
behavior without the need for test data.

The ladder model included aluminum components as 
well as plastic and rubber parts. The top cap was made 
from ABS plastic, and the ladder feet were made of rubber. 
Linear elastic material properties were used for the ladder 
cap, as it was not a primary focus and was not subjected 
to significant stress. The rubber feet were omitted from the 
model due to their minimal structural impact.

The modeling approach employed shell elements  
for the main structural components, a process known as 

Figure 6b
Aluminum 6061 material behavior modeled by FEA.

Figure 6a
Aluminum 6061 material properties.
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Figure 7
Finite element model of the stepladder.

midplaning, which involves creating a 2D mesh to rep-
resent a 3D structure. While this approach might initially 
seem counterintuitive, shells provide the most accurate 
and cost-effective solution for modeling thin-walled 
structures under bending. A 1-inch mesh size was primar-
ily used, which, although relatively large, was sufficient 
to generate an accurate stiffness matrix and predict correct 
displacements. However, the large mesh size may result 
in non-converged stress values, which were addressed by 
locally refining the mesh near failure locations. Sensitiv-
ity studies determined the appropriate mesh size in these 
areas, ultimately settling on a 3-millimeter mesh size in 
regions near the bottom of the front left leg and the proxi-
mal angle braces, as shown in Figure 7.

The connection of the ladder structure was simpli-
fied using TIED constraints (an Abaqus keyword) to bond 
neighboring components at the overlapping interface, 
rather than modeling the complexity of rivets and associ-
ated contact between components. This level of detail was 
deemed sufficient because the failure mode was not related 
to the joints, and the load path could still be accurately 
captured using TIED constraints. This approach is also 
supported by St. Venant’s principle, which posits that the 
exact distribution of load near the point of application does 
not significantly affect the stress distribution at a distance, 
thereby ensuring global accuracy despite local modeling 
simplifications.

Boundary Conditions and Loads
With a highly accurate simulation model created, the 

Figure 8
Loading and boundary conditions of the stepladder.

Figure 9
Summary of analysis techniques used in the FEA study.

next step was to constrain and load the model to replicate 
the test conditions outlined in ANSI A14.2. The front left 
leg of the ladder was fully clamped to prevent all trans-
lation and rotation, while the other three legs were c 
onstrained only in the downward direction, allowing them 
to slide or lift off the ground — similar to a ladder on a 
frictionless surface.

The ladder was loaded according to ANSI A14.2, with 
a 200-pound distributed dead load applied downward on 
the ladder’s top cap. A rigid bar was clamped to the top cap, 
and a rearward load was applied to that rigid bar 18 inches 
from the ladder’s longitudinal centerline (Figure 8).

FEA Analysis Techniques
Finite element analysis was conducted using Abaqus 

2024 [9] to examine the structural response of a ladder un-
der loads similar to those outlined in ANSI A14.2. As sum-
marized in Figure 9, the study involved two types of anal-
yses: linear buckling analysis and nonlinear static analysis. 
Linear buckling analysis is akin to arithmetic, providing 
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Figure 12
Linear buckling results when loaded in the Y direction  

(loaded in opposite direction to ANSI A14.2).

Figure 10
Linear buckling modes with red text identifying  

modes likely to result in ladder collapse.

a simple and efficient method for estimating critical bi-
furcation loads in stiff structures. Nonlinear static analysis 
(comparable to calculus) accounts for material plasticity, 
load redistribution, and geometric changes, yielding more 
accurate results for complex scenarios.

Linear buckling analysis predicts elastic buckling by 
estimating the critical bifurcation load, offering accurate 
and cost-effective quantitative results for structures ex-
periencing true elastic buckling. However, its inherent 
linearity limits its accuracy, which fails to account for 
material plasticity, changes in loading direction, loss of 
section properties due to deformation, or contact between 
neighboring bodies. As a result, linear buckling analyses 
often overestimate the magnitude of buckling failure, par-
ticularly in structures that experience significant material 
yielding.

In contrast, nonlinear static analysis evaluates a sys-
tem’s nonlinear structural response, accounting for materi-
al, geometric, and contact nonlinearities. This method pro-
vides a deeper understanding of the true physics involved 
and yields more accurate results than linear analyses.

Linear Buckling Analysis Results
The linear buckling analysis results shown in Figure 

10 revealed several interesting trends. The first buckling 
mode occurs in the angle brace, a thin, relatively flat piece 
of metal loaded in compression. However, the buckling of 
the angle brace does not necessarily lead to the collapse 
of the ladder, as the front leg is the primary load-carrying 
member. To assess the potential for ladder collapse, it is 
crucial to identify the buckling mode affecting the area of 
interest.

When the ladder is loaded according to ANSI A14.2, 
the first buckling mode affecting the left front leg occurs 
at a load of 164 pounds, and Positive Y was applied. Inter-
estingly, when Negative Y was applied, the first buckling 
mode occurs at a load of only 77 pounds — a decrease of 

over 50 percent compared to the baseline (Figure 10). This 
discrepancy arises due to the different stiffnesses of the 
C-channel under positive and negative bending moments. 
However, despite this discrepancy, the ladder still meets 
the 30-pound requirement even when loaded in the oppo-
site direction to that which is specified by ANSI A14.2.

When loaded in the ANSI A14.2-specified direction, 
the buckling results can be animated to demonstrate that 
the first six modes affect the angle braces. Although the 
angle brace may buckle before the leg, it does not necessar-
ily cause a collapse. However, the buckling of the side wall 
of the front leg, as shown in Figure 11, aligns with the ob-
served failure in the field. With symmetry in the structure, 
modeling failure on the left front leg would be mirrored on 
the right front leg, which was the incident failure.

When the load is applied in the opposite direction, 
the buckling modes follow a similar trend, with the first 
several modes primarily affecting the angle braces. The 
third buckling mode, however, occurs at the same location 
where plastic failure was observed in the subject ladder, as 
shown in Figure 12.

In gathering data for analysis, the author evaluated 
three types of imperfections. A thickness imperfection was 

Figure 11
Linear buckling results when loaded in the  

+Y direction (loaded in accordance with ANSI A14.2).

First Buckling Mode: 19.8 lb	                  Third Buckling Mode: 77.4 lb

First Buckling Mode: 31.1 lb                                    Seventh Buckling Mode: 163.9 lb
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simulated by reducing the thickness of the front leg by 
0.004 inches — the tolerance for 14-gauge aluminum. Sec-
tion imperfections were simulated by reducing the widths 
of each leg flanges — first by ⅛ inches and secondly by  
¼ inches. Five shape imperfections extracted from the lin-
ear buckling analysis (LBA) were introduced into the mod-
eled geometry, as shown in Figure 13. 

One of the key applications of LBA is the visualiza-
tion of deformed shapes on the original geometry. In this 
research, five shape defects were examined (Figure 13). 
The selected buckling mode shapes were chosen because 
the modeled failures all occur within the failure zone.

Nonlinear Static Analysis Results
The nonlinear results for the baseline ladder design 

indicated that the ladder buckles at 62 pounds under 
ANSI A14.2 loading conditions. However, when loaded 
in the opposite direction, the failure load is reduced to ap-
proximately 23 pounds — about one-third of the forward-
loading capacity. As shown in Figure 14, while the ladder 
technically meets the 30-pound ANSI requirement when 
loaded according to the specification, it falls short when 
loaded in the opposite direction, highlighting a potential 
code enhancement concerning buckling collapse.

 Further analysis revealed the reason behind the  

significant difference in results. When loaded according 
to the ANSI standard, Von Mises stresses showed material 
yielding initiates on the rear flange and ultimately extends 
across the side wall of the front leg prior to collapse. In 
contrast, when loaded in the opposite direction, yielding 
not only initiates on the rear flange but also collapses in 
this region (without propagating across the side wall of 
the front leg).

The Maximum Principal Stress plots provide addi-
tional insight into the observed failure mechanisms. Un-
der ANSI A14.2 torsional loading (+Y direction), tensile 
stresses develop in the rear flange of the front leg, sup-
pressing local flange buckling and allowing continued 
load transfer. As plastic deformation progresses, stresses 
redistribute through the side wall of the front leg, ultimate-
ly leading to global collapse driven by gross material plas-
ticity. Conversely, when the load is applied in the opposite 
direction (−Y), the rear flange is placed in compression, 
promoting flange buckling and precipitating failure prior 
to significant load redistribution.

The observed behavior is further clarified by examin-
ing the ladder’s force–deflection response under opposite 
torsional loading directions. A force–deflection curve pro-
vides a concise means of visualizing the global nonlinear 
response of the stepladder, including initial yielding, post-

Figure 13
Imperfection definitions.
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Figure 14
Nonlinear static analysis results for load directions +Y (left) and -Y (right).

buckling behavior, load redistribution, and ultimate failure.

In this study, displacement is defined as the resultant 
translational displacement in the global x–y plane of the 
node at which the torsional load is applied; specifically, 
the node located at the top of the stepladder on the rigid 
loading bar, positioned 18 inches from the ladder’s cen-
terline in accordance with ANSI A14.2. This displacement 
represents the motion of the rigid load application point 
relative to the fixed base supports and reflects the cumu-
lative deformation of the stepladder system rather than 
the local deformation of an individual member. Force is 
defined as the applied load transmitted through the rigid 
loading bar at this same node in the corresponding load-
ing direction. Both displacement and applied force were 
extracted directly from Abaqus as history output at the 
load application point and subsequently plotted to gener-
ate force-deflection curves.

When the ladder is loaded in the direction opposite 
the ANSI A14.2 specification (−Y direction), the force–de-
flection curves for the baseline and imperfect models ex-
hibit a similar response: Initial yielding in the rear flange 
of the front leg is followed by a rapid loss of load-carrying 
capacity (Figure 15, left). This behavior is characteristic 
of flange buckling and snap-through instability, in which 
compressive stresses dominate and prevent significant 
post-yield load redistribution.

In contrast, when loaded in accordance with ANSI 
A14.2 (+Y direction), the force–deflection response shows 
a distinctly different progression (Figure 15, right). Ten-
sile yielding initiates in the rear flange of the front leg, 
suppressing flange buckling and allowing the structure to 
continue carrying load. As plastic deformation develops, 
load redistributes into the side wall of the front leg, pro-
ducing a transient stiffening response before the onset of 
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[9]	 Dassault Systèmes, Abaqus: Finite Element 
Analysis for Mechanical and Civil Engineering. 
Waltham, MA, USA. [Online]. Available: https://
www.3ds.com/products/simulia/abaqus. Accessed: 
Jul. 25, 2023.

Figure 15
Force-deflection response from nonlinear static analyses for torsional loading applied in accordance with ANSI A14.2, where displacement 

denotes the resultant in-plane (x–y) translation of the load application node at the top of the stepladder (located 18 inches from the centerline on 
the rigid torsional loading bar), and force denotes the corresponding applied load transmitted through the rigid loading bar.

global collapse due to gross material plasticity. The larger 
displacement values observed in these curves reflect con-
tinued global deformation of the ladder assembly under 
sustained load redistribution, rather than excessive defor-
mation of an individual member. For clarity and compari-
son, all force–deflection plots were generated using con-
sistent axis scales. While this approach introduces unused 
plot space in some cases, it enables direct visual compari-
son between loading directions and imperfection cases 
without rescaling effects.

The Sensitivity of the Structure to Imperfections
The analysis of the ladder’s sensitivity to imperfec-

tions revealed that nearly all introduced defects nega-
tively impacted performance. As tabulated in Figure 16, 
the combination of multiple defects had a particularly 
significant impact, with strength reductions ranging from 
16 to 72 percent, depending on the severity of the section 
change and loading direction.

Reducing section properties had the most pronounced 
impact on strength among the individual contributors. 
However, the presence of shape defects or dents in the ge-
ometry had a similar effect on performance, as did thick-
ness reductions, despite the relatively small size of the in-
troduced dents.

Conclusion
Physical testing is inherently constrained by time, la-

bor, and the limited number of samples. However, FEA 
offers a robust alternative, demonstrating that variations 

in load and geometry can significantly reduce the step-
ladder’s stiffness. When utilized correctly, FEA becomes 
a powerful tool for forensic investigation, enabling far 
more sophisticated calculations than traditional hand 
methods. It enables rapid iteration across designs and 
provides critical insights into weakening behavior that 
would be difficult (if not impossible) to predict with con-
ventional approaches. Additionally, FEA software can 
generate compelling animations that often communicate 
complex information more effectively than technical data 
presented in spreadsheets.

The key findings of this study include the following:

1.	 Loading Direction Sensitivity: Both elastic and 
nonlinear analyses revealed a significant varia-
tion in performance, depending on the loading 
direction. Buckling response was more severe 
when loading was applied in the direction op-
posite that specified by ANSI A14.2, suggesting 
that the current ANSI A14.2 specification may 
not fully predict the buckling behavior of step-
ladders.

2.	 Limitations of Linear Buckling Analysis: While 
linear buckling analysis is effective for identifying 
potential failure points within a structure, it may 
overestimate the buckling load due to its inability 
to account for material plasticity, contact, or sec-
tion changes.
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Figure 16
Tabular summary of nonlinear static analysis results.

3.	 Localized Buckling vs. Structural Collapse: 
The presence of localized buckling does not al-
ways signal an imminent structural collapse. Indi-
vidual components can often buckle without com-
promising the overall stability of the structure, as 
seen with angle braces versus the front leg.

4.	 Impact of Nonlinearities: The nonlinear static 
analysis results indicated a significant decrease 
in performance when nonlinearities, particularly 
plasticity, were considered, compared to tradi-
tional elastic approaches. This underscores the 

importance of understanding the system’s true 
physical behavior. An inexperienced analyst 
might overlook these nonlinearities when assess-
ing buckling, potentially leading to under-design 
for a given load case. In contrast, experienced en-
gineers can interpret these complexities and adapt 
their approach accordingly.

5.	 Effect of Imperfections: The study demonstrated 
that imperfections can have a material impact on 
structural performance.
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to channel multiple shots or a single slug, accelerated by 
combustion gases from the propellant upon cartridge dis-
charge. Unlike rifle and pistol barrels, most shotgun bar-
rels are smoothbore, lacking rifling, except in specialized 
slug guns. The barrel wall thickness is non-uniform, with 
the chamber exhibiting the greatest thickness and strength 
to withstand peak combustion stresses at the breech. The 
barrel thickness then decreases along the barrel length. 

In modern shotguns, fast-burning smokeless propel-
lant, akin to pistol powder, is employed, which combusts 
rapidly, with peak chamber pressures developed within ~1 
to 3 inches of wad and shot travel down the barrel. Bore 

Barrel Failure in an  
Over and Under Shotgun
By Stephen A. Batzer, PhD, PE (NAFE #677F) 

Abstract
A 12-gauge over-and-under shotgun experienced a rupture in its lower barrel when firing standard fac-

tory ammunition. This incident marked the shotgun’s first use in the field, as it had only been test-fired at the 
factory with regular-pressure shells (not proof loads) prior to this event. The barrel steel split axially ahead 
of the reinforced chamber, under the polymer fore-end, causing hot gases and plastic debris to violently strike 
the shooter’s left hand, resulting in serious injury. A detailed metallurgical and geometric evaluation of the af-
fected barrel was conducted at an independent third-party laboratory. Chemical analysis confirmed the steel 
matched SAE 1045 alloy with appropriate hardness for the barrel’s intended thickness. Performance testing 
on a new, identical shotgun using intentionally overloaded shells was also carried out, despite the spent hulls 
from the incident showing no signs of excessive pressure. The assessment uncovered a distinct manufacturing 
flaw in the lower barrel, creating a localized weak spot in the barrel wall.

Keywords
Over-and-under shotgun, barrel rupture, factory ammunition, metallurgy, manufacturing defect, forensic engineering

Introduction and Background
The firearm involved in the incident was an import-

ed “value model” over-under shotgun, chambered for 
12-gauge, 3-inch shells, featuring 28-inch carbon steel 
barrels equipped with interchangeable chokes. The shot-
gun was fitted with polymer furniture. The owner, operat-
ing the firearm for the first time during a bird-hunting ex-
cursion on open farmland, used factory-loaded 12-gauge 
steel shot ammunition (predominantly Winchester brand). 

On approximately the sixth round fired, which was 
the first shell discharged through the lower barrel by the 
owner, a catastrophic failure occurred. The lower barrel 
ruptured along the left side, resulting in the destruction of 
the fore-end and severe injury to the shooter’s left hand, 
as depicted in Figure 1. Additional evidence available for 
examination included fragments of the fore-end, the print-
ed owner’s manual, three unfired shotgun shells, and five 
spent shotgun hulls previously fired through the firearm, 
including the final Winchester shell.

A shotgun barrel functions as a steel open-ended pres-
sure vessel. It comprises a long cylindrical tube designed 

Stephen A. Batzer, PhD, PE, 8383 M-113 E, Fife Lake MI, (479) 466-7435, batzer@batzerengineering.com

Figure 1
Photo of the ruptured carbon steel lower barrel from the left  

side; red arrows indicate the chamber region welding point to  
the thinner and longer barrel segments leading to the muzzle.
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Figure 2
Schematic shape of shotgun barrel maximum  

bore pressure by axial position. 

pressure diminishes rapidly past peak manifestation due 
to increased gas volume from axial projectile movement, 
adiabatic cooling that is associated with the volume in-
crease, heat transfer to the barrel and shell, and interfacial 
friction, as illustrated by the representative shotgun barrel 
pressure trace in Figure 2 [1]-[4].

The stress distribution within the barrel wall compris-
es three orthogonal principal components as illustrated in 
Figure 3, expressed in cylindrical coordinates. Isostatic 
atmospheric pressure is disregarded. The radial compres-
sive stress at the inner wall (σr) corresponds identically to 
the local combustion pressure (p) as measured by the com-
pression gauge. Additionally, axial tensile stress (σz) and 
circumferential hoop tensile stress (σθ) are induced.

Experimental evidence indicates that hollow cylin-
ders subjected to excessive internal pressure predominant-
ly — essentially universally — fail due to hoop stress. 
Failure typically initiates as a near-planar fracture at the 
inner wall, propagating toward the outer wall with axial 

and radial progression, resulting in either brittle or ductile 
surface characteristics. For most shotgun barrels, at axial 
positions distant from the chamber, the bore radius sig-
nificantly exceeds the barrel steel thickness, satisfying the 
condition ri > 10t. In this region, Barlow’s hoop stress for-
mula for thin-walled cylinders, given in Equation 1, pro-
vides sufficient accuracy to evaluate the dominant hoop 
stress component against the material’s tensile yield stress 
or the designated maximum working tensile stress [5]-[6].

Eq. 1: σɵ = p * ri / (ro - ri)		  
Barlow’s equation for pressurized cylinder hoop stress

As a failure criterion, the Barlow equation omits the 
radial compressive stress on the inner wall and the axial 
tensile stress, both of which contribute, albeit marginally, 
to failure in over-pressurized thin-walled cylinders. For 
internally pressurized cylinders with thicker walls, such as 
a shotgun barrel where the local condition ri < 10t is satis-
fied, the Lamé formulae yield more precise stress analysis 
results for the maximum stress components at the inner 
wall surface [7]-[8].

Eq. 2: σr = -p					      
Lamé equation for cylinder radial stress at inner wall

Eq. 3: σz = pri
2/(ro

2 – ri
2)			    

Lamé equation for cylinder axial stress at inner wall

Eq. 4:σɵ = p (ro
2 + ri

2)/(ro
2 – ri

2)		   
Lamé formula for cylinder hoop stress at inner wall

Equations 2 through 4 apply to linear elastic materi-
als, such as steel. For failure assessment, the Lamé hoop 
stress equation serves as a conservative estimator and can 
be compared directly to the material’s yield stress. Alter-
natively, the three orthogonal stress components can be 
combined using either the Tresca shear yield criterion or 
the von Mises distortion energy criterion, as outlined in 
Equations 5 and 6, where σY represents the uniaxial ten-
sile yield stress of the barrel material, and τY represents the 
barrel material shear yield stress, which is conservatively 
approximated as half of the tensile yield stress [9]-[10].

Eq. 5: τmax = (σɵ - σr )/2 < σY/2 < τY	  
Tresca shear yield criterion 

Eq. 6: σmax = 1/√2  * √(σr  - σz)² + (σr  - σθ)² + (σz  - σθ)²) < σY  
von Mises distortion energy criterionFigure 3

Orthogonal stress components associated with a shotgun barrel  
cylinder wall describing axial stress σz, radial stress σr, and hoop stress σɵ.
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Forensic Engineering Analysis &  
Candidate Barrel Failure Mechanisms

In the examined shotgun barrel, the stresses induced in 
the barrel wall by the combustion gases of the propellant 
surpassed the material’s local strength, leading to failure 
[11]. The injury incurred by the shooter resulted in the fo-
rensic investigation detailed in this study. The subsequent 
analysis focused on three key areas to ascertain whether 
the barrel wall’s inadequate strength or excessive combus-
tion gas pressure caused the failure.

•	 Shooter		  activities and other circumstances

•	 Ammunition 	 suitability and peak pressure

•	 Firearm 		 design, metallurgy, manufacturing

A technical paper by forensic investigator Stanton O. 
Berg summarized 33 previously published barrel obstruc-
tion tests along with their results, performed by multiple 
researchers [12]. Berg categorized the experiments into six 
different obstruction types:

1.	 Bullet lodged in barrel, deliberate placement

2.	 Bullet lodged in barrel, squib loading

3.	 Bullet jacket in barrel

4.	 Cleaning patch in barrel

5.	 Sand, earth, or mud in muzzle

6.	 Water in barrel

The results of discharging a normal pressure cartridge 
with bullet behind the known obstructions included:

1.	 No detectable damage to firearm

2.	 Bullet halts and lodges behind obstruction

3.	 Barrel burst

4.	 Barrel circumferentially bulged

Testing conducted by Hatcher [13] on bolt-action rifles 
demonstrated that excessive cosmoline — a thick, waxy 
grease used as a rust inhibitor — acted as a bore obstruc-
tion and resulted in outcomes ranging from no damage 
to a split barrel, depending on the quantity of cosmoline 

present. The National Shooting Sports Foundation [14] 
confirms similar risks for shotguns, stating, “Excessive lu-
bricating oil or grease in the bore can lead to dangerously 
elevated pressures, potentially causing the barrel to bulge 
or rupture upon firing, posing injury risks to the shooter 
and bystanders.” 

In the case of the well-used pump action shotgun 
depicted in Figures 4 and 5, the owner reported a barrel 
rupture during the first discharge of the season. According 
to him, the barrel contained only a factory-loaded shot-
gun shell and residual oil from the previous season’s final 
cleaning. A circumferential ring, located away from the 
chamber and formed incrementally prior to the rupture, 
served as a diagnostic indicator of overpressure caused by 
an obstruction. The existing literature does not describe a 
mechanism whereby the peak combustion pressure from 
fast-burning nitrocellulose powder propagates down a 
shotgun bore to induce this failure mode. However, nu-
merous reports document secondary explosive effects 
from underloaded cartridges with slow-burning nitrocel-
lulose powders [2], [15]-[17].

Figure 4
Ruptured pump-action shotgun barrel due to bore obstruction  
with wad retention observed at the distal end of the fracture.

Figure 5
Circumferential ring indicative of local gas stress maximum  

due to a barrel obstruction in the region of the red arrow.
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Shooter Evaluation
The individual involved in the incident was an adult 

male who had purchased the shotgun new from a local re-
tailer. No drugs or alcohol were involved, and the shotgun 
was being used for legal hunting purposes — not for crim-
inal activity, competitive shooting, or misuse. The incident 
occurred during the first outing with the shotgun with the 
failure occurring upon the initial discharge of a cartridge 
through the lower barrel. 

One potential, though improbable, user error that 
could have contributed to the overpressure event is the in-
advertent insertion of a 20-gauge shotgun shell into the 
chamber prior to the destructive shot; this barrel contami-
nation would have acted as a barrel obstruction [18]-[19]. 
To investigate this possibility, a dummy 20-gauge shell 
was inserted into the lower barrel, and its farthest forward 
position was recorded. The 20-gauge test shell passed eas-
ily through the 12-gauge chamber but was halted by its rim 
at the forcing cone downstream of the chamber. The face 
of the 20-gauge dummy shell was positioned 3.4 inches 
from the breech face, whereas the approximate initiation 
point of the barrel fracture was approximately 7 inches 
from the breech face, as shown in Figure 6 (where the 
barrel set is depicted inverted from its standard over-under 
configuration for clarity). Thus, this inadvertent improper 
ammunition substitution explanation was discarded. 

Bore diameter measurements for the upper and lower 

barrels were obtained using a three-point internal diameter 
gauge with results tabulated in Figure 7.

As recorded in the table, the inner diameter of the up-
per barrel is slightly smaller than that of the lower barrel. 
This design variation may stem from factors such as recoil 
management, weight distribution, balance considerations, 
or a perceptual effect influencing the subjective compari-
son of the top and bottom barrel sizes.

No credible failure causation could be attributed to the 
shooter in this case. The shooter did not manufacture the 
firearm, had no opportunity to neglect its maintenance due 
to the incident occurring during its first use, used ammuni-
tion that was appropriate for the firearm and not self-man-
ufactured, and there was no evidence indicating the pres-
ence of an obstruction during the discharge.

Incident Ammunition Inspection and Analysis
A standard initial step in investigating a ruptured fire-

arm barrel is to determine whether hand-loaded ammuni-
tion was used. Manufacturers predictably void warranties 
for damage associated with hand-loaded ammunition. 
Hand-loading is typically associated with high-volume 
competition shooters or long-range shooters — neither 
of which applies to this case. However, reloading of ex-
pended shotgun hulls is a known practice, supported by 
commercially available equipment for small-volume oper-
ations. “Most blown-up handguns and rifles are caused by 
improper hand loads. Shotgun ammunition, on the other 
hand, is not nearly so frequently handloaded” [18]. In this 
investigation, no evidence was found to suggest that the 
shell responsible for the rupture of the lower barrel was 
hand-loaded.

The cardboard box for the incident ammunition in-
volved had been marked with the production lot number 
on the inner surface of a closing tab. However, this pack-
aging was not preserved by the owner, leaving no lot num-
ber information available for the forensic investigation. An 
online search of the manufacturer’s website and the Con-
sumer Product Safety Commission’s database revealed no 

Figure 6
Close-up photo of the inverted barrel pair; green arrows mark the 

lodging point of the rimmed base of the 20-gauge test round, while red 
arrows indicate the approximate location of fracture initiation.

Figure 7
Measurements of bore diameter for the shotgun barrels involved in the incident.
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evidence of recalls for ammunition of this make and load 
characteristics, either recently or historically. Exemplar 
ammunition of the same design remains in production, and 
two boxes were purchased for analysis. Multiple rounds, 
randomly selected from boxes bearing identical lot num-
bers, were disassembled to document their construction, 
as shown in Figure 8. The primer was left intact within 
the brass base. For reassembly of the round of Figure 8, 
the smokeless propellant would first be poured back into 
the empty hull, settling at the base near the primer flash 
hole. The white wad would then be positioned above the 
propellant. The shot would be loaded into the blue cup, 
and both components would be inserted into the red hull, 
which would subsequently be crimped at the end to form a 
star-shaped closure.

The exemplar rounds have the following mass char-
acteristics, based upon an average of four deconstructed 
shells:

1.	 Empty hull with primer	 136.6 grains

2.	 Smokeless propellant	 30.9 grains

3.	 White plastic wad disk	 13.9 grains

4.	 Blue polymer cup	 38.0 grains

5.	 Steel shot	 543.3 grains

6.	 Total	 762.6 grains

The total mass of the solid ejecta is 595 grains, equiv-
alent to 0.085 lb or 1.36 oz. The average shot mass was 
measured at 1.24 oz, closely aligning with the nominal 
1.25 oz load indicated on the retail ammunition packaging.

No significant evidence of excessive pressure was 
observed on the breech face of the receiver of the inci-
dent break-action shotgun. The expended shell, which 
was discharged and resulted in the rupture of the lower 
barrel, showed no clear signs of overpressure markings. 
Such markings on a brass casing may include an ejector 
mark on the base or a flattened or cratered primer. Soot 
around the primer pocket generally indicates gas leakage 
due to a loose primer pocket rather than overpressure. As 
noted by Naramore, “Primers are of very little value in 
estimating [cartridge] pressures” [20]. For thoroughness, 
bore ash swabs were collected from the upper and lower 
chambers and at the site of the barrel rupture. These com-
bustion product samples were preserved but not subjected 
to further analysis.

Shotgun Inspection, Testing, and Analysis
The owner’s manual claimed that the incident shot-

gun was subjected to “proof testing” prior to shipment, 
utilizing “standard factory-loaded ammunition.” Typical-
ly, proof testing entails the use of higher-than-standard 
pressure cartridges to validate a barrel’s construction, 
encompassing its geometry and metallurgical properties. 
(See 21 for standard and proof load peak bore pressures 
for 12-gauge shotgun rounds of various types.) 

Successful proof testing is frequently indicated by 
stamped or engraved pictograms on the barrel, action, or 
both. The absence of such markings on the incident fire-
arm suggests that the manufacturer’s assertion of “proof 
testing” in the owner’s manual may be misleading. A more 
precise description would be that the firearm underwent 
successful functions testing before being shipped to the 
distributor. Inspection of two exemplar shotguns of the 
same make and model, performed by swabbing their bores 
with clean cotton patches, detected ash residue, consistent 
with these firearms being functions-tested at the factory 
using standard-pressure 12-gauge ammunition.

To evaluate the durability of the incident shotgun 
design, one of the two sample shotguns acquired for this 
study was tested with a double propellant charge, mirror-
ing the destructive event outlined by Lee [22]. A single 
round with a double propellant charge was created by 
combining components from two disassembled shotgun 
rounds. Due to space constraints, the test round’s hull 

Figure 8
Components of an exemplar 12-gauge shotgun round  

displaying decrimped plastic and brass hull, smokeless flake  
propellant, polymer wad, polymer shot cup, and steel shot.
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Figure 12
Results of optical emission spectroscopy  
elemental analysis of the incident barrel.

could not accommodate both the doubled propellant and 
all the original shot, as factory rounds lack extra space or 
compressible parts. 

Consequently, the quantity of shot was diminished, 
yet the polymer case mouth still failed to form the neat star 
crimp seen in the original rounds. Such a visibly imper-
fect and underweight round is unlikely to leave a modern 
ammunition factory. The test was conducted by remotely 
firing the double-propellant round from the lower barrel 
of the sample shotgun in an open area, using a fixture and 
trigger lanyard for safety. The shotgun fired without issue, 
showing no cracks, bulges, dimensional changes in the 
barrel, or damage to other components. Figure 9 juxtapos-
es the primers of the incident round and the double-pro-
pellant round. Notably, the incident primer appears flatter 
than the double-propellant round’s primer, supporting Nar-
amore’s [20] view that primer shape analysis is unreliable. 
These rounds likely came from different production lots. 
While both used type 209 shotgun Boxer primers, their 
designs may not be identical.

A metallurgical analysis was conducted at a commer-
cial laboratory to examine the barrel’s properties. The bar-
rel was marked for sampling and then sectioned using a 
diamond saw, as shown in Figure 10. The upper barrel ex-

Figure 9
Primers of two shotgun shells; ruptured barrel final round at left,  

double-propellant exemplar test round at right.

Figure 10
Segments of the lower barrel post diamond  

sawing and the deformed area of the upper barrel.

hibits significant compression deformation, resulting from 
the impact of hot combustion gases during the rupture of 
the lower barrel.

Once cut free, the fracture surface was analyzed us-
ing a scanning electron microscope, as shown in Figure 
11. The examination revealed a ductile fracture surface 
without undesirable features such as porosity, inclusions, 
or laps. 

A barrel segment underwent optical emission spec-
troscopy (OES) to analyze its composition [23], as shown 
in Figure 12. The elemental fractions are consistent with 
SAE 1045 carbon steel [24].

Figure 11
Scanning electron microscope image of fracture surface  

of the ~0.020” barrel local wall thickness with bore interior  
surface visible showing circumferential machining marks.
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Two barrel specimens were cut and sectioned — one 
perpendicular and one parallel to the axial plane. They 
were encased in polymer for metallographic examina-
tion. Both were ground, polished, and etched, revealing a  
hypoeutectoid microstructure of pearlite grains within a 
ferrite matrix. Hardness was assessed using a diamond 
Vickers indenter in the perpendicular specimen with find-
ings presented in Figure 13. These measurements were 
taken midway between the barrel bore and exterior and 
evenly distributed angularly with ~72° of separation be-
tween hardness indentations. 

discharge was estimated using representative barrel bore 
pressure values from Butler [3], as tabulated in Figure 16.

At a barrel position where the load had traveled 4 inch-
es, the distance from the breech face was 7 inches with a 
wall thickness of ~0.015 inches. According to data shown 
in Figure 16, the bore pressure at the point of rupture  

Figure 13
Barrel hardness measurements using 
a Vickers micro-indenter on plane cut 

perpendicular to the bore axis.

The hardness mea-
surements showed a 
maximum-to-minimum 
range of 11 HV, which 
is not remarkable. The 
measured hardness is 
equivalent to 22 HRC 
(Rockwell C), 99 HRB 
(Rockwell B), and 233 
HB (Brinell). This sug-
gests a yield strength of 
the 1045 steel barrel of 
approximately 105,000 
psi or 720 MPa. 

Cutting the barrel 
downstream from the 

fracture exposed the critical defect responsible for the 
barrel rupture. The barrel was incorrectly bored using a 
damaged or misaligned reamer or gun drill, resulting in 
uneven wall thickness. The right side of the barrel was vis-
ibly thicker than the left side due to a collinearity machin-
ing error. This produced a region near the chamber with 
abnormally high local tensile wall stress during firing. The 
defect is visually evident in the mounted specimen shown 
in Figure 14, which gives the local thickness of the barrel 
in the text boxes. This specimen is the short cylindrical 
specimen nearest the rupture in Figure 10 marked with a 
rightward-facing arrow.

Caliper measurements of the barrel thickness near the 
fracture were recorded, with a representative measurement 
shown in Figure 15. The wall thickness, as thin as card-
stock paper, was uniform across several inches of the rup-
tured area.

For thoroughness, a calculation of the barrel’s strength 
and localized bore stress was conducted. Since the ammu-
nition manufacturer does not disclose pressure trace data, 
the bore pressure at the approximate failure point during 

Figure 14
The polished and mounted barrel cross-section sample was taken  

forward of the rupture, documenting an improperly bored interior wall.

Figure 15
Barrel thickness measurement at the region of rupture propagation.

Figure 16
Pressure data for 12-gauge shotgun loads, giving peak  

bore pressure as a function of shot position in the barrel.
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initiation can conservatively be estimated at 4,000 psi, 
and it could be higher when considering the steep pressure 
curve slope illustrated in Figure 1. The inner radius of the 
lower barrel at this location was 0.367 inches — over 24 
times the barrel thickness — making Barlow’s formula 
for hoop stress appropriate and simplified as Equation 7:

Eq. 7: σ  ̂  = 4,000 psi * 0.367” / 0.015” ≈ 98,000 psi

This estimated hoop stress minimum at the time of 
discharge as given in Equation 7 is very close to the cal-
culated yield stress of the barrel’s SAE 1045 steel, 105,000 
psi. This estimated yield stress of 105 ksi is based upon the 
measured barrel material hardness and represents yielding 
at a quasi-static strain rate. Discharge of a firearm produc-
es strain rates significantly above quasi-static, which is re-
liably expected to increase the yield stress of the carbon 
steel alloy 1045 as it is a strain-rate sensitive material. This 
strain rate strengthening is countered by geometric weak-
ening due to the roughly machined bore of the incident 
shotgun, which manifests as stress concentrations. The 
balance between the strengthening and weakening aspects 
of the barrel was beyond the scope of this investigation.

As a further check of this forensic analysis, the C.I.P. 
standard regarding Material Quality and Wall Thickness 
of Barrel and Chamber of Small Arms (Recommendation) 
was consulted [25]. The C.I.P. is a SAAMI-affiliated orga-
nization for European manufacturers and importers. This 
standard indicates that for 12-gauge shotguns with barrels 
manufactured from Category 1 steel (200-249 HB hard-
ness, perlite + ferrite microstructure), at 200 mm = 7.9” 
past the breech face, the minimum wall thickness of the 
barrel is 1.90 mm = 0.075”. At the 7.9” position of the 
incident barrel, the wall thickness on the mis-bored left 
side measured 0.015”, 20% of the C.I.P. safety recommen-
dation.

Summary and Conclusions
The investigation examined three potential causes of 

the barrel rupture: shooter error, ammunition defects, or 
weapon deficiencies. No evidence of shooter error or am-
munition irregularities was found. The rupture mechanism 
was clear — a defectively thin barrel at the point of rupture 
initiation due to a drilling or reaming error. 

During function testing using a standard pressure 
round at the factory prior to shipment, the lower barrel 
of the incident shotgun probably bulged without burst-
ing. This initial deformation, of unknown extent, could 
have signaled a defect but was concealed by the polymer 

handguard, making it undetectable to the user. Since the 
shotgun failed on its second normal-pressure discharge, 
the defective barrel could likely have been identified at the 
factory using high-pressure “proof” rounds, which would 
have either caused a rupture on this first shot or created a 
noticeable ring. Prior to proof testing at the factory, there 
would be reason to not install the polymer handguard. Af-
ter a nominally successful proof-load discharge, the tech-
nician could simply visually inspect the barrel pair and/or 
run a hand down the barrel, checking for any irregularity. 
A substantially bulged barrel would also make installation 
of the tight-fitting polymer fore-end difficult.
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“knew or should have known.” However, when used im-
properly, reconstructions may present misleading (or even 
wrong) information about the incident, such as what in-
formation was visually available to the involved party (or 
parties). Therefore, it is necessary that the investigator un-
derstand what questions are being asked, what information 
is desired, what the investigator can truthfully and reliably 
reconstruct and represent in the reconstruction, and avoid 
misleading reconstructions that could be unfairly prejudi-
cial to the trier of fact.

Law enforcement was called to an apartment com-
plex on a report of suspicious activity occurring within a 
vehicle parked in the parking lot of the complex. Due to 
high call volumes, law enforcement was not immediately 
dispatched. A second call was placed to law enforcement, 
reporting an escalation of suspicious activity within the 
same vehicle, including a potential physical altercation 
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Misleading Interactive Reconstructions
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Abstract
A common and key component of forensic engineering and incident investigations is the “reconstruction” 

component. Reconstructions allow the investigator to build and analyze the incident based upon objective 
information such as video cameras (including dash cameras, surveillance cameras, and more), post-incident 
photographs (such as from first responders, eyewitnesses, etc.), physical data (including evidence such as skid 
marks in a roadway, damage patterns to involved objects such as vehicles, buildings, etc.), and even physical 
injuries. As reconstructions, software, and technology advance over time, “interactive” reconstructions are 
becoming increasingly beneficial and prevalent in investigations, allowing the reconstructionist to control and 
adjust the reconstruction as it is shown. Interactive reconstructions allow the controlling individual to move 
cameras, start and stop the reconstruction, adjust parameters or variables, and allow analysis of the incident 
from static and omniscient perspectives. However, such interactive reconstructions can also be misleading. 
This paper will discuss the often disregarded or misrepresented portion of a reconstruction — what the indi-
vidual(s) in question “saw” or “perceived” during the incident — as well as demonstrate the potential for 
misleading interactive reconstructions.
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Introduction and Background
As defined by the National Academy of Forensic En-

gineers (NAFE), forensic engineering is “the application 
of the art and science of engineering in matters which are 
in, or may possibly relate to, the jurisprudence system, 
inclusive of alternative dispute resolution.” Often, a key 
component of the “application of the art and science of 
engineering,” particularly as it relates to the jurisprudence 
system, is incident reconstruction (often called “accident 
reconstruction”). 

Incident reconstruction is performed by the investigat-
ing engineer to document, compile, and ultimately illus-
trate the incident, allowing for analysis and demonstration 
of how it occurred. The reconstruction allows the investi-
gating engineer to formulate and arrive at conclusions or 
opinions about the incident. Such opinions often include 
matters of liability, or what an individual (or individuals) 
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with a second occupant. Law enforcement again did not 
immediately dispatch officers due to higher priority mat-
ters. A third call was placed to law enforcement, where 
the caller stated that the suspicious individual had a weap-
on. Law enforcement was then immediately dispatched 
to the location. The dispatched officers involved more 
than five police cruisers, a police helicopter, and numer-
ous uniformed law enforcement agents. Upon arrival, law 
enforcement blocked the sole entrance/exit to the parking 
lot, formed a perimeter, and began issuing commands. 
The suspect exited the vehicle, raised his hands, and be-
gan communicating with law enforcement. After unsuc-
cessful negotiations, law enforcement fired a less-lethal 
beanbag round. The suspect entered his vehicle. After a 
brief period in the vehicle, the suspect started the vehicle, 
drove forward, and turned away from law enforcement. 
One law enforcement officer discharged his service rifle 
into the vehicle as it pulled forward and made its turn. The 
driver was shot and killed. The law enforcement officer 
was charged with homicide. 

The prosecution’s expert produced an interactive vi-
sualization that depicted what the law enforcement officer 
“saw.” Tasked by the defense counsel for the law enforce-
ment officer, the authors’ firm produced a reconstruction 
that was developed in conjunction with the expertise of a 
professor of psychology from a local university. The re-
construction and the testimony of the professor showed 
that the prosecution’s reconstruction was misleading and 
misconstrued what was “visible” to the defendant. During 
the criminal trial, both the prosecution (the state) and the 
defense produced reconstructions of the incident. 

Understanding the Question
Though it may seem obvious, the question the inves-

tigating engineer is ultimately trying to answer is often 
overlooked or taken for granted. The investigator often 
intrinsically and correctly understands what question is to 
be answered and how a reconstruction must proceed to an-
swer it. However, it is worthwhile to evaluate the ultimate 
question in greater detail, and — as absurd as it may seem 
— further ask the question: “But what does that question 
mean?” 

As an example, the authors were recently asked to as-
sist with the reconstruction of an officer-involved shooting 
(OIS) that had been captured on multiple cameras includ-
ing numerous dash-mounted cameras (dash cams), body-
worn cameras (BWCs), a law enforcement helicopter, and 
a civilian cellular phone. The OIS matter involved an indi-
vidual who was shot and killed during an interaction with 

law enforcement as the individual attempted to flee from 
law enforcement in a vehicle. The officer who fired the 
fatal shot was ultimately tried for murder. The question 
posed was, “What did the officer see?” This question was 
posed as the jury would ultimately need to decide whether 
the officer was justified, or at least was not criminal, in 
firing the fatal shots. The prosecution argued that the re-
sponding law enforcement officer should have seen that 
the victim attempted to flee the scene by turning his ve-
hicle’s wheels away from the responding officers to drive 
down a dead-end drive lane in the apartment complex and 
therefore posed no hazard to them. If that was true, the of-
ficer was not justified in shooting the victim. However, as 
will be discussed in greater detail, the prosecution’s recon-
struction was misleading and did not accurately represent 
what was visible to the officer — let alone the intricacies 
of what the officer “saw” or “perceived.”

Though a seemingly obvious question, one which 
many forensic reconstructionists may claim to be able to 
answer through routine and reliable reconstruction meth-
odologies, the ultimate answer to the question is simply 
incapable of being visually represented. Revisiting the 
definition of forensic engineering, representing what the 
involved officer “saw” extends far beyond the application 
of the art and science of engineering. Human visualiza-
tion, the anatomy and movement of the human eye, the 
transmission of information from the eye to the brain, and 
the analysis and interpretation of that information by the 
brain are beyond the scope of engineering and require spe-
cialized education, training, and experience to evaluate.

Trusted, reliable, and court-accepted methodologies 
were applied to reconstruct the incident using available 
information. However, to be able to answer the question 
of what the officer saw — and therefore how it informed 
the officer’s decision — required very specialized educa-
tion and knowledge. The defense counsel was aware of 
this specialty and engaged a professor of psychology at a 
local university, with the education, knowledge, and prac-
tical experience in human vision and perception, to assist 
in answering this question. The authors worked with the 
professor to provide a visual representation that approxi-
mated what the involved officer could “see” as the officer 
aimed down the reticle of the department-issued rifle at the 
victim. However, even with the representation provided, it 
was still necessary for the professor to provide testimony 
regarding human sight and perception, as reconstructions 
are simply incapable, at this time, of accurately depicting 
innately human physiological matters, such as perception 
and cognition. 
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While the request was for a reconstruction of the in-
cident to answer the question of what the officer saw, the 
prosecution also retained a reconstructionist to reconstruct 
the incident and present it from the officer’s perspective. 
In response, the prosecution’s reconstructionist devel-
oped an interactive reconstruction of the entire incident. 
The interactive visualization allowed for viewing of the 
reconstructed shooting incident from the perspective of all 
the other involved officers and the victim. The interactive 
reconstruction allowed starting and stopping of playback 
in the virtual reconstruction of the incident, as well as free 
movement around the shooting scene, enabling the indi-
vidual running or viewing the reconstruction to “walk” 
through the incident and start and stop the incident at any 
time. 

At trial, the prosecution represented a first-person 
perspective from the officer who fired the fatal shot, thus 
presenting to the jury what the officer “saw.” However, the 
first-person perspective from the officer did not evaluate or 
take into consideration the myriad factors involved in hu-
man sight — let alone human perception — and thus pro-
vided a misleading representation to the jury of what the 
officer saw. Given the prosecution’s claim that the officer 
should have “seen” that the victim was turning away from 
law enforcement and therefore did not pose a hazard to 
the responding law enforcement officers, accurately rep-
resenting what the officer could have seen and perceived 
was the critical question to be answered.

Therefore, the question of “What did the officer see?” 
cannot simply be answered, or represented, by a typical fo-
rensic engineering reconstruction. The investigating engi-
neer must understand and appreciate their limitations. The 
investigating engineer must ensure their client understands 
the limitations of the reconstruction and the areas in which 
the engineer may opine. It behooves the investigating en-
gineer to set clear limitations on what the reconstruction 
accurately portrays and to inform the client if additional 
expertise is necessary to provide opinions on matters out-
side the reconstructionist’s knowledge and expertise.

Reconstructing the Incident
When a forensic engineer is asked to reconstruct the 

incident, the engineer often relies upon industry-accepted, 
court-accepted, reliable, and repeatable methods. The pur-
pose of this paper is not to present previously developed, 
published, and accepted methodologies [1]-[2]. However, 
in evaluating the limitations of reconstructions, particular-
ly interactive reconstructions, this paper will discuss the 
reconstruction of the aforementioned OIS and provide 

comparison to the prosecution’s interactive reconstruction 
to demonstrate the propensity for misleading reconstruc-
tions.

When performing a reconstruction, it is imperative that 
the reconstructionist use meticulous, scientifically proven 
and reliable methodologies. When an incident is captured 
on photographs or recorded footage, the art and science 
of photogrammetry and videogrammetry is often utilized. 
Photogrammetry is the art and science of obtaining useful, 
three-dimensional (3D) information from two-dimension-
al (2D) photographs. Videogrammetry is, in essence, the 
application of photogrammetry to a recorded video, as a 
video consists of still images (photographs) captured in 
rapid succession [3]-[4].

Often, the first step of conducting photogrammetry is 
to obtain a to-scale, three-dimensional representation (dig-
ital clone or model) of the incident location. Regarding the 
OIS matter discussed previously, the author’s firm utilized 
a Leica RTC360 laser scanner to capture the geometry 
and configuration of the location where the shooting in-
cident occurred. The laser scanner captures millions, even 
hundreds of millions, of individual data points measured 
with very high accuracy (±1.9 mm at a 10 m distance) and 
density. Once the laser scans are compiled, the resulting 
product is a three-dimensional model comprising millions 
to hundreds of millions of individual data points. This 
three-dimensional model is referred to as a “point cloud.”

The incident location was inspected and photographed 
(Figure 1). A total of 12 scans of the incident location were 
captured (Figure 2). Following the shooting incident and 
prior to the authors’ engagement, an independent law en-
forcement agency also conducted laser scanning of the in-
cident location utilizing a Leica RTC360 laser scanner. The 

Figure 1
A general overview of the incident location.
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law enforcement agency captured a total of eight scans. 
The prosecution’s reconstructionist relied upon the scans 
captured by the law enforcement agency.

After the incident scene was captured with the laser 
scanner, the authors then utilized the same laser scanner 
to document two police cruiser SUVs, one of which was 
involved in the incident and captured dash camera footage 
during the incident. The prosecution’s reconstructionist 
did not perform this step, which resulted in inaccuracies 
in the way the police vehicles were represented and in 
the way/manner in which the defendant was standing and 
holding his firearm.

The authors then inspected the subject rifle and optic 
that was utilized by the officer that fired the fatal shots. The 
rifle was retained in evidence storage. Access to the rifle 
was provided while the retaining law enforcement agency 
and evidence specialist oversaw the authors’ actions. 

It is worth restating that the question to be answered 
was, “What did the officer see?” The rifle that was utilized 
by the responding officer was a Smith & Wesson M&P-15 
rifle equipped with an Aimpoint PRO (Patrol Rifle Optic) 
red-dot optic. Given that the rifle and optic would be seen, 
in part, by the officer who had shouldered (readied) the 
rifle, it was critical to inspect the subject rifle and obtain 
an accurate representation of it.

To obtain an accurate and to-scale representation of the 
subject rifle and optic, the scientific process of “photo-scan-
ning” was performed. Photo-scanning is a photogrammet-
ric process whereby numerous photographs are captured 
of the object in question. Specific software can then orient 
the photographs in three-dimensional space utilizing com-
mon reference points in the photographs. The software then 
generates a point cloud from the photographs by, again, 

utilizing common and identified features within the pho-
tographs. This is the same process by which topographical 
and three-dimensional images can be created using drone 
footage, satellites, etc. Two-dimensional images are cap-
tured of an object. With a sufficient number of two-dimen-
sional images, three-dimensional representations can be 
created through projective geometry (photogrammetry).

Utilizing the photo-scan of the subject rifle and optic, 
a point cloud was then generated by the software (Fig-
ure 3). The point cloud was then “solidified” into a sol-
id, three-dimensional model of the subject rifle and optic 
(Figure 4). The model lacked fine details, but provided 
a to-scale representation, or digital clone, of the subject 
rifle and optic. The prosecution’s reconstructionist did 
not inspect the subject rifle or optic, which again result-
ed in inaccuracies in the representation of the rifle, and, 
in particular, misrepresentations of the optic. Given that 
the assertion was made that the officer should have been 
able to see the front wheels of the victim’s vehicle turning 
away from the officer, what portion of the officer’s view/
vision would be obstructed by the optic housing, and what 

Figure 2
A general overview of the incident location as viewed from the  

point cloud of the incident location captured through laser scanning.

Figure 3
View of the development of a three-dimensional model of the  
subject service rifle through use of the photo scanning process.

Figure 4
Computer-generated three-dimensional model of the  
incident service rifle generated from photoscanning.
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was visible to the officer through the optic, are of critical 
importance.

Given the actions described above, the investigation 
then had accurate, three-dimensional representations of 
the incident location, the involved police cruisers, and the 
subject rifle and optic. The next step was to utilize pre-cre-
ated digital assets (models) of a similar Ford Explorer 
police cruiser and Smith & Wesson rifle. The pre-created 
digital assets provided visually accurate representations 
without requiring the reconstructionist to generate entire-
ly new, labor-intensive models based upon the captured 
laser scans. However, the digital assets were not accurate 
in scale or details (e.g., decals, ride height, bumper guard, 
spotlight, rifle optic housing, etc.). Utilizing the three-di-
mensional models captured by the laser scans or generated 
through photo-scanning, the digital assets were scaled and 
edited to provide accurate, representative three-dimen-
sional models of the involved police cruisers, rifle, and 
rifle optic.

In addition, the investigation inspected the view af-
forded to the responding officer through the optic. As pre-
viously mentioned, the optic that was mounted to the sub-
ject rifle was an Aimpoint brand PRO red-dot. The view 
through the optic was photographed, and various focal 
lengths were documented when looking through the optic 
as it was mounted on the subject rifle. Various focal lengths 

were photographed to document the change in the size and 
opacity of the red dot depending on the focal length. In ad-
dition, the view down the optic was photographed to doc-
ument the size and shape of the optic housing (Figure 5). 

To obtain reliable, accurate information from the 
footage, and therefore to conduct an accurate photogram-
metric analysis utilizing the footage, all footage that was 
relied upon was undistorted. This process has been previ-
ously published in multiple articles regarding this process, 
which will not be detailed at-length in this paper; however, 
the point cloud of the incident location was then utilized in 
conjunction with the provided footage to conduct “match 
moving” or “camera tracking” [12].

In reviewing the footage provided, three cameras were 
identified that provided the best perspective of the incident 
(Figure 6). The three cameras were identified as coming 
from two dash cameras from the two police cruisers locat-
ed nearest to the victim, as well as the civilian cell phone 
footage. Once the cameras were identified, fixed refer-
ence points in three-dimensional space (or “trackers”) that 
were captured in real-life by the laser scan, were identified 
in the three cameras of interest. Scientific software then 
“tracked” the reference points throughout the two-dimen-
sional videos. As the points were tracked from the per-
spective of the cameras of interest, the software solved for 
the location of the camera that captured the footage. The 
dash cameras, while fixed, were still tracked to obtain the 
solved position. However, the cell phone moved through-
out the incident; therefore, the position of the cell phone 
camera was tracked throughout the incident. 

At this point, both the prosecution’s and the author’s 
reconstructions were largely in agreement. To accurately 

Figure 6
Aerial view of the “solved” camera positions throughout the  

photogrammetric, videogrammetric, and object matching process.

Figure 5
View of the reticle of the Aimpoint brand PRO  

red-dot optic as viewed from the wielder of the rifle.
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conduct a photogrammetric analysis, a virtual camera must 
be calibrated and located in three-dimensional virtual space 
through the aforementioned process. Both reconstructions 
accurately conducted the camera matching process, re-
sulting in agreed-upon and scientifically validated camera 
matches.

Once the positions of the virtual cameras were “solved 
for,” the next step in the photogrammetric process was ob-
ject matching, which is a process where three-dimensional 
models are placed into the virtual scene by utilizing the 
calibrated (undistorted) reference footage to match and lo-
cate the three-dimensional objects with what is observed 
within the two-dimensional footage. Utilizing the cell 
phone footage, dash camera footage, and police helicopter 
surveillance footage, the scaled three-dimensional repre-
sentations (digital clones) of the police cruisers were in-
serted into the virtual scene.

Previously, the prosecution had hired a ballistics ex-
pert to evaluate the entry and exit points of the shots fired 
into the vehicle by the defendant. As part of the ballistics 
expert’s work, the vehicle the victim was driving, a Toyota 
Prius, was laser scanned with a Leica RTC360. These laser 
scans were evaluated and determined to be sufficient to 
scale a pre-created digital asset, similar to what was per-
formed for the police cruisers. A three-dimensional model 
of the Prius was also inserted into the virtual reconstruc-
tion. 

Both the defense’s and prosecution’s reconstructions 
generally agreed upon the positions of the cruisers and Pri-
us. The positions of the cruisers could be further verified 
by comparing the “solved for” positions of the dash cam-
eras with where the dash cameras were physically located 
within the occupant compartment of the police cruisers. 

The authors were able to obtain greater accuracy in 
its reconstruction than the prosecution’s expert due to 
having inspected and scanned the police department’s 
cruisers. Inspection of the department’s cruisers allowed 
for establishment of the actual physical location of the 
dash cameras in the cruisers, thereby matching the posi-
tion of the dash cameras with the solved for positions and 
verification of the solved for positions by comparison of 
the corrected camera footage. Because the prosecution’s 
expert did not inspect the police department’s cruisers, 
the actual location of the dash cameras within the cruis-
ers could not be verified in the prosecution’s reconstruc-
tion, resulting in slight differences between the cruiser 
positions.

Because of the relatively small size of the officer’s 
service weapon, object matching was not primarily relied 
upon; however, it was utilized to crosscheck placement 
of the service weapon based upon the BWC footage. The 
BWC footage from two additional officers was utilized for 
placement of the service weapon within the reconstructed 
scene. The BWC footage captured the position and loca-
tion of the defendant, as well as the position and location 
of his service weapon, throughout the shooting incident. 
Reference points within the BWC footage were utilized to 
place the digital clone of the defendant’s rifle within the re-
constructed scene. Once the digital rifle clone was placed, 
the position was further evaluated by examining the undis-
torted reference footage. The placed digital clone closely 
matched what was visible in the cell phone footage.

It is worth repeating that a reconstruction of the in-
cident from the officer’s perspective was requested to 
determine what the defendant “saw.” To ensure the high-
est accuracy possible, the officer’s “eye relief” was mea-
sured. Eye relief is a term utilized to describe the distance 
between the back of the firearm’s optic housing and the 
shooter’s eye when the weapon is shouldered and ready 
to be fired. The defense counsel obtained and provided an 
image of the defendant shouldering the subject firearm. 
For this test, the firing mechanism was removed from the 
rifle to render it safe and incapable of being fired, and the 
adjustable stock was adjusted by the defendant to match 
the extension at the time of the incident. The defendant 
then shouldered the rifle, and a scale was placed along the 
rifle to measure the distance between the defendant’s eye 
and the rear of the optic housing. Once this information 
was provided, a virtual camera could then be placed at the 
same distance behind the digital rifle clone to provide a 
view (not vision) down the optic that would be representa-
tive of the defendant’s view when aiming down the subject 
rifle and optic. The prosecution’s reconstructionist did not 
account for eye relief or the subject optic.

Misleading Interactive Reconstructions
It is at this point that the prosecution’s reconstruction 

and the authors’ reconstruction drastically diverged. The 
prosecution’s expert reconstructed the incident, includ-
ing from the perspectives of multiple law enforcement 
officers, and provided an interactive reconstruction (Fig-
ure 7). The interactive reconstruction allowed the inci-
dent to be viewed at varying playback speeds (including 
slow-motion and paused), at varying angles, from differ-
ing perspectives, and allowed the “operator,” or individu-
al interacting with the reconstruction, to walk around the 
incident virtually as the virtual reconstruction was played, 
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providing unlimited information and perspectives that 
were not available to the defendant (Figures 8 and 9). 

Ultimately, the question posed to the jury was  
whether the defendant was justified in shooting. As such, 
the matter is best evaluated from the perspective of the 
individual who acted, not as an omniscient being with a 
litany of information that was unavailable to the defen-
dant. Although the interactive reconstruction could prove 

invaluable in answering questions other than what had 
been asked, such as whether or not the department’s re-
sponse met department guidelines and policies or if the 
responding officers had positioned themselves appropri-
ately given their training. However, such a reconstruction 
is neither helpful nor impartial when evaluating the ac-
tions of the individual involved if it does not investigate 
the matter from that individual’s perspective. Recall, it 
was the defendant on trial, not the department; therefore, 
it is misleading to evaluate the actions of the defendant 
with omniscient views and information that was not avail-
able to the defendant.

The prosecution’s reconstructionist did provide 
first-person perspectives, including from the perspective 
of the defendant and the victim. However, what was pre-
sented was lacking in crucial and critical detail; namely, 
how human vision functions, what a human “sees,” and 
what that human perceives. Human vision and human per-
ception quickly escape the bounds of engineering and en-
ter the realm of physiology and psychology — a field that 
requires unique and extensive education and training far 
beyond the field of forensic engineering.

Representation of Human Vision  
in a Two-Dimensional Proxy

There are several key problems faced when trying to 
represent three-dimensional human vision in a two-dimen-
sional proxy. These key issues include:

•	 Field of view

•	 Attempting to accurately represent peripheral vi-
sion

•	 Lack of the third dimension

•	 Determining what the subject was looking at

•	 Accounting for the viewer’s additional perspec-
tive

Human vision provides a nearly 180° field of view 
with both eyes open [5]-[6]. During the reconstruction, a 
series of images was created with fields of view ranging 
from 130° down to approximately 20°, with 40° represent-
ing the primary visualization presented to the jury. A field 
of view of 40° is the approximate field of view represented 
by a 50mm lens on a full-frame camera, which has his-
torically been used by photographers to represent “normal 
vision.”

Figure 7
Aerial view of the prosecution’s interactive reconstruction.

Figure 8
View of the prosecution’s reconstruction as viewed  

from an angle not available to the defendant.

Figure 9
View of the prosecution’s reconstruction as  

viewed from an angle not available to the defendant.
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While images rendered at a much higher field of view 
are technically more accurate representations of the hu-
man field of view, they look very odd to a third party, 
external viewer because the rifle and optic were hardly 
visible in these representations. This is partially exacer-
bated by the viewer’s perspective, since they are observing 
a 2D representation of a compressed 130° view. In other 
words, what the reconstruction represents is, in essence, 
a 130°, three-dimensional view of what the officer saw, 
compressed down to a computer monitor or TV screen, 
thus resulting in a perceived dramatization of the human 
field of view, with central objects appearing minimized 
and distant from the viewer. While technically accurate, 
viewing such a wide field of view on such a small, targeted 
surface results in a visualization that appears misleading 
or distorted.

Another challenge when trying to represent what a 
subject “saw” or perceived is the lack of the third dimen-
sion. Currently, we are limited to two-dimensional images 
and videos, which don’t allow the viewer to clearly deter-
mine depth. However, in this case, the subject had stated 
that he had one eye closed during the event, which allowed 
the reconstructionist to largely ignore the challenges pres-
ent while trying to accurately represent dimensional vi-
sion/perception in a 2D medium. 

Due to the constant scanning nature of human vision, 
it can be difficult for a reconstruction to accurately deter-
mine what specifically the subject was looking at during 
an incident. This can significantly affect the accuracy and 
usefulness of these types of exhibits. However, based on 
testimony, the BWC footage, and the additional circum-
stances of the case, the reconstruction was performed un-
der the assumption that the subject was looking through 
the rifle optic and focused primarily on the vehicle and its 
occupant. 

This is a somewhat unique situation. We must recall 
that, typically, the human eye is constantly moving, shift-
ing from one point of interest to another. For example, 
when reading this paper, the reader is not just focused on 
the page, with all words in clear view; the reader’s eyes 
are moving from word to word to word. Therefore, rather 
than ask, “What did the subject see during the incident?” 
The question must often be changed to, “What would 
have been possible to see from a specific point in space 
and time?” This is consistent with the prosecution’s recon-
struction, but was not consistent with what the officer saw. 

Fortunately, in the situation described above, the  

authors had the added benefit of knowing the subject was 
aimed through a rifle scope and that the focus was narrowed 
on the vehicle and its occupants. This analysis further bene-
fited from working with an expert in human vision, percep-
tion, and cognition to aid in analyzing what an individual 
would be focused on when in a situation such as that faced 
by the defendant (e.g., aimed down a rifle optic, one eye 
closed, and focused on a perceived threat).

The authors used relatively simple methods to visually 
represent and model the “blurriness” (or “lack of focus”) 
and lack of contrast present in peripheral vision. Based on 
information presented in published literature [5]-[6] and 
with feedback from the professor, a field of view of ap-
proximately 40° was selected as a primary representation 
for the visualizations. As previously discussed, 40° has 
historically been used by photographers and other visual 
artists to represent “normal” vision. With this in mind, the 
authors employed the use of Adobe After Effects’ suite of 
effects and a black and white gradient map to control the 
application and falloff of those effects.

The effects were added in two parts — the first part 
being the “blurriness” of the image, and the second part 
being the contrast and saturation adjustments.

The blur was applied using the “Camera Lens Blur” 
effect in Adobe After Effects. This effect can use a black-
and-white image to control the amount of blur applied to 
the affected layers, applying no blur where the black-and-
white image is black and fully blurring parts of the image 
that are white. This black and white image, which will be 
referred to as a “luminance matte,” was generated by using 
the Gradient Ramp effect and adjusted with Curves effect 
to control and shape the falloff. The center of the lumi-
nance matte was set to pure black to prevent any blurring 
at the center of the image where the subject’s vision would 
be clear, then slowly transitioned to white near the edges 
of the frame where the vision would be the least clear.

The amount of blur applied was based on published 
literature and experimental data [5]-[6] in conjunction 
with feedback from the psychology expert. Ultimately, the 
authors’ final visualizations were conservative and on the 
side of creating clearer images with less blur to account 
for minor eye movements and scanning, even though the 
subject could be reasonably assumed to have maintained 
full focus on the vehicle and its occupant. In other words, 
the visualization contained greater clarity than it would ac-
tually be for the human eye in the specific instance recon-
structed and experienced by the defendant.
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To implement the contrast and saturation adjustments, 
a secondary adjustment layer was used. The contrast was 
controlled by another Curves effect, and the saturation was 
lowered by using a Color Balance effect. The adjustment 
then used the same luminance matte to gradually apply 
the adjustments to the outer bounds of the frame. The  
specific values were chosen to allow clear detection of 
motion but not allow easy distinction of specific colors or 
forms, which is consistent with the capabilities of human 
peripheral vision.

Human Visual Field and Perception
The human eye is a biologically and physiologically 

complex organ. The back of the human eye is composed 
of the retina, which is a light-sensitive membrane [7]-[9]. 
Within the retina are photoreceptors, which are comprised 
of “rods” and “cones.” Rods are photoreceptors (i.e., 
light-sensitive cells) that are highly sensitive to light and 
therefore assist with low light vision and excel at motion 
detection; however, rods lack color discernment. Cone 
cells process color and provide sharp, acute visual focus 
and are concentrated near the center of the human field of 
view. 

The rear of the human eye contains an area referred 
to as the “macula.” The macula is a small area at the back 
of the eye where light is focused and is responsible for 
our “central” vision [8]. Located within the macula is the 
“fovea,” which is derived from the Greek word mean-
ing “small pit.” The fovea is a small depression within 
the macula. It is within the fovea that the majority of the 
retina’s cone cells are concentrated. The human eye has 
significantly more rod cells than cone cells; however, it is 
within the fovea that cone cell density is at its highest. An-
other area that is often defined is the “perifovea,” which is 
an area of the eye that extends from the foveal rim (i.e., the 
edge of the rod-free boundary of the center of the fovea) 
out to approximately 5° eccentricity.

As previously discussed, the human field of view is 
quite large, extending nearly 180° with both eyes open 
[5]-[6]. Each eye can see approximately 155° horizontal-
ly, 60° vertically up, and 75° vertically down [10]. While 
most humans are unaware, even with such a large field 
of view, only a very small portion of the human field of 
view is in sharp, acute focus and at its highest contrast. A 
general “rule of thumb” is that what is in sharp, clear focus 
is approximately the size of a thumbnail when the arm is 
extended to its full length. 

Prior studies have determined that the fovea is only 

approximately 1° eccentricity. That is, only approxi-
mately 1° of the human field of view consists purely of 
cone cells and is where human visual resolution is at its 
highest. The perifovea extends only to approximately 5° 
eccentricity [5]-[6]. Beyond the perifovea — or beyond 
that approximately 5° central field of view — is defined 
as “peripheral vision.” It is within the peripheral field of 
view that density of cone cells drops dramatically, with the 
vast majority of photoreceptors comprised of rod cells. In 
other words, beyond approximately 5° eccentricity of the 
human field of view, visual acuity drops dramatically, with 
objects becoming increasingly “blurred” or “out of focus” 
with increasing eccentricity (i.e., with increasing angular 
departure from central focus) [11].

Due to the limited central view of the reconstruction 
that is in focus, it often appears to an outside observer to 
be an inaccurate representation of what the average person 
sees. However, a simple experiment can be performed. If 
an individual focuses solely on one word of this paper and 
does not move their eyes from that one word, only one to 
two words beyond that word of focus can be clearly dis-
cerned. It is because of additional human physiology that 
this narrow field of view is overcome. 

The human eye is not static. As we go about our daily 
lives, it is constantly scanning and is rarely ever stationary. 
The human eye naturally shifts to the item of concern or 
focus. Utilizing the previous example, as we read, our eyes 
move from word to word. The eye is typically not station-
ary as we read but instead moves across the pages. Like-
wise, as we drive our vehicles, our eyes constantly scan 
the road ahead, our speedometer, and the world around us. 
Therefore, it is not apparent that the sharp and clear focus 
area of our field of view is very narrow or limited. How-
ever, for the subject incident, the law enforcement officer 
was focused on the vehicle and its occupants as viewed 
through the rifle scope, thus limiting the likely range of 
eye movement and object focus.

As our field of view expands into our peripheral vi-
sion, objects become increasingly “blurred” or lack defini-
tion and clarity. Studies have shown that at approximately 
40° eccentricity (or 40° from our central focus), the world 
is “90% blurred” [11]. One visual scientist from 1976 de-
scribed peripheral vision as, “When I look at something 
it is as if a pointer extends from my eye to an object. The 
‘pointer’ is my gaze, and what it touches I see most clearly. 
Things are less distinct as they lie farther from my gaze. It 
is not as if these things go out of focus — but rather it’s as 
if they somehow lose the quality of form” [5]. It is this loss 
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of “quality of form” that becomes critical when attempting 
to present or reconstruct what is viewed by an individual. 
Thus, the central question to be answered for the shooting 
trial necessitated, by its very nature, an understanding and 
representation of human field of view.

Utilizing the procedure and process described above, 
the authors were able to reconstruct the incident and place 
a virtual camera at the same position as the defendant’s 
eye. It is at this point that the forensic engineering and 
reconstruction begins to end and collaboration with the 
professor of psychology increases and becomes more im-

portant. Prior to working with the professor, the authors 
utilized methods within their suite of software tools to 
represent the loss of visual acuity described in various 
medical journals and articles.

The Final Reconstruction
Following the process described above, and with the 

assistance, refinement, knowledge, experience, and ex-
pertise of the professor, the authors produced three final 
visualizations that aided with answering the question of 
what the responding officer “saw.” The final visualizations 
included varying fields-of-view presented at 130° (Figure 
10), 40° (Figure 11), and 20° (Figure 12). As discussed 
above, the human field of vision is very large. The 130° 
field of view was presented; however, due to the seeming-
ly inaccurate representation of such a wide field of view 
on such a narrow medium (i.e., a computer screen or tele-
vision screen), and due to the lack of the third dimension, 
this visualization was not presented at trial. 

The 20° field of view was also provided based upon 
the very limited portion of the human field of view that 
is in sharp, clear contrast, as well as the fact that the de-
fendant had one eye closed and was focused down the 
service rifle optic. However, like the 130° field of view 
reconstruction, this visualization was not presented at trial 
because most average individuals would claim they can 
“see more” than what is shown in the 20° reconstruction. 
While it is accurate to say the human field of view extends 
well beyond 20°, what is in sharp and clear focus is even 
less than would be shown in the 20° reconstruction. There-
fore, the 40° field of view reconstruction was presented 
to the jury. As discussed above, a 40° field of view has 
been historically presented as being “typical” or “normal” 

Figure 10
Still image from the reconstruction and  

visualization demonstrating a 130° field of view.

Figure 12
Still image from the authors’ reconstruction and  
visualization demonstrating a 20° field of view.

Figure 11
Still image from the reconstruction and  

visualization demonstrating a 40° field of view.
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for human vision. Furthermore, a 40° field of view is the 
approximate field of view presented by the prosecution’s 
reconstruction, thus allowing for a side-by-side compari-
son (Figure 13).

 As can be seen from the still images of the recon-
structions, the question of what the officer “saw” is not 
as simple as it may seem. Even with the reconstruction 
performed, the question of what the officer “saw” is still 
not easily answered, requiring the expertise of individu-
als such as the professor of psychology. And even while 
the professor can provide insight into human perception 
and cognition, it is impossible to know precisely what the 
officer “saw,” “perceived,” or “understood” at the exact 
moment the shots were fired. However, a thorough, ac-
curate, meticulous reconstruction, with the help of highly 
specialized and trained experts, can help in working to-
ward that answer. 

Summary
Although the reconstruction performed by the prose-

cution’s expert was an involved, labor-intensive, and sci-
entifically accurate reconstruction of the positions of law 
enforcement officers, law enforcement vehicles, and the 
defendant, their reconstruction was misleading as present-
ed to the jury about what the defendant “saw.” The inter-
active reconstruction provided by the prosecution would 
have been valuable in evaluating the law enforcement 
agency’s response with regard to positioning of officers, 
procedures, policies, and a review of the totality of the in-
cident. However, their reconstruction was not a fair repre-
sentation of the case being presented by the prosecution’s 
claims of what the defendant “saw” or what he should 
have seen that informed his decision of whether to fire his 
service weapon or not. 

The prosecution argued that the law enforcement  

officer should have been able to identify that the victim 
had turned the front wheels of his vehicle away from the 
officer and down a dead-end drive lane; therefore, the vic-
tim posed no threat to the responding law enforcement 
officers. However, as can be seen from the author’s recon-
struction, and with the aid of the professor of psycholo-
gy, what was visible to the officer, and therefore what he 
“saw” or “perceived” was not accurately represented by 
the prosecution’s reconstruction. 

What a human “sees” involves specialized areas that 
extend beyond the expertise of a typical engineering re-
construction. Human perception and cognition are highly 
specialized fields that require the guidance and expertise 
of individuals trained and educated in psychology and hu-
man physiology. The reconstructionist must be aware of 
their limitations with regard to their expertise and techno-
logical representation of uniquely human functions such 
as vision, perception, and cognition. When the question is 
asked, “What did they see?” careful consideration must be 
given to ensuring what is presented is accurate and repre-
sentative of what is possible within human anatomy and 
psychology. While interactive reconstructions can provide 
valuable information, such interactions must not be mis-
construed as presenting something the interaction simply 
cannot scientifically support.

Conclusion
Forensic engineering incident reconstruction is in-

valuable in understanding, evaluating, and investigating 
an incident. The three-dimensional reconstruction can pro-
vide insight into the totality of an incident, thus allowing 
the investigator to apply rigorous forensic engineering in-
vestigation methodologies. However, it is crucial that the 
investigator understand their limitations, particularly as it 
relates to what the reconstruction shows, or what questions 
the reconstruction can answer. Furthermore, interactive 

Figure 13
Side-by-side comparison of the prosecution’s reconstruction (left) and the authors’ reconstruction (right).



PAGE 34	 JUNE 2026

reconstructions can provide an even broader analysis and 
view of an incident, allowing the incident to play out “in 
real time” and allow a frame-by-frame understanding of 
the incident. However, such reconstructions also have the 
immense capacity to be misleading and prejudicial. 

A seemingly innocuous question, “What did someone 
see?” couldn’t be further from innocuous. Human vision, 
cognition, and perception are immensely complex and 
complicated matters that extend far beyond the purview of 
a forensic engineering investigation. Such matters as what 
someone “sees” requires very esoteric experience, educa-
tion, and training. Thus, it is imperative that the forensic 
engineer understand their knowledge and experience lim-
itations. It is also imperative that the forensic engineer un-
derstand the limitations of their reconstruction, what their 
reconstruction is truly showing or representing to the triers 
of fact, and limit the conclusions and opinions that they 
can formulate and arrive at.
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and severe wind events, flooding remains the costliest 
weather-related hazard nationwide in terms of property 
and infrastructure losses [1], [6]. The magnitude of fu-
ture hurricane- and flood-related impacts is expected to 
escalate due to population expansion in high-risk coast-
al regions, shifts in demographic distribution, and the in-
tensification of climate-driven hazards (e.g., hurricanes). 
Currently, more than half of the U.S. population resides 
in coastal counties, and long-term projections by the Na-
tional Oceanic and Atmospheric Administration (NOAA) 
indicate that these regions will continue to experience high 
population growth, further amplifying exposure and vul-
nerability to weather-related hazards [1], [7]-[8].

In recent years, significant advancements have been 
made in addressing natural hazard design requirements, 
and code updates have demonstrated measurable benefits. 
For instance, post-event assessments following Hurricane 
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assessments and post-event forensic evaluations aimed at identifying and differentiating wind-induced versus 
storm surge-induced damage to residential buildings. The methodology described in this document integrates 
civil engineering principles and forensic investigation techniques to provide guidance for improving damage 
attribution accuracy and post-disaster decision-making.

Keywords
Hurricane season, insurance claims, site assessment, wind damage, storm surge damage, forensic engineering

Introduction
Coastal zones, mainly located in the Southeast of the 

United States and the Gulf of Mexico, constitute inherent-
ly multi-hazard environments, where built infrastructure 
and communities are simultaneously exposed to interact-
ing or sequential natural hazards such as tropical cyclones 
accompanied by extreme winds, storm surge, and wave 
loading [1]. In the United States, hurricanes represent 
one of the most recurrent and destructive hazard agents, 
generating annual economic losses of tens of billions of 
dollars [2]. However, individual events can produce far 
more catastrophic impacts: The 2004-2005 Atlantic hur-
ricane season exceeded $150 billion in total damages [3], 
and Hurricane Harvey in 2017 incurred losses estimated 
at more than $100 billion initially [4] — a figure that was 
later revised to more than $158 billion [5].

Despite the destructive potential of tropical cyclones 
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Ike showed that residences built after 1987, in accordance 
with the updated standards, exhibited a substantially higher 
likelihood of structural survival [1], [9]-[11]. In post-hurri-
cane forensic and structural engineering assessments, ac-
curately distinguishing between wind-induced and storm 
surge-induced structural damage is critical, primarily be-
cause insurance coverage frameworks treat these hazards 
separately. Standard property insurance generally covers 
wind-related losses while explicitly excluding flood dam-
age, which is instead addressed under dedicated flood-in-
surance policies. 

In such situations, the forensic engineer becomes a 
focal point in resolving disputes that may arise between 
insurance carriers and homeowners. As such, it is impera-
tive that the engineering consultants preserve professional 
independence, exercise unbiased technical judgment, and 
rigorously apply established engineering methodologies, 
principles, and standards [12]-[13]. Additionally, because 
many coastal structures experience complex interactions 
between wind and surge-related forces during a hurricane, 
determining the dominant damage mechanism typical-
ly requires comprehensive on-site forensic assessments. 
Such evaluations are especially relevant to forensic engi-
neers, design professionals, insurance adjusters, building 
code authorities, floodplain managers, and emergency 
management officials alike, who rely on accurate hazard 
attribution for technical, regulatory, and financial deci-
sion-making to improve current practices [13].

Literature Review
The distinction between wind-induced and storm 

surge (or flood)-induced damage has evolved into a spe-
cialized field within forensic engineering. Historical and 
recent hurricanes, including Katrina, Ida, Harvey, Irma, 
Ian, Helene, and Milton, have provided insights into how 
these forces impact structures, as illustrated by engineer-
ing surveys, forensic assessments/reconnaissance, and 
published literature [14]-[20].

Field surveys after major storms, such as those by the 
Federal Emergency Management Agency (FEMA), Haag 
Engineering, and the United States Geological Survey 
(USGS), reveal that the extent of surge damage is evident 
from mud/sediment lines, aligned debris, and relatively 
undisturbed roof and upper wall structures. The timing and 
sequencing of wind and water impacts documented using 
NOAA, National Hurricane Center (NHC), FEMA flood 
maps, and high-resolution aerial/satellite imagery are crit-
ical to accurately determine causation. Modern investiga-
tions also utilize mobile instrumentation, aerial imagery, 

and radar, but direct field evidence remains a key factor in 
determining the cause of damage and discerning wheth-
er the failure occurred from excessive wind pressures or 
from elevated storm surge levels.

On one hand, wind damage commonly follows a top-
down progression [9]. 

•	 The highest forces (or pressures) are concentrat-
ed at roof ridges/corners, eaves, gable ends, and 
upper wall features, resulting in the removal of 
claddings, shingles, and occasionally whole roof 
structures [21]-[25].

•	 A breach at the roof or walls increases the inter-
nal pressure, accelerating the outward force upon 
building elements and sometimes generating rapid 
failure of the structure [26]-[29]. It is worthwhile 
mentioning that ASCE 7-22 [26] directly relates 
the internal pressure inherent inside a building, 
depending on the building’s classification as en-
closed, partially enclosed, open, or partially open. 
More information on the internal pressure coeffi-
cients and the enclosure classification of buildings 
is available in Chapter 26 of ASCE 7-22 [26].

•	 The Enhanced Fujita Scale and Saffir-Simpson 
Hurricane Wind Scale provide empirical cor-
relations between observed building damage 
and estimated wind speeds, enabling forensics to 
back-calculate likely wind forces through damage 
observed during the on-site assessments [30]-[33]. 
Note that the correlations are very site-specific, 
and it is highly recommended to cross-check with 
meteorological data as well as structural analyses.

•	 Field assessment methods include documenting 
the presence or absence of debris flow lines or 
scour at foundations, cataloging damage to wind-
ward vs. leeward components, and comparing 
neighboring structures [34]-[37]. Note that, due 
to the nature of hurricane winds and their cyclon-
ic rotation, different portions of a building may 
alternate between windward and leeward condi-
tions over time as the storm translates and winds 
change direction. Therefore, accurate site-specific 
meteorological data are key in making field as-
sessments.

On the other hand, surge and flood-related damage 
commonly follows a bottom-up progression. 
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•	 Storm surge exerts hydrostatic (or stationary  
water) and hydrodynamic (moving water) forc-
es that are vastly greater than those from wind. 
As a small example, a body of water traveling at  
10 feet per second (ft/s) exerts about 200 pounds 
per square foot (psf) of pressure on a vertical 
elevation such as a residence wall compared 
with roughly 25 psf of pressure emanating from 
100-mile-per-hour (mph) winds. This assumes a 
fluid dynamic pressure equal to half the density 
times the velocity squared, which is a measure 
of the kinetic energy of the moving fluid per unit 
volume acting against the wall. Note that, at sea 
level, the density of water is about 800 times 
greater than the density of air [26]. Although the 
respective forces and points of application of wa-
ter and air fluids on a vertical surface are dras-
tically different, this simple example illustrates 
how much impact changes in fluid density and 
velocity can have on the magnitude of hydro-
dynamic and aerodynamic loading on structures 
(e.g., wind vs. water flows).

•	 Characteristic damage includes the undermining 
of foundations, displacement of entire structures, 
severe damage to ground-level walls, and evidence 
of buoyancy (e.g., wood-framed buildings entirely 
floated off foundations) [34], [36], [38], [39].

•	 Moving water, wave action, and debris battering 
typically devastate lower building elements while 
upper levels may remain relatively undisturbed 
[40], [41].

•	 Identification of high-water marks, sediment and 

debris lines, scoured soil, and comparative analy-
sis of surrounding vegetation/buildings are stan-
dard investigative tools [42], [43].

Field Assessment Methodology to Differentiate 
Wind from Storm Surge Damage

Determining whether structural damage resulted from 
wind or storm surge is a critical component of post-hurri-
cane forensic assessments. Differentiating between these 
two mechanisms requires a systematic inspection meth-
odology, informed by the physical characteristics of each 
peril, the timing and progression of damage, and corrobo-
rating climatological and hydrological data.

Site Documentation and 
Preliminary Observations

Assessment begins with comprehensive site documen-
tation [44], [45]. The forensic engineer should develop a 
sketch plan noting building orientation, nearby obstruc-
tions, water bodies, terrain elevations, and cardinal direc-
tions. Evidence of flood levels (such as debris lines, water 
staining, and sediment marks) should be documented both 
externally and internally, as evidenced in Figure 1. Impor-
tantly, flood debris lines identify the maximum inundation 
height, which, in turn, helps define the application points 
for wind and water forces in a typical engineering analysis.

High-resolution photographs should capture both 
overview and close-up details of affected areas. Field notes 
should identify the material types, construction methods, 
and the precise elevation of observed damage. This infor-
mation allows differentiation between zones influenced by 
wind and those influenced by water, and can also provide 
valuable information for estimating structural strength 
and/or gravitational forces. Note that ASCE 7-22 [26]  

Figure 1
Flood debris lines: (A) exterior wall and (B) interior column.
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provides guidance and guidelines for flood loads, wave 
loads, and wind loads on structures, as well as load combi-
nations involving the aforementioned in conjunction with 
other loads. Although the thrust of the paper is to differ-
entiate wind damage from storm surge damage, in reality, 
the structure experiences a combination of loads from both 
sources during a severe wind event. As such, one cannot 
exclude a damage source based solely on visual assess-
ment. Therefore, an analysis involving load combinations 
is necessary to attribute the degree of damage caused by 
each source, if applicable.

Wind Damage Indicators
Wind-related damage typically initiates at the up-

per elevations of a structure, such as the roof, gable ends, 
and eaves, where aerodynamic uplift forces are greatest 
and pressure differentials are most pronounced [12], [13],  

A B

Figure 3
Failed building components: (A) window struck by windborne debris and (B) dislodged wall siding.

[21]-[23], [38], [46]-[51]. The initial signs of wind distress 
often include dislodged or uplifted roof coverings, ridge 
shingles or tiles, and cladding materials, particularly at roof 
edges and corners where turbulent flow separation occurs. 
Examples of failed roof covering components are shown 
in Figure 2.

As wind continues to act on the structure, breaches 
in the building envelope, such as failed roof sheathing 
or openings in windows and doors, can result in internal 
pressurization, producing additional outward forces on 
walls and roof systems that accelerate structural deforma-
tion and potential failure of the roof structure. These pro-
gressive failures typically manifest as outward displace-
ment of wall assemblies or complete loss of envelope 
components. Examples of damage to wall assemblies are 
shown in Figure 3. Importantly, the absence of scour, 

Figure 2
Failed roof covering components from excessive wind pressures: (A) hip cap shingles and (B) ridge cap tiles.
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sediment deposits, or water staining near the foundation 
distinguishes damage from wind forces rather than storm 
surge.

Storm Surge Damage Indicators
Storm surge damage is generally characterized by 

distress concentrated at the lower portions of a structure, 
reflecting the powerful hydrostatic and hydrodynam-
ic forces exerted by storm surge and wave action [12], 
[52]. Typical indicators include severe damage to the 
lower levels, such as foundation scour, undermining of 
support systems, and collapse of walls near grade. Ev-
idence of wave impact is often visible in the form of 
broken cladding, displaced wall panels, or structural 
deformation occurring near the stillwater level and the 
wave runup height. Additionally, battering debris can 
bring down siding components, and walls typically fail 

with a hinge point, facing the water: the force of the wa-
ter pushes in the seaward walls, forming a hinge line at 
the top of the wall. This is opposite the location of the 
hinge line for wind (which would be the bottom of the 
wall). Typical examples of storm surge damage to build-
ings and building components are showcased in Figure 
4. Note that some of the observations shown in Figure 
4 could be the result of wind damage depending on the 
severity of the wind event itself and the local climatolog-
ical conditions including the proximity of the structure to 
the eye of the storm. However, due to the nature of the 
failure concentrated toward the lower portion of the el-
evations, and since wind speeds tend to be minimal near 
ground level, the likelihood of failure due to severe wind 
pressures alone is unlikely, unless there is a deficiency 
in the element or in the connection to its surroundings.  
As such, a comprehensive forensic assessment coupled 

Figure 4
Typical indicators of storm surge damage: (A) toppled masonry wall on ground level, (B) displaced wall siding,  

(C) seaward wall pushed inward (formation of hinge line at the top of the wall), and (D) battering effects on garage door.
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with an engineering analysis is recommended to differ-
entiate the resulting effects of wind and wave pressures.

In many cases, entire buildings exhibit lateral dis-
placement or buoyant uplift of substructures due to the 
upward and horizontal forces imposed by moving wa-
ter. Additional diagnostic features include residual debris 
fields and sediment deposits oriented consistently with 
the flow direction, which confirm the influence of sus-
tained water movement. Frequently, the upper portions 
of structures remain intact and are found resting on the 
ground or transported inland, a condition that strongly 
indicates buoyant displacement from storm surge rather 
than progressive wind-induced failure (Figure 5). When 
structures remain standing, damage below the stillwa-
ter line or debris line is typically attributed to flooding, 
while damage above this elevation, without correspond-
ing lower-level distress, suggests wind effects.

Last but not least, structures subjected to intense 
wave loading action and recurrent impacts from floating 
debris may experience the failure of load-bearing walls, 

ultimately leading to partial or total roof collapse. As 
storm surge waters advance inland, the most severe struc-
tural damage typically occurs along the façade directly 
exposed to the incoming water, where hydrodynamic 
forces and wave impacts are concentrated. Post-storm 
reconnaissance studies have consistently documented 
buildings exhibiting a characteristic “pitched-down” ori-
entation toward the shoreline, indicating that the prima-
ry failure mechanism was water-induced loading rather 
than wind pressure effects [35], [52], [53]. This distinc-
tive structural response is illustrated in Figure 6. Nota-
bly, the roof covering systems in the remaining sections 
show little to no evidence of wind-related damage.

Integration of Meteorological  
and Hydrological Data

The correlating field observations with climatolog-
ical and hydrological records is critical to establish-
ing event chronology. Meteorological datasets from  
NOAA, NHC, and USGS should be analyzed to iden-
tify the timing and magnitude of peak wind velocities  
relative to maximum inundation levels [45]. These  

Figure 5
Storm surge effects: (A) battering effects on seawall and (B) scouring and erosion of soil below sidewalk.

A B

Figure 6
Aerial photographs: (A) intact building prior to the passing of Hurricane Ian and (B) “pitched down”  

building after the passing of Hurricane Ian. (Figures courtesy of Eagleview) [54].
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incremental datasets allow the assessor to determine whether  
flooding preceded, coincided with, or followed peak 
wind events.

In addition, the Post Storm Data Acquisition (PSDA) 
reports from the National Weather Service (NWS) provide 
wind speeds, surge stillwater elevations, and measurement 
annotation results. These data sets are of high importance 
to help in determining whether the damage was caused by 
wind and/or storm surge [12], [45]. Similarly, the FEMA 
Flood Recovery Maps document surveyed waterline eleva-
tions and is invaluable for establishing the depth of inunda-
tion. As such, forensic engineers must distinguish between 
stillwater height and total wave height, the latter extending 
up to 50% to 55% higher than the stillwater level due to 
wave and debris action. This is illustrated in ASCE 7-22 
[26] and shown in Figure 7. Note that “ds” is the stillwater 
level and Figure 7 contains two diagrams: one with the 
space behind the vertical wall dry and one where flooding 
has already occurred in the space behind the vertical wall.

Forensic Correlation and Comparative Analysis
To confirm preliminary conclusions, forensic engi-

neers are highly urged to conduct comparative analysis 
of surrounding structures and vegetation. The degree of 
wind-related damage to nearby roofs, trees, and claddings 
can help estimate local wind intensities. Conversely, uni-
form low-level destruction or debris patterns aligned with 
flow direction reinforce the likelihood of surge impact. 
Even when only the foundation remains, telltale evidence 

persists. Therefore, determining whether a structure was 
damaged by wind or storm surge requires a holistic foren-
sic approach combining:

•	 Damage pattern recognition: Distinguishing be-
tween wind and storm surge damage begins with 
identifying characteristic damage patterns. As 
noted previously, wind-related damage typical-
ly exhibits a top-down progression, with failures 
initiating at the roof, upper walls, or windward 
openings as uplift and lateral pressures increase. 
However, as previously noted, storm surge dam-
age follows a bottom-up pattern, with structural 
distress starting near the ground or lower eleva-
tions due to hydrostatic and hydrodynamic forces, 
debris impact, and scour.

•	 Elevation-based analysis: Evaluating the ver-
tical distribution of damage is helpful to estab-
lish whether the forces originated from wind or 
surge-related forces. By comparing observed 
damage to the elevations, such as document-
ed stillwater levels, debris lines, and high-wa-
ter marks, forensic engineers can determine if 
the observed damage aligns with surge-related 
forces or excessive wind-induced forces. Dam-
age observed below the established flood line 
is typically associated with storm surge dam-
age (or flooding), whereas damage observed to 
the higher components of a structure (above the  

Figure 7
Schematic of breaking wave pressures against a vertical wall: (A) space behind vertical wall is dry and  

(B) stillwater level is equal on both sides of wall (courtesy of ASCE 7-22 [26], Chapter 5: Flood Loads).
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established flood line) is associated with poten-
tial impacts from excessive wind-induced forces, 
if there is any.

•	 Corroborating Data: Meteorological and hydro-
logical data serve as critical evidence to validate 
the physical observations obtained during the 
forensic investigation. Wind speed, predominant 
wind direction, location of the structure with re-
spect to the eye of the hurricane, location of the 
hurricane at different times (pre- and post-land-
fall) are analyzed in conjunction with available 
nearby tide gauge data, surge hydrographs, and 
rainfall intensity to establish the timing and mag-
nitude of each hazard. Assessing the structural 
damage and/or failure with the aforementioned 
evidence enables a more defensible determination 
of whether the observed damage corresponds with 
peak wind loads or the advancing storm surge, or 
a combination of both.

•	 Comparative Evaluation: The effect of tropical 
cyclones can affect vast areas of land simulta-
neously. Consequently, assessing the damage to 
neighboring civil infrastructure and vegetation 
provides valuable contextual evidence. Structures 
of similar design, elevation, and orientation often 
exhibit consistent patterns of wind or surge dam-
age under comparable exposure conditions. Addi-
tionally, examining fallen trees, displaced debris, 
and erosion patterns help confirm the dominant 
force mechanism. This comparative evaluation 
strengthens forensic conclusions by correlating 
individual observations with broader, communi-
ty-scale impact trends, typically associated with 
tropical cyclones.

In summary, in order to accurately differentiate be-
tween wind and surge-related damage, the forensic engi-
neer should document the dimensions of the structure, the 
location of the structure to obtain flood zones and required 
base elevations, the roofing components, the wall com-
ponents, the types of materials that make up the subject 
structure, the structure’s orientation, the damage progres-
sion (top-to-bottom or bottom-to-top), flood lines (if any), 
neighboring structures, surrounding vegetation, and ver-
ifiable weather conditions. The forensic engineer should 
base their findings and conclusions on corroborating that 
excessive loading, due to wind and surge-related forces, 
indeed affected the area of the subject structure. 

Case Study from Hurricane Helene (2024)
The subject property selected for this case study is lo-

cated in the city of Keaton Beach, Florida, about 20 miles 
south of the city of Perry and lies directly along the Gulf 
of Mexico coastline, facing westward towards the open 
water. This geographic positioning places the structure in 
a highly exposed area, classified as Exposure Category D 
per ASCE 7-22 [26]. The residence itself is a two-story, 
elevated, wood-framed structure supported by a series of 
timber posts (or stilts) embedded in the ground, construct-
ed in 1987. The architectural layout includes a partially 
enclosed lower level, herein referred to as the “first floor,” 
which functions primarily as an open parking and storage 
area. Approximately 50% of the perimeter of this level is 
open. The upper level, herein identified as “second floor,” 
is enclosed with conventionally framed wood walls cov-
ered with vinyl siding. The roof structure consists of a 
gable roof type covered with metal panel roof system, as 
shown in Figure 8.

After the passing of Hurricane Helene on September 

Figure 8
Front elevation of the residence: (A) prior to Hurricane Helene (courtesy of Google Street View[55]  

— dated 4/2021) and (B) after the passing of Hurricane Helene (dated 10/2024).
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26, 2024, the subject property underwent two post-loss site 
assessments: the first was conducted by the field adjuster 
assigned by the insurance company in October 2024, and 
the second was performed by a forensic engineer in May 
2025 as part of a detailed structural evaluation. Findings 
from both site visits revealed that the entire structure had 
been completely displaced and removed from its origi-
nal foundation. No portions of the residential structure 
remained in situ, as exhibited in Figure 8, besides a few 
limited portions of the stilts that were supporting the main 
structure in addition to some debris.

The only elements observed at the time of each  
inspection were the lower segments of the first-floor timber 
posts, which formerly supported the structure above the 
ground in accordance with typical coastal elevation prac-
tices in addition to a concrete monolithic slab-on-grade. 
Photographic documentation from both assessments re-
vealed discernible signs of age-related deterioration in 
the exposed timber elements, including weathering, sur-
face degradation, and biological decay, all consistent with 
prolonged exposure to moisture (Figure 9). Additionally, 
during the assessment performed by the forensic engineer 
and his interview with the homeowner, it appears that the 
structure’s exterior cladding system (building envelope) 
had been upgraded to a vertical board-and-batten finish 
prior to the reported date of loss.

As the structure itself was no longer present and there-
fore could not be physically inspected, several dimensional 
estimates were derived using photographs obtained from 

publicly available street-level imagery, specifically Google 
Street View [55]. Based on the visual analysis of these im-
ages and the identification of the exterior cladding materi-
als, it was determined that the height of the first-floor, up 
to the lowest horizontal member of the residence, was “ap-
proximately” 7.5 feet above grade. This estimation was de-
rived by identifying the use of standard vinyl siding on the 
exterior walls, which typically features an exposed height 
of approximately 5 inches per course. A visual count of the 
vertically stacked siding sections yielded an estimated total 
of 18 individual courses, resulting in the calculated overall 
height. This method, while approximate, provides a reason-
able estimate in the absence of direct site measurement, as 
portrayed in Figure 10.

On another note, the subject residence is located within 
a FEMA-designated “AE” flood zone with a Base Flood 

Figure 9
Remnants of stilts used to support the structure before failure (dated 10/2024).
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Figure 10
First floor height estimation (about 7.5 feet to lowest horizontal  
member), courtesy of Google Street View [55] — dated 4/2021.
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Elevation (BFE) of 16 feet (EL 16) above NAVD88 da-
tum (North American Vertical Datum of 1988), indicating 
a coastal high-risk and high-hazard area subject to wave 
action, storm surge, and velocity flow during major storm 
events (Figure 11). 

Note that NAVD88 consists of a leveling network 
on the North American continent, ranging from Alaska 
through Canada, across the United States, affixed to a sin-
gle origin point on the continent. According to FEMA’s 
designation, structures in AE zones are required to have the 
lowest finished floor elevated at or above the base flood 
elevation (BFE), allow unobstructed flow of water beneath 
the building, and use any enclosed area (below the BFE) as 
parking, building access or storage area only. Being in an 
area with a BFE of 16 feet, the residence living spaces must 
be elevated above grade, with the lowest finished floor 
situated at or above the BFE, in compliance with current 
floodplain management regulations, regardless of the site’s 
elevation with respect to the mean sea level. Given its lo-
cation in an AE zone, the residence is particularly vulnera-
ble to storm surge (hydrostatic forces), high-velocity wave 
impact (hydrodynamic forces), and erosion-related foun-
dation undermining during extreme coastal storm events 
such as hurricanes. Please note that the structure may have 
been built following the current standards in the year of the 
construction of the subject structure. However, based on 
current FEMA flood elevations, the structure is vulnerable 
to storm-surge damage.

It must be noted that the BFE is the computed eleva-
tion to which floodwater is anticipated to rise during a base 
flood (a flood having a 1% annual chance of occurrence, 
also known as the 100-year flood) from the NAVD88 da-
tum. Additionally, the elevation of the structure is estimat-
ed to be approximately 7 feet (above NAVD88). As such, 
the structure’s estimated elevation of the second floor, the 
lowest horizontal structural member (about 7.5 feet above 
ground level) was insufficient to comply with the regula-
tion provided by the FEMA flood maps (BFE of 16 feet 
– NAVD88) and did not meet the minimum flood hazard 
mitigation standards at the time of the date of loss. Howev-
er, it must be noted that the house was built in the late ’80s, 
and it is possible that it was built for the requirements set 
forth at the time of the construction of the subject structure.

Hurricane Helene Storm Surge
According to NOAA, Hurricane Helene made land-

fall in the Big Bend region of Florida on the evening of 
September 26, 2024, as a Category 4 hurricane accord-
ing to the Saffir-Simpson Hurricane Wind Scale, bringing 
severe destruction to coastal communities in the vicinity 
of the landfall and across the west coast of Florida [57]. 
Hurricane Helene’s path and wind circulation are both 
presented in Figure 12. Furthermore, Hurricane Helene’s 
path made landfall approximately 14 miles northwest of 
the subject structure as showcased in Figure 13, where the 
yellow pin locates the residence, the red pins locate the po-
sition of Hurricane Helene’s eye at landfall, and the green 

Figure 11
FEMA flood zoning for the subject residence (courtesy of FEMA Flood Maps [56]).
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pin locates the path of Hurricane Debby (south of the resi-
dence). On a side note, Hurricane Debby was a Category 1 
hurricane that made landfall near Steinhatchee, Florida, on 
August 5, 2024. This hurricane and its path were analyzed 
due to their proximity in terms of time and geographical 
location at landfall with respect to the subject structure pri-
or to the passing of Hurricane Helene.

Due to the size of Hurricane Helene’s wind field along 
its path, storm surge impacts were amplified across a broad 
area with effects reaching as far south as Naples and im-
pacting densely populated areas including the Tampa Bay 
and Sarasota regions. According to data collected by the 
USGS water level sensor network, the peak surge inun-
dation within the remote stretch between Keaton Beach 

and Steinhatchee reached 12 to 16 feet above ground level 
(AGL) as shown in Figure 13. It must be noted that the 
National Hurricane Center storm surge analysis provides 
water rises Above Ground Level (AGL) measured from 
the Mean Higher-High Water (MHHW) datum — this is 
approximately 1.65 ft above NAVD88 datum.

For verification purposes, two independent water level 
sensors were analyzed to assess storm surge conditions in 
proximity to the subject property. The first sensor, oper-
ated by NOAA at station # 8727520 and located in Ce-
dar Key, Florida, recorded a peak water level rise of ap-
proximately 10 feet (Figure 14). The graph indicates that 
the rise in water up to a height of approximately 7.5 feet 
level occurred on September 26, 2024, at approximately  

Figure 12
Hurricane Helene’s: (A) path and (B) wind  

direction (both figures are courtesy of NOAA [57]).
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Figure 13
Hurricane Helene’s path and landfall with respect to:  

(A) distance (in miles) to the subject property (courtesy  
of Google Earth [58]) and (B) storm surge analysis on the west  

coast of Florida (courtesy of Google [58] and NOAA [57]).
B
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9:30 PM (EST). It is important to note that Cedar Key is 
located approximately 60 miles southeast of the subject 
property and thus, this sensor may reflect surge behav-
ior in a more southern region of the storm’s impact zone. 
The second sensor, operated by USGS at gage station # 
02324170, was located near the Steinhatchee River delta, 
approximately 15 miles southeast of the subject property. 
This gauge recorded a peak water level rise of approxi-
mately 14 feet before data transmission ceased due to 
unknown causes (Figure 14). The time-history data from 
this sensor indicated that the water level reached 14.25 
feet (above ocean surface mean sea level) at approximate-
ly 10:41 PM (EST) on September 26, 2024. The recorded 
time at which the 14.25-foot water level was reached was 
used as a reference to estimate when floodwaters were al-
ready affecting the lowest horizontal structural member of 
the subject property, as estimated earlier in Figure 10.

Based on the previously discussed data that was  
collected from the NOAA and USGS sensors and gauges, 
the approximate sequence of events is outlined as follows:

Figure 14
(A) Cedar Key, FL water level (in feet) (NOAA) [59] and (B) Steinhatchee, FL gage height (in feet) (USGS) [60].

A

B

•	 The tidal gage at Cedar Key reported water level 
measurements in GMT. According to the record-
ed data, the storm surge reached a height of 7.5 
feet (above Mean Higher High Water – MHHW) 
at approximately September 27, 02:30 GMT (or 
September 26, 21:30 EST). Analysis of the tidal 
curve indicates that storm surge inundation had 
already begun prior to the landfall of Hurricane 
Helene (Figure 14). Note that the MHHW datum 
is defined as the average of the higher high water 
height of each tidal day observed over the Nation-
al Tidal Datum Epoch. For stations with shorter 
series, comparisons of simultaneous observations 
with a control tide station are made to derive the 
equivalent datum of the National Tidal Datum Ep-
och.

•	 Similarly, data from the Steinhatchee River water 
level sensor indicated a water level rise reaching 
14.25 feet at approximately September 26, 23:41 
EDT (or September 26, 22:41 EST). This confirms 
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that the onset of storm surge preceded the hurri-
cane’s landfall at this location as well (Figure 14).

•	 In their report [57], the NHC provided the hur-
ricane eye position data in UTC. According to 
their tracking, the eye of Hurricane Helene was 
located just offshore on September 27, 00:00 UTC 
(or September 26, 19:00 EST). Landfall occurred 
shortly thereafter, with the eye positioned approx-
imately 5 miles inland by September 27, 03:10 
UTC (September 26, 22:10 EST).

The previous findings confirm that storm-surge con-
ditions were already underway before Hurricane Helene’s 
official landfall. This indicates that many of the surge-re-
lated impacts developed independently of the intense wind 
forces typically associated with the passage of the storm’s 
eye. Moreover, the observations align with earlier studies 
showing that surge height is driven more by the storm’s 
overall size and the shallowness of the continental shelf 
than by pre-landfall wind strength [61], [62]. In particular, 
long, gently sloping seabeds tend to amplify storm-surge 
levels, a defining bathymetric feature of Florida’s Big Bend 
region [63].

Hurricane Helene Wind Direction
In the Northern Hemisphere, hurricanes exhibit a 

counterclockwise rotation due to the Coriolis effect [64]. 
Throughout Hurricane Helene’s approach and eventu-
al landfall, the storm’s core remained consistently west 

Figure 15
(A) Hurricane Helene circular pattern and (B) Hurricane Helene tangential winds (in yellow) (figures courtesy of Google Earth [58]).

A B

of the subject property. As a result, the most intense 
wind forces affecting the site would have been from the 
southwest, consistent with the forward-right quadrant of 
a landfalling hurricane, typically the region associated 
with the strongest winds and surge impacts. The south-
west winds, combined with the concave configuration of 
Florida’s Big Bend coastline, would have funneled water 
inland in the same general direction as the wind vectors, 
amplifying storm surge effects along vulnerable low-ly-
ing areas, as demonstrated in Figure 15. An analysis of 
wind circulation patterns in the immediate vicinity of the 
subject property reveals that tangential wind components, 
around the storm’s center, would have directed water and 
wave energy toward the northeast. This wind-driven wa-
ter movement would have resulted in significant lateral 
hydrodynamic forces acting on coastal structures, partic-
ularly those with limited elevation and exposure along the 
Gulf-facing shoreline, such as the subject property. This is 
portrayed in Figure 15.

Based on the estimated wind circulation patterns, 
tangential wind velocities, and the projected direction of 
storm surge flow, a targeted survey was conducted to eval-
uate the displacement and distribution of debris resulting 
from Hurricane Helene’s combined wind- and surge-in-
duced forces. Given the storm’s orientation and dynamics, 
it was anticipated that debris originating from the struc-
tures located in Keaton Beach would have traveled in a 
generally northeast direction, as shown in Figure 16. This 
projected debris path was subsequently validated through 
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a detailed analysis of high-resolution aerial satellite imag-
ery, which confirmed that the structure had indeed been 
displaced along the estimated trajectory. Specifically, 
the entire building was located approximately 1,780 feet 
northeast of its pre-Hurricane Helene location, align-
ing with the modeled direction of wind and water forces 
during the storm event (Figure 16).

Displaced Structure
Based on the modeled wind circulation patterns of 

Hurricane Helene and the estimated direction of storm 
surge forces described earlier, the main structure was de-
termined to have been displaced approximately 1,780 feet 
northeast of its original pre-Hurricane Helene location. 
To conclusively verify that the displaced structure corre-
sponded to the subject property, a detailed visual and di-
mensional validation was conducted using multiple data 
sources, including aerial imagery and structural feature 
comparisons.

The first phase of verification involved analyzing the 
roof geometry and ventilation layout, features which were 
not observed in any of the surrounding buildings. As doc-
umented in the pre-Hurricane Helene imagery, the subject 
structure featured a distinctive roof configuration with a 
rectangular cut-out at the top-left corner, along with three 
evenly spaced roof vents. These features were found to 
match those of the displaced structure identified in the Oc-
tober 13, 2024, imagery taken after the passing of Hur-
ricane Helene, strongly supporting the assertion that the 
same structure had been relocated by storm surge forces, 
as portrayed in Figure 17.

The second phase involved comparing roof area  
measurements before and after the passing of Hurricane 
Helene. Satellite imagery dated December 26, 2018, 
before the alleged date of loss (DOL), and October 13, 

2024 (post-DOL), were used to estimate roof square foot-
age. The original structure was found to have a roof area 
of approximately 1,737 square feet, while the displaced 
structure measured approximately 2,065 square feet — a 
difference of roughly 16%. While initially appearing to be 
a discrepancy, further investigation revealed the source of 
the additional area. A side-by-side comparison of right-
side elevation images of both structures revealed a consis-
tent alignment in architectural features, including window 
count, placement, and dimensions.

However, a protruding section at the rear elevation of 
the displaced structure, absent in the earlier satellite imag-
ery, was identified as the cause of the increased roof area 
(light blue arrows in Figure 17). This extension, likely 
an enclosed or semi-enclosed addition to the rear balcony 
area noted in the pre-DOL aerial image, appears to have 
been constructed sometime after the 2018 imagery but pri-
or to the passing of Hurricane Helene. A review of local 
building permit records yielded no documented approvals 
for such an addition. Nevertheless, visual evidence strong-
ly suggests that an expansion was made to the rear of the 
property, as indicated by the green arrow in the pre-DOL 
imagery. This addition further confirms that the displaced 
structure matches the architectural characteristics and evo-
lution of the original residence.

To further assess and better understand the magni-
tude of the forces that the structure was subject to during 
Hurricane Helene (e.g., wind- and surge-related forces), 
an estimation of forces was carried out, using engineer-
ing analysis and several assumptions, to shed light on 
the possible mechanisms of failure during the passing of  
Hurricane Helene.

First, an estimation of the structure’s dead load 
was carried out following assumptions of material self-

Figure 16
(A) Estimated trajectory of debris due to Hurricane Helene forces [58] and (B) satellite image taken on October 13, 2024, after the passing of 

Hurricane Helene showing original property location and displaced property location (figures courtesy of Eagleview [54]).

A B
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Figure 17 
(A) Roof shape and appurtenances pre-DOL, (B) roof shape and appurtenances post-DOL, (C) roof estimated area pre-DOL,  

(D) roof estimated area post-DOL, (E) south elevation fenestration and details pre-DOL,  
and (F) south elevation fenestration and details post-DOL (all figures courtesy of Eagleview [54]).

A B

C D

E F

weight from ASCE 7-22 (Chapter 3), which resulted in a 
total dead load of approximately 118 kips. Note this esti-
mation was carried out by considering the roofing mate-

rial, ceilings, flooring, exterior walls, interior partitions, 
mechanical-electrical-plumbing (MEP) components and 
fixed equipment based on the overall dimensions of the 
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structure (Figure 18). Also note that GWB stands for 
gypsum wall board.

Additionally, attempts to estimate the buoyant forces 
produced by stillwater onto the structure were estimated 
and ranged between 605 and 1,142 kips (about 5 to 10 
times larger than the self-weight of the structure). This 
assumption is based on a storm surge height ranging be-
tween 12 and 16 feet above ground level, and with a 4.5 
to 8.5 feet structure submersion (first-floor height was pre-
viously estimated at about 7.5 feet from ground level, and 
the calculations were conducted for a building with plan 
dimensions of 60 feet of length and 35 feet of width). Fur-
thermore, the hydrodynamic forces induced on the struc-
ture were estimated to be approximately 9.3 kips, assum-
ing a water flow velocity of 5 ft/s. Note that wave impact 
forces were not estimated [40]. Accordingly, the minimum 
buoyancy force acting on the structure, assuming about 12 
feet of storm surge height, was about five times larger than 
the building self-weight alone including all the structural 
and architectural components.

Moreover, following ASCE 7-22 guidelines, the mag-
nitude of the wind-induced forces, assuming 140-mph 
gusts, was estimated to be approximately 84 kips and 24 
kips for lift and drag forces on the structure, respective-
ly. Finally, an estimation of the overturning moment pro-
duced by wind-induced forces yielded about 2,600 ft-kip 
in contrast to the counter-overturning moment produced 
by the self-weight of the structure, which was estimated as 
3,500 ft-kip. A diagram depicting the estimated wind-in-
duced forces and associated overturning moment is shown 

in Figure 19. Note that F1 stands for the windward drag 
force, F2 is the leeward drag force, F3 stands for the lift 
force, and W is the associated self-weight of the structure.

Lastly, a visual assessment of the displaced structure 
revealed the roof covering sustained no discernible signs 
of missing, torn, displaced or damaged metal panel roofing 
components, as observed in Figure 20. Furthermore, a key 
finding during the authors’ investigation was the deterio-
ration of the columns and metal brackets, which showed 
clear signs of missing fasteners, wood rot and sectional 
reduction due to age-related deterioration of the columns/
piers.

Based on the analysis of the conditions and the evi-
dence observed at the inspection site discussed earlier, the 
following conclusions were made:

•	 The comprehensive forensic analysis of the sub-
ject property and the understanding of wind and 
storm surge effects on structures indicate that the 
total failure and displacement of the subject struc-
ture were caused by excessive storm surge levels 
and associated hydrodynamic forces, rather than 
by wind-induced forces. Multiple lines of evi-
dence support this conclusion including structural 
assessments, engineering analysis, satellite imag-
ery, and the conditions of Hurricane Helene be-
fore and after making landfall.

•	 The aerial imagery of the displaced structure  
revealed no significant damage to the roof cover-

Figure 18
Dead load estimates.



WIND DAMAGE VS. STORM SURGE DAMAGE: CASE STUDIES FROM HURRICANE HELENE	 PAGE 51

Figure 19
Estimated wind-induced forces diagram and accompanying moment calculations.

Figure 20
Displaced structure —– approximately 1,780 feet northeast from its original location: (A) right elevation view,  

(B) left elevation view, and (C) top view (all figures courtesy of Eagleview [54]).

A B

C
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ing or exterior siding, components typically sus-
ceptible to wind damage, indicating that the struc-
ture was not compromised by high wind pressures 
prior to or after its displacement. The structure 
was located approximately 1,780 feet northeast of 
its original location, mostly intact, in a direction 
consistent with modeled storm surge and tangen-
tial wind circulation patterns emanating from the 
path and trajectory of Hurricane Helene. This dis-
placement aligns with the trajectory predicted by 
surge-induced water movement rather than chaot-
ic windborne debris behavior.

Other Observations from Hurricane Helene
Although the earlier case study mainly focused on 

storm surge damage to a coastal structure in the town 
of Perry, Florida, including the combined effects of hy-
drostatic and hydrodynamic forces, field investigations 
of other structures revealed that numerous buildings did 
survive the elevated storm surge levels recorded at the 
time of the passing of Hurricane Helene. Such structures 
were noted with distinct wind-related damage as shown 
earlier in the manuscript. It was determined that a key 
factor in these structures withstanding the storm was 
their relatively recent construction, which followed up-
dated versions of the local jurisdiction and state building 
codes. The assessment of the neighboring structures in-
cluded obtaining permit histories and property appraiser 
reports, providing information pertaining to their year 
of construction as well as any recent roof replacement 
permits. This section summarizes the mechanisms of 
wind-induced damage observed in these surrounding 
structures and contrasts them with the damage patterns 
associated with storm surge.

Wind-induced damage during hurricane events is 
primarily driven by aerodynamic pressures acting on the 
building envelope and roof system. These pressures result 
from a combination of sustained wind flow, gust effects, 
turbulence, and flow separation around building geome-
tries due to bluff-body aerodynamics. Elevated structures 
located outside the storm-surge inundation zone remain 
vulnerable to these forces, particularly at building cor-
ners, roof edges, ridges, and discontinuities in the enve-
lope [50], [51], [65]. Additionally, due to the atmospheric 
boundary layer profile, structures with higher elevations 
have increased resiliency against surge-related forces but 
are exposed to increased wind-induced loading. Greater 
elevations result in increased forces to the lateral force 
resisting systems, such as foundation columns, impos-
ing increased moment loading that the columns and their  

bracing connections must withstand, signifying an import-
ant aspect of the structure to analyze.

Suction (negative) pressures acting on roof coverings 
can exceed the attachment capacity of shingles, tiles, mem-
brane systems as well as wall components leading to local-
ized loss of roof or envelope covering materials. Once roof 
and/or wall coverings are compromised, increased internal 
pressurization may occur if envelope breaches develop, 
further amplifying uplift forces and accelerating progres-
sive failure of the structure. Windborne debris impacts 
may additionally contribute to envelope breaches, partic-
ularly at wall claddings, soffits, fenestration systems, and 
garage doors [21].

As such, typical wind damage observations included 
partial loss of roof coverings, displaced or uplifted shin-
gles, cracked or detached wall cladding, and damage to 
soffits as well as fascia boards. These damaged areas were 
generally localized in wind-critical zones and exhibited di-
rectional characteristics aligned with the prevailing wind 
field during the event.

The contrast between wind-induced damage in el-
evated structures and storm-surge–dominated damage 
in low-lying structures is significant for forensic attribu-
tion. Storm surge damage is characterized by lateral dis-
placement of structural components, collapse or flotation 
of walls and floors, erosion or scour at foundations, and 
widespread water intrusion with associated sediment and 
debris patterns. In comparison, wind damage is generally 
more selective, affecting envelope components and roof 
systems without producing global structural instability 
in properly elevated buildings, as exhibited in Figure 21 
[21], [38], [48], [66]-[74].

The co-existence of these damage modes within the 
same geographic region underscores the importance of 
elevation, exposure, and load path continuity in deter-
mining damage causation. While both wind and storm 
surge are generated by the same meteorological event, 
the resulting damage mechanisms are distinct and must 
be evaluated independently to ensure accurate forensic 
conclusions. Representative photographs of wind-in-
duced damage to elevated structures are included to il-
lustrate typical envelope and roof failures attributable 
to aerodynamic loading (Figure 22). These photographs 
document roof covering displacement, localized wall 
cladding damage, and envelope breaches consistent with 
wind action, providing a visual contrast to the storm-
surge–driven damage presented in the primary case 
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study. More information on wind flow around buildings 
as well as wind-related damage to residential roofs in-
cluding shingle and tile roof coverings can be found in 
Azzi et al. [21].

Conclusion
Understanding the mechanisms by which hydrostatic 

and hydrodynamic loads interact with structural systems 
enables forensic engineers to more precisely differentiate 

Figure 21
Coastal structure exhibiting: (A) warping of roof covering and (B) detachment of wall cladding.

A B

Figure 22
Observed wind damage: (A) dislodging of metal panels in high suction pressure zones, (B) torn and  

partially torn shingles, (C) dislodging of soffits and roof fascia boards, and (D) warping of metal panels.

A B

C D
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wind-induced damage from water-induced damage, main-
ly elevated storm surge levels. Hydrostatic and hydrody-
namic actions primarily degrade structural elements at or 
near the foundation by inducing uplift, scour, and lateral 
fluid pressures. In contrast, wind loads produce their high-
est demand at elevated components such as roof coverings 
and components because wind velocity and correspond-
ing aerodynamic pressures increase with height above the 
ground. Moreover, due to the substantially higher densi-
ty of water relative to air (800:1), moving water can im-
part significantly greater momentum and lateral forces on 
structural members than wind, as shown in the aforemen-
tioned calculations section. Therefore, it is essential to ac-
curately differentiate between wind and surge/flood dam-
age in structural forensic investigations for the following 
reasons:

•	 Wind and flood damage are often differently in-
sured. Establishing the correct peril is critical for 
fair claim resolution and policy compliance.

•	 Understanding the nature of damage informs fu-
ture engineering standards and code compliance. 
For wind, this might include reinforced envelope 
components and impact-resistant fenestration de-
sign. On the other hand, for storm surge, strategies 
include increased elevation, foundation retrofit-
ting, and breakaway construction in lower eleva-
tions of the property.

•	 Building codes and FEMA standards often rely on 
forensic assessments after the passing of extreme 
events to mandate peril-specific construction tech-
niques in relevant geographical areas.

•	 Accurate assessment of wind versus storm surge 
damage guides emergency planning, regional de-
velopment, and infrastructure upgrades.

•	 Urban planners, FEMA associates, and state agen-
cies use forensic data to guide hazard mapping, 
land-use planning, and community resilience ini-
tiatives. Understanding true loss causation sup-
ports smarter investment in infrastructure and 
life-safety upgrades.

•	 Erroneous determination of causation can lead to 
unsafe reconstruction, legal disputes, and long-
term vulnerability of coastal structures and com-
munities.

Accurately distinguishing between wind and surge 
damage ensures technical, legal, financial, and ethical 
credibility in the aftermath of catastrophic storms. Lit-
erature, case studies, and expert practice all converge on 
the necessity of a rigorous, evidence-driven approach that 
protects property owners, supports infrastructure resil-
ience, and maintains the credibility of the engineering dis-
cipline in general and the forensic engineering discipline 
in particular.
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discusses the guiding documents provided to designers and  
agencies and how engineers use these standards and pol-
icies to make design decisions. The discussion then tran-
sitions to the semantics of the guiding documents, with 
the intent of highlighting where many forensic analyses go 
astray. The paper concludes with several case study exam-
ples in which design features, including both permanent 
and temporary ones, may contribute to collision events.

Process — Programming to Construction
Programming

Planning and programming of highway construction 
projects usually begin years, if not decades, before the first 
shovel breaks ground and normally involves individuals 
and agencies from the local level to the federal level.

Smaller local governments, regional agencies, and 
other stakeholders/groups with a vested interest in trans-
portation combine to either form metropolitan planning 
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Introduction 
Forensic engineers analyzing collision events typical-

ly focus on the evidence from the aftermath of an incident 
when evaluating the progression and timing of events. 
The forensic engineer oftentimes relies on evidence that 
may include final rest locations of vehicles, tire and gouge 
marks, debris fields, and electronically imaged data. The 
most frequently identified contributing factors involve 
driver actions, vehicle mechanical condition, roadway 
features, traffic control, and the environment. Contributing 
factors may also include confusing, missing, or misleading 
information or roadside safety features. 

The authors provide a general overview of the project 
development process and discuss several national highway 
design manuals, highlighting how this information can 
have an important influence on a collision investigation. 
This paper begins with a high-level overview of the design 
process from initial programming to construction. Next, it 
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organizations (MPOs) or regional planning organizations 
(RPOs) at the local level. It is these MPOs and RPOs that 
are tasked with regional planning and programming for 
all modes of transportation. MPO and RPO operations 
are similar, with the major differentiator being popula-
tion density and geographic boundaries (i.e., municipali-
ty, city, county, etc.) [1]. 

RPOs, according to the Federal Highway Admin-
istration (FHWA), can also be identified by other nam-
ing conventions, such as regional affiliations, councils 
of government, and others, but these organizations are 
generally referred to as RPOs. Currently, approximate-
ly 30 states have RPOs in place [2]. Regardless of the 
organization of local transportation planners, RPOs, and 
MPOs, they are tasked with working with state agencies 
to identify highway and transit projects.

From the federal level, the United States Department 
of Transportation (USDOT) oversees 11 operating admin-
istrations, including the FHWA, which “supports state 
and local governments in the design, construction, and 
maintenance of the nation’s highway system (Federal Aid 
Highway Program) and various federally and tribal owned 
lands.” [3] The FHWA provides financial and technical as-
sistance to state and local governments.

A project must fulfill a need as defined by the Nation-
al Environmental Policy Act (NEPA) for the identification 
and programming of the project to take place. Often, pub-
lic welfare drives projects that aim to improve safety (e.g., 
when a roadway feature no longer functions as intended or 
newer technology becomes available). Whether traffic vol-
umes exceed projections or a stop-controlled intersection, 
for example, is experiencing a high frequency of crashes, 
a need is identified, and a project is born.

Design
Once a project has the general parameters deter-

mined, it is ready for the design phase. Projects can be 
designed in-house by the respective agency or designed 
by a consultant working under contract with the agency. 
A senior-level PE provides oversight for a specific dis-
cipline or manages the project in its entirety, while less 
experienced engineers typically perform detailed design. 
For this reason, a designer’s quality assurance/quality 
control (QA/QC) plan is fundamentally important for the 
production of transportation facilities that are safe enough 
for the traveling public.

The design process involves multiple submission and 

review cycles to evaluate the design against established 
design criteria, established early in the design develop-
ment process. Comments and feedback are provided that 
require sufficient review and attention before approval is 
received for the respective submission.

Design Resources
Entry-level highway and traffic engineers graduate 

with a cursory understanding of national design guides 
and standards most frequently used in highway design. 
Very little, if any, of the baccalaureate academic career fo-
cuses on state-specific guides and standards. However, all 
state design guidance and standards are based on national 
standards, publications, guidance, and research.

This paper limits the discussion to three primary na-
tional documents that provide the policies or standards re-
lied upon by highway design engineers: 

•	 The American Association of State Highway 
Transportation Officials (AASHTO), A Policy 
on Geometric Design of Highways and Streets 
(Green Book) 

•	 AASHTO’s Roadside Design Guide (RDG) 

•	 FHWA’s Manual on Uniform Traffic Control De-
vices for Streets and Highways (MUTCD).

National Design Resources
Geometric — Green Book

The current version of the Green Book at the time 
of this paper’s writing is the 7th Edition, dated 2018 [4]. 
Founded in 1914, AASHTO, then known as the American 
Association of State Highway Officials (AASHO), met 
for the first time [5], but it wasn’t until 1965 that the first 
edition of the Green Book was published. However, pri-
or to publishing the first Green Book, AASHO/AASHTO 
was involved in developing federal legislation from the 
group’s inception. 

A Policy on Geometric Design of Highways and 
Streets, commonly referred to as the “Green Book,” is a 
publication produced by AASHTO that provides the poli-
cy by which states develop the standards for the design of 
roadways on the National Highway System (NHS). Each 
state may adopt the Green Book as standard, revise the 
Green Book, or develop its own that meets or exceeds the 
policy of the Green Book. Highway designers represent 
the target audience of the Green Book in the development 
of roadway geometric elements. 
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In the most recent versions of the Green Book, the 
text presents the concepts an engineer should understand 
regarding the relationships among the facets of geometric 
highway design, explains the development of the differ-
ent concepts, and provides associated calculations. The 
Green Book also provides corresponding equations and 
adjustment factors for site-specific circumstances, such 
as grade. The results represent the minimum (or max-
imum) acceptable values that should be considered for 
design. For example, Table 3-1 provides the minimum 
design stopping distance for speeds ranging from 15 mph 
to 85 mph. With this type of presentation, the Green Book 
provides a pass/fail metric for evaluation, provided the 
person performing the evaluation properly applies the 
guidance.

With the Green Book developed for designers, the 
guidelines provide inherent challenges for the forensic en-
gineer’s evaluation of the as-built condition. The Green 
Book relies on holistic situational guidance requiring the 
engineer to evaluate a situation in a “connect-the-dots” 
systematic approach. The designer works from given pa-
rameters that define variables such as road type (freeway, 
arterial, collector, or local) and design speed, while the fo-
rensic engineer must determine the road type and consider 
the posted regulatory speed limit (PRSL). From there, the 
forensic engineer evaluates the design elements to deter-
mine whether the as-built conditions meet the design min-
imums (or maximums). It is also beneficial for a forensic 
engineer to be able to access and review project design 
records as part of the investigation, as discussed later in 
this paper.

Safety — Roadside Design Guide
Just as the Green Book provides design guidance for 

the roadway itself, designers use the Roadside Design 
Guide (RDG) as a resource guide for applying the clear 
zone concept and shielding the traveling public from road-
side obstructions. A simple way to differentiate between 
the Green Book and RDG is to think of the Green Book as 
containing design guidance for everything a vehicle is in-
tended to touch, while the RDG contains design guidance 
for elements a vehicle is not intended to touch. AASHTO 
published the 4th Edition of the RDG in 2011 [6], the cur-
rent version as of the time of this writing. The RDG may 
be referenced directly by individual highway agencies or 
used as a basis for developing their respective guidelines 
and standards, and it functions in conjunction with other 
design resources, such as the Green Book.

According to the FHWA, the first edition of the RDG 

was adopted by FHWA and became effective on July 25, 
1990 [7]. Many engineers may mistakenly refer to the 
RDG as a standard (as is the MUTCD discussed later) or 
policy (as is the Green Book), but it is neither. The RDG 
serves as a tool for designers, but ultimately the transpor-
tation agency soliciting the design should either maintain 
its own standard or adopt the document(s) as its standard. 
The RDG allows engineers and designers to establish a 
“clear zone” and identify obstructions located within. 

The RDG includes a toolbox of options that designers 
and engineers can use for the selection of highway safe-
ty appurtenances to shield an obstruction. Transportation 
agencies can also use the RDG for developing their ap-
proved product list, respective design criteria, and stan-
dards. Many styles of roadside barrier, crash attenuators, 
end treatments, breakaway supports, and other options are 
presented in the RDG to facilitate establishing a proper 
clear zone.

As time progresses, it is inevitable that design stan-
dards and guidance are revised and updated, and the RDG 
is no different. A forensic investigation that includes an 
analysis of roadside grading and traffic barriers, for exam-
ple, could identify features that may have been designed 
and installed appropriately and according to standards, but 
through time have lost the ability to meet the standards to 
which they were designed. Careful evaluation and docu-
mentation of the “non-traveled way” elements associated 
with an accident scene will aid a forensic investigation for 
causation.

Signage/Pavement Markings — Manual  
on Uniform Traffic Control Devices  
for Streets and Highways

The first release of the Manual on Uniform Traffic 
Control Devices for Streets and Highways (MUTCD) oc-
curred in January 1927, as AASHO published the Manual 
and Specifications for Manufacture, Display, and Erec-
tion of U.S. Standard Road Markers and Signs [5]. At the 
time, however, the manual only included signage for rural 
areas. Signage for roadways located in urban areas was 
published by another agency. The rural and urban manuals 
were combined in 1932 when AASHO released the first 
official Manual on Uniform Traffic Control Devices. It 
wasn’t until after the Highway Safety Act of 1966 that the 
FHWA became the agency responsible for the MUTCD, 
and it published its first version in 1971. Since 1971, 
FHWA has released updated versions of the MUTCD, 
with the most recent (11th edition) becoming effective on 
January 18, 2024.
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The MUTCD was developed to establish a minimum 
standard that all transportation agencies must meet. Trans-
portation agencies can either adopt the MUTCD as their 
standard, develop a state supplement to the MUTCD, or 
write their own version that meets or exceeds the federal 
MUTCD standards. The MUTCD provides standards for 
both permanent and temporary traffic control, but even 
with minimum standards defined, designers must use their 
engineering judgment and experience when applying them 
to each unique project or situation. States had until Janu-
ary 18, 2026, to adopt the 11th Edition of the MUTCD. 
It is important for engineers to know which edition the 
agency for which they are designing currently uses. As of 
the time of the writing of this report, 18 states have ad-
opted the national MUTCD (2009 Edition), 22 states and 
two territories have adopted the national MUTCD (2009 
Edition) along with a state supplement, and 10 states have 
adopted a State MUTCD (2009 Edition) [8].

The MUTCD functions very differently from the 
Green Book and RDG in how it provides information to 
designers. The MUTCD establishes minimum require-
ments for traffic control devices and provides additional 
commentary, including support, options, and guidance on 
when and where to use those devices. These semantics 
drive the use of the MUTCD and are discussed later in 
this paper. 

Conversely, the AASHTO publications described in 
this paper define frequently encountered design situations 
and provide guidelines for developing and refining the de-
sign. For example, the Green Book provides the designer 
with guidance on how to balance the horizontal and verti-
cal alignment by identifying the best locations for curves 
based on factors such as driver perception, comfort, and 
expectations. The Green Book builds upon that guidance 
and, in later chapters, provides minimum radii based on 
design speed, provides guidance on superelevation and 
rate, and so on. The Green Book provides flexibility such 
that multiple engineers may each have different solutions 
to a design, all of which may meet Green Book guidance. 
On the other hand, the MUTCD addresses site-specific 
features, such as signs and pavement markings. In the 
case of the horizontal curve design, the MUTCD will de-
fine under what conditions advance warning signs or ad-
ditional pavement markings should be included. 

Design/Contract Documents
Highway design contracts include more than just 

roadway and temporary traffic control plan sets. Teams of 
engineers responsible for the design will compile the bid 

package documents and submit them to the letting agency 
for contractor selection. Any number of items can be in-
cluded in the bid package, and it is critically important that 
a designer understands the proper order (or hierarchy) of 
these documents. The order of the design documents may 
differ between transportation agencies. For example, ac-
cording to the 2020 Standard Specifications for Construc-
tion, the order of precedence for the Michigan Department 
of Transportation (MDOT) is as follows [9]:

1.	 All proposal material except the materials listed in 
subsections 104.06.B through 104.06.F;

2.	 Special provisions;

3.	 Supplemental specifications;

4.	 Project plans and approved working drawings;

5.	 MDOT standard plans; and

6.	 Standard specifications

The full list and most current order of MDOT docu-
ments should be referenced on MDOT’s website.

It is important for engineers and designers to know the 
hierarchy of design documents. Likewise, a forensic engi-
neer working to determine causation factors must under-
stand this order when reviewing as-built or construction 
documents to determine which document controls in cases 
with conflicting information.

Construction
Typically, for public design/bid/build projects, the 

most common public highway construction contract pro-
curement method, the project owner releases the contract 
documents for review and bidding and selects the lowest 
bidding contractor that meets all contractual requirements. 
Once awarded, the contractor and owner sign the contract, 
and the project progresses into the construction phase. 
While other contract procurement methods are available 
(A+B bidding, design-build, performance contracting, 
etc.), engineers must understand that design changes do 
occur during construction. No matter the method of con-
tract procurement, any such changes should be stored with 
the project records by the owner. Forensic engineers should 
refer to as-built or as-constructed plan sets, if available, to 
ensure any design changes made during construction are 
included. Using or relying on as-designed plans may not 
paint the full picture required by the forensic engineer.
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Waivers, Design Exceptions, and Variances
Designing for the natural environment can be chal-

lenging. Constraints, such as limited right-of-way, topo-
graphic changes, and sensitive environmental areas, are 
just a few examples of the many factors that can limit an 
engineer’s design options, whether the design is a retrofit 
of an existing facility or an entirely new facility. In ad-
dition, when designing improvements to an existing fa-
cility, features that no longer meet current design criteria 
may need to be modified to meet current design standards 
and guidelines. In some situations, there may be no vi-
able options within the scope of work that will allow an 
engineer to fully meet design requirements. The engineer 
must then, through his or her education, training, and ex-
perience, develop an engineering solution that best meets 
the requirements and document in the form of a design 
exception, variance, or waiver, how and why the selected 
design is optimal. The owner must maintain all approved 
waivers, variances, and/or design exception documenta-
tion with the respective project records.

Roadways of differing classifications and types may 
require different levels of waivers. For example, the FHWA 
requires a design exception to be developed and approved 
for any of 10 controlling criteria on National Highway 
System (NHS) roadways with a design speed greater than 
or equal to 50 mph [10]. The 10 controlling criteria follow:

1.	 Design speed,

2.	 Lane width,

3.	 Shoulder width,

4.	 Horizontal curve radius,

5.	 Superelevation rate,

6.	 Maximum grade,

7.	 Stopping sight distance,

8.	 Cross slope,

9.	 Vertical clearance, and

10.	 Design loading structural capacity.

While the FHWA requires the design exceptions for 
the listed criteria, other transportation agencies may re-
quire similar waivers or exceptions, or expand the listed 

criteria, for roadways under their jurisdiction. The Penn-
sylvania Department of Transportation (PennDOT), for 
example, requires an 11th controlling criterion for acceler-
ation and deceleration lane length [11]. Another example 
of a frequently used waiver/exception would be for pedes-
trian facilities such as sidewalks, pedestrian curb ramps, 
driveway aprons, etc. For more than a decade, the Pro-
posed Draft Accessibility Guidelines for the Public Right-
of-Way were used by highway agencies in developing 
standard drawings and engineers to design pedestrian fa-
cilities within the public right-of-way. On August 8, 2023, 
the United States Access Board published the final rule on 
the minimum accessibility guidelines for pedestrian facili-
ties within the public right-of-way. Pedestrian curb ramps, 
for example, are notoriously difficult to design and con-
struct. Many highway agencies maintain their own type of 
waiver when pedestrian facilities do not meet accessibility 
requirements, which has been a focus of many lawsuits 
[12]. Well-documented design decisions, especially design 
exceptions, provide the forensic engineer valuable insight 
into reasoning for the chosen options, which may not be 
readily apparent post-construction and post-incident.

Semantics — “Words Have Meaning”
The subtitle “Words Have Meaning” summarizes the 

content of this section. The MUTCD divides its guidelines 
into four categories, with the definitions reprinted verba-
tim in the 2009 MUTCD [13]: 

•	 Standard — a statement of required, mandatory, or 
specifically prohibitive practice regarding a traffic 
control device. All Standard statements are labeled, 
and the text appears in bold type. The verb “shall” 
is typically used. The verbs “should” and “may” 
are not used in Standard statements. Standard state-
ments are sometimes modified by Options.

•	 Guidance — a statement of recommended, but 
not mandatory, practice in typical situations, with 
deviations allowed if engineering judgment or en-
gineering study indicates the deviation to be ap-
propriate. All Guidance statements are labeled, 
and the text appears in unbold type [italic]. The 
verb “should” is typically used. The verbs “shall” 
and “may” are not used in Guidance statements. 
Guidance statements are sometimes modified by 
Options.

•	 Option — a statement of practice that is a per-
missive condition and carries no requirement or 
recommendation. Option statements sometimes 
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contain allowable modifications to a Standard or 
Guidance statement. All Option statements are 
labeled, and the text appears in unbold type. The 
verb “may” is typically used. The verbs “shall” 
and “should” are not used in Option statements.

•	 Support — an informational statement that does 
not convey any degree of mandate, recommen-
dation, authorization, prohibition, or enforceable 
condition. Support statements are labeled, and the 
text appears in unbold type. The verbs “shall,” 
“should,” and “may” are not used in Support 
statements. 

Therefore, is a standard absolute? Not necessarily. 
Decisions must consider the situational context in which 
they are made. Section 1A.09 of the MUTCD [13] defines 
the following Standard text: This Manual describes the 
application of traffic control devices, but shall not be 
a legal requirement for their installation. Directly fol-
lowed by Guidance text stating: The decision to use a 
particular device at a particular location should be made 
on the basis of either an engineering study or the appli-
cation of engineering judgment. Thus, while this Manual 
provides Standards, Guidance, and Options for design and 
applications of traffic control devices, this Manual should 
not be considered a substitute for engineering judgment. 
Engineering judgment should be exercised in the selection 
and application of traffic control devices, as well as in the 
location and design of roads and streets that the devices 
complement. 

It is unrealistic to expect a single guidance document 
or standard to be sufficient for all designs across the Unit-
ed States, and the MUTCD affords engineers flexibility to 
modify designs to fit specific situations. For example, sign 
placement guidelines from the MUTCD may be physically 
impossible to meet verbatim on a mountain road bounded 
by steep embankments. The designer then uses engineer-
ing judgment to determine an appropriate location. Note 
that appropriate documentation is important when deviat-
ing from any standard or guideline, as discussed earlier 
in this paper. In addition to decisions considering context, 
they must also be reviewed by qualified peers, as design 
typically requires a team process. 

The MUTCD [13], [14] provides these definitions to 
convey very concise directives on when and how each 
term, Standard, Guidance, Option, and Support (SGOS) 
applies to the given topic. Even with these concise direc-
tives, disagreements in interpretation still develop. Se-

mantics enters into discussion and lies as the root of many 
misinterpretations. Some examples include an engineer 
incorrectly interpreting guidance as a “must” rather than 
the defined “should,” or assuming that because an option 
allows an action, the action should occur. These two exam-
ples result in Guidance and Options being “promoted” to 
a “Standard.” Another common example occurs when no 
standard exists for a situation, and the engineer again “pro-
motes” guidance to a standard. The editors of the MUTCD 
clearly defined the terms used and provided an allowance 
for engineering judgment. This promotion of guidance to 
standards often occurs when an engineer disagrees with 
the engineering judgment of a different engineer or does 
not fully understand the intention of the MUTCD authors’ 
nomenclature. Supporting one’s opinion with engineering 
principles may not be possible, making the “promotion” of 
Guidance or Options to a fictitious “Standard” the only op-
tion. The authors refer to situations in which an engineer 
makes a determination without directly citing supporting 
standards, as B.I.S.S. (Because I Said So). Keep in mind 
the forensic engineering analysis presents facts from a 
non-advocate position, and any B.I.S.S. statement appears 
to be from an advocatory position. 

The SGOS structure of the MUTCD inherently leads 
engineers to grade traffic control with a common theme of 
“… should have done more,” or “if only this option had 
been added, then the incident would not have occurred.” 
A design either meets the MUTCD requirements or it does 
not. The grade is pass/fail — not A, B, C, D, F. 

As stated previously, the presentation of the Green 
Book lends itself to a pass/fail analysis, while the MUCTD 
requires a much more “flowchart” (if-then) type of anal-
ysis. To further explain, Table 5-5 from the 2018 Green 
Book [4] presents minimum traveled way widths based on 
design speed and roadway volume, a very pass/fail, deter-
ministic set of criteria.

The MUTCD includes prescriptive language but also 
contains inherent flexibility for engineers to customize de-
signs to the specific location. Below the authors present 
Section 3B.01 Yellow Center Line Pavement Markings 
and Warrants from the 2009 MUTCD [13]: 

Standard: 
Center line markings shall be placed on all 
paved urban arterials and collectors that 
have a traveled way of 20 feet or more in 
width and an ADT of 6,000 vehicles per day 
or greater. Center line markings shall also 
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be placed on all paved two-way streets or 
highways that have three or more lanes for 
moving motor vehicle traffic.
Guidance:
Center line markings should be placed on 
paved urban arterials and collectors that have 
a traveled way of 20 feet or more in width and 
an ADT of 4,000 vehicles per day or greater. 
Center line markings should also be placed on 
all rural arterials and collectors that have a 
traveled way of 18 feet or more in width and 
an ADT of 3,000 vehicles per day or greater. 
Center line markings should also be placed 
on other traveled ways where an engineering 
study indicates such a need.
Engineering judgment should be used in deter-
mining whether to place center line markings 
on traveled ways that are less than 16 feet wide 
because of the potential for traffic encroaching 
on the pavement edges, traffic being affected by 
parked vehicles, and traffic encroaching into 
the opposing traffic lane.

The Standard “shall” contain a similar pass/fail, deter-
minate set of criteria, while Guidance contains pass/fail cri-
teria; the verb “should” applies to Guidance, which allows 
for engineering judgment to determine whether to install 
the centerline. Keep in mind that engineering judgment ex-
ceeds a single location and may require a holistic view. For 
example, consider the hypothetical situation of a 20-foot-
wide, unstriped, two-way, collector roadway with 4,100 
vehicles per day in a jurisdiction with three expensive new 
traffic signal installations scheduled and limited funds. 

With the entirety of the information known, should a 
forensic analysis determine that the center lane markings 
were not required? The center line was not required (shall); 
it should be provided, and the budget situation explains the 
prioritization applied in the engineering judgment. Could 
any situation alter the findings? Regardless of the present-
ed reasoning, the proper forensic analysis concludes the 
center line was not required. However, a proper analysis 
also notes that the MUTCD states the centerline should 
be installed. The forensic engineer may opine on the en-
gineering judgment used to not install the centerline, but 
that guidance never becomes a standard. The trier of fact 
ultimately determines the sufficiency of the engineering 
judgment. 

The engineering judgment used in making project de-
cisions, even when well-documented and packaged with 

project records, may remain unavailable, making research 
important to the forensic analysis. Depending on the cir-
cumstances of the case being investigated, researching the 
historic ADT may present valuable information. Continu-
ing with the same example, has the ADT been increas-
ing and recently passed the 4,000 mark? How recently? 
Was there a closure of a parallel road, making the added 
ADT “detour traffic”? How quickly should a jurisdiction 
react to changing ADT? Has ADT decreased? Possibly an 
improvement to a parallel road. The answers to each of 
these example questions provide valuable insight into the  
engineering judgment used to decide whether to apply 
centerline pavement markings, but the Guidance never 
becomes a Standard. 

Forensic Considerations
A forensic analysis of roadway design begins with the 

two primary factors, “when” and “where.” One must con-
sider that an incident that occurs “today” may happen on a 
roadway that was designed and constructed decades prior. 
One must ask “when” the agency constructed the roadway, 
rather than applying the latest design standards to a facil-
ity built and not improved since 1950, for example. The 
forensic engineer must research the roadway’s construc-
tion history to determine whether and when the agency 
performed any intermediate improvements. The forensic 
engineer should also know the level of improvement to 
determine if the project triggered any additional modifica-
tions to be included in the improvement. Note: Recurring 
maintenance projects, such as pavement overlays, typical-
ly do not require updates to design features. The date of 
the latest improvement project provides the key to which 
design criteria apply to the design, thus also the analysis. 
The requirements for which features must be improved 
based on the work taking place in the construction process 
require an in-depth review of the design manuals in place 
at the time of design. 

The “where” factor adds multiple components and 
must be broken down. First, consider the general location. 
As each state’s guidelines may differ. Within each state, 
each political subdivision (e.g., county and city) may also 
develop its own guidelines. The forensic engineer must 
first determine the political subdivision in which the inci-
dent occurred, then determine which guidelines that polit-
ical subdivision codified. Note that the code also defines 
which edition (the “when”) of each guideline applies at the 
date of the design, as newly released guidelines may not 
have been adopted. 

The next “where” factor considers the more precise 
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physical location and associated road classification. Road-
way requirements differ significantly based on intended 
functionality. Consider low-volume rural roads, high-
speed rural roads, urban residential streets, and urban ar-
terials, each with its own functionality and requirements. 
Lane widths, cross-sectional elements, design speeds, 
alignments, and safety features differ significantly across 
different design speeds and traffic volumes, which relate to 
roadway functionality (classification). 

Federal and state agencies continually seek to im-
prove design to reduce the frequency and severity of vehi-
cle collisions. With the discrete incremental introduction 
of design manuals, many state DOTs introduce new re-
quirements through design memoranda that incorporate 
revisions in between releases of complete manuals. Along 
with design memoranda, agencies may seek to introduce 
new research into projects. 

The introduction of current research requires very 
detailed engineering studies completed by the designers 
and/or the agency in control to implement new research. 
Consider the past evolution of roundabout design and the 
current evolution/implementation of continuous flow in-
tersections. This concept introduces two important factors 
for the forensic engineer in these specific cases. First, the 
design criteria are in the design documentation, not neces-
sarily in the published manuals. Second, the forensic engi-
neer must not introduce new research not adopted by the 
agency in charge, nor introduce it into the design criteria 
through an engineering study. New research does not be-
come a requirement until it is adopted.

Case Studies
Truck Runaway Ramp

The first case study involves an incident that occurred 
in the fall of 2018 with a semi-truck-trailer crashing into 
a structure located opposite a stop-controlled approach to 
an intersection. The intersection is located at the base of 
a long mountain downgrade. Figure 1 displays a view of 
the route the truck had taken. As the semi entered the inter-
section, a security camera captured an image with visibly 
red-hot, overheated brakes. The forensic analysis consist-
ed of several factors, including the design of the road re-
construction completed in the early 2000s, evaluation of 
the site for possible truck escape ramp (TER) locations, 
evaluation of the incident history, and review of other mit-
igation measures (i.e., signage and a brake check area).

With the construction taking place in the early 2000s, 
the 2001 Green Book and the 2001 MUTCD apply. The 
2001 Green Book [16] (and still found in the 2018 Green 
Book [4]) references a technique called the “Grade Severity 
Rating System” (GSRS). The outdated DOS-based GSRS 
became unavailable in 1994. When reading the Green Book 
text: A technique for new and existing facilities available 
for use in analyzing operations on a grade, in addition to 
crash analysis, is the Grade Severity Rating System (45)…, 
the lack of availability of the GSRS becomes irrelevant as 
the Green Book’s intent is to determine the need for fur-
ther evaluation. While the GSRS may have been useful for 
some situations, this specific project included an approx-
imate 6-mile (approximately MP 492 to MP 498) down-
grade average of 5.76% with no upgrades. A grade of 
this value and for this length should automatically trigger  

Figure 1
Overview of route with milepost; re-construction project began at approximately MP 492 and ended at approximately MP 498 [15].
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review for safety, specifically brake safety.

With the potential need for a TER established, eval-
uating the route for locations came next. The route con-
tained 31 horizontal curves with the longest tangent be-
tween curves being 1,565 feet long. Note that at the time 
of design, Dragnet systems were in their infancy, and the 
2002 Roadside Design Guide [17] included them only as 
temporary options, leaving an arrestor bed TER as the 
only option. The grade dictates the length of the bed re-
quired. An arrestor bed requires 1,120 feet of length on 
a 0.5% downgrade (bed grade) and 1,421 feet of length 
for a 6% downgrade (bed grade). The only two tangents 
exceeding 1,000 feet occur in this corridor within 3 miles 
of the summit, where a TER could not be effective due to 
the physical location being closer to the summit and not 
being near the bottom of the grade. Further review of the 
aerial identifies some potentially viable locations between 
mileposts 497 and 498, prior to the end of the construc-
tion project, for additional examination. The side of the 
road adjacent to the downhill lane in any potentially vi-
able location contained relatively narrow widths outside 
the shoulder and long steep slopes where costs to build 
an embankment alone approached the cost of the entire 
project. Note Figure 1 shows a current TER location in 
this area as the state installed a dragnet type TER post in-
cident. No accident history or traffic/safety studies for the 
reconstruction project were made available for forensic 
review. The authors are aware of a safety study that fell 
under undisclosable information. In this case, one must 
not confuse the availability of a study with a study not 
being completed. Regardless of the safety study, no viable 
location existed.

The reconstruction project was completed approxi-
mately 15 years prior to the incident. Therefore, consider-
ation must be given to whether the site should have been 
evaluated for a TER for safety reasons. What would trig-
ger a safety evaluation? Similar and potentially repeatable 
accidents involving overheated brakes and/or commercial 
vehicles. A 10-year accident review found only one some-
what similar incident; however, that incident involved a 
pickup truck with a trailer, not a commercial vehicle. The 
other commercial vehicle incidents resulted from many 
different factors that eliminated them from inclusion — 
factors such as weather conditions, improper loading, and 
a local commercial vehicle (dump truck), not a long-haul 
vehicle. Therefore, no event triggered a safety analysis.

The final part of the forensic analysis involved 
evaluating other safety features. The controlling design  

document (2001 Green Book [16]) contained the follow-
ing regarding brake check areas. 

Turnouts or pull-off areas at the summit of a 
grade can be used for brake-check areas or 
mandatory-stop areas to provide an opportu-
nity for a driver to inspect equipment on the 
vehicle and to ensure the brakes are not over-
heated at the beginning of the descent. … A 
brake-check area can be a paved lane behind 
and separated from the shoulder or a widened 
shoulder where a truck can stop. …

The MUTCD contained no brake check area signage 
until the 2009 edition. The construction plans contain 
a widened shoulder at the summit and a full rest area, 
complete with truck parking spaces, within 1 mile of the 
summit. Therefore, the as-built condition met the design 
standards for a brake check area at the time of the recon-
struction design. Witness testimony and legal filings also 
indicate that the semi driver used the widened shoulder 
area to pull his truck over at the summit.

Section 2C.11 of the 2000 Edition of the MUTCD [14] 
recommends the following regarding supplemental post-
ing of the W7-1 Hill Advanced Warning Sign on extended 
grades:

On longer grades, the use of the distance (W7-
3a) plaque or the combination distance/grade 
(W7-3b) plaque at periodic intervals of approx-
imately 1.6 km (1 mi) spacing should be con-
sidered.

The subsequent 2009 Edition of the MUTCD [13] 
states the following in Section 2C.16 regarding the use of 
the W7-1, W7-1a and W7-2p signs on extended grades:

On longer grades, the use of the Hill sign with 
a distance (W7-3aP) plaque or the combina-
tion distance/grade (W7-3bP) plaque at peri-
odic intervals of approximately 1-mile spacing 
should be considered.

The state agency placed supplemental postings of the 
W7-1 along the grade at approximately 1-mile intervals 
as recommended by the MUTCD. Guidance statements 
within the MUTCD do not carry requirements or mandates 
for posting, but recommended practices for posting related 
Hill (W7-3P) signs on a grade. The designer can exercise 
engineering judgment to determine if a different W7-2p 
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suggested, but not standard or recommended, sign should 
be posted. The state agency chose to reinforce USE LOW 
GEAR, which carries with it a greater and more specific 
message regarding the grade to a driver than simply the 
length of the grade. Section 2C.11 of the 2000 Edition 
[14], and Section 2C.16 of the 2009 [13] Edition of the 
MUTCD allows for the engineering judgment exercised 
by the engineer. 

TTC Left-Turning Vehicle at  
Signalized Intersection

The second case study involves an active construction 
site with temporary traffic control in place. The location 
consisted of a signal-controlled intersection with the con-
figuration as seen in Figure 2. A westbound driver made a 
left turn into the path of another vehicle. The client request-
ed a review of the TTC for the required sight distance. 

The 2018 AASHTO Green Book [4] applied based 
on date and location, which was used to calculate the ap-
propriate sight distance. The Green Book contains seven 
possible cases (A-G) with some containing sub-cases for 
a total of 10 options. Case F (left turn from major road) 
applied. The authors used Equation 9-1 (ISD=1.47×Vma-
jor×tg) with Vmajor being the Posted Regulatory Speed 
Limit (PRSL) of the approaching road and tg being the 
time gap provided in Table 9.16 to calculate the ISD. Note 
that the forensic analysis uses actual case information — 
meaning that the calculation used 5.5 seconds for passen-
ger cars from Table 9.16, based on the vehicles involved, 
and not the 6.5 seconds for single unit trucks, which would 

probably be the design vehicle based on road types. While 
the forensic analysis reviews design requirements, it also 
only applies collision-specific information. 

The time gap given in Table 9-16 only accounts for 
passenger cars crossing one traffic lane with the require-
ment to add an additional 0.5 seconds per additional lane 
for passenger cars crossed.

The authors calculated the ISD by using the PRSL (40 
mph) and the given first lane to cross (5.5 sec) plus two ad-
ditional lanes (.5 sec each) = 3 total lanes to cross during 
left turn:

ISD = 1.47 × 40 mph × (5.5 + .5 + .5) = 382.2 feet

The next step involved measuring the available sight 
distance. This case only involved horizontal issues for con-
sideration because of existing infrastructure and topogra-
phy. However, the Green Book contains specific guidance 
on eye and target elevations. Sight distance begins at the 
stop line and continues past any obstruction to the mid-
dle of the nearest approaching lane as described in Section 
3.2.6.4 of the Green Book [4]. The question that remains 
is what is an obstruction? The Green Book Section 3.2.6.3 
describes obstruction to sight lines as, “… a crest verti-
cal curve or it may be some physical feature outside of 
the traveled way (emphasis added), such as a longitudinal 
barrier, a bridge approach, fill slope, a tree, foliage, or 
the back slope of a cut section.” Note that the Green Book 
makes no consideration for random or temporal conditions 

Figure 2
TTC plan with the ISD sight lines presented and then measured.
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created by vehicles within the travel way, or for any other 
highly variable condition.

Figure 2 presents the available sight distance. The 
available 459 feet well exceeds the required 382 feet.

The idea of offsetting the westbound turn lane to be 
directly in line with the eastbound lane to further increase 
available sight distance came into question. Note the three 
lanes approaching the intersection from the west, with one 
of those lanes becoming the eastbound left turn lane. The 
fact of a travel lane transitioning to a turn lane (as opposed 
to adding a turn lane) introduces an increased potential for 
head-on collisions. With sufficient sight distance avail-
able, the authors found the as-placed configuration to be 
the better option.

TC Intersection Stop Sign Controlled
The third case study involves an incident in which a 

vehicle ran a stop sign and broadsided another vehicle. 
The 4-leg intersection contained a stop condition for the 
minor approaches. The litigant called into question the 
permanent signage and sight lines for the stop leg of the 
intersection. Figure 3 presents an image of the viewshed 
experienced by the litigant, which is representative of the 
day of the incident. The stop sign at the right edge of the 
road remains visible past the trees in full foliage, but also 
note the supplemental stop sign on the left side of the road.

 May the agency use a sign in this manner? Note that 
the state in which the collision took place chooses to use 
the federal MUTCD [13] with supplemental information. 

The supplemental state MUTCD was used in the evalua-
tion. Section 2A.16 Standardization of Location reads:

Option:
Under some circumstances, such as on curves 
to the right, signs may be placed on median 
islands or on the left-hand side of the road. A 
supplementary sign located on the left-hand 
side of the roadway may be used on a multi-
lane road where traffic in a lane to the right 
might obstruct the view to the right.

With semantics in mind, an option represents a  
permissive condition and carries no requirement or  
recommendation but can be applied with appropriate engi-
neering judgment. In general, additional information would 
only not be allowed when it introduces conflicting, confus-
ing or too much information for a driver to process. None 
of these conditions exist; therefore, the MUTCD allows the 
additional stop sign on the left side of the road. 

In deposition, the litigant stated he saw the stop sign 
on the left side of the road and believed it was for the 
crossing road. However, the agency also provided a prop-
erly placed and sized stop ahead sign on the approach to 
the intersection. The MUTCD [13] states the following re-
garding warning signs:

Section 2C.01 Function of Warning Signs
Support:
Warning signs call attention to unexpected con-
ditions on or adjacent to a highway, street, or 
private roads open to public travel and to situa-
tions that might not be readily apparent to road 
users. Warning signs alert road users to condi-
tions that might call for a reduction of speed or 
an action in the interest of safety and efficient 
traffic operations. 
Section 2C.02 Application of Warning Signs
Standard:
The use of warning signs shall be based 
on an engineering study or on engineering 
judgment.
Guidance:
The use of warning signs should be kept to a 
minimum as the unnecessary use of warning 
signs tends to breed disrespect for all signs. …

In deposition, the litigant also acknowledged see-
ing and recognizing the advance warning sign. In his 
acknowledgment of the sign, he also admitted to not  

Figure 3
Photograph taken during site visit with representative  

view available on day of collision, including traffic control.
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understanding or ignoring the basic function of the sign 
to warn of an imminent condition, and not some future 
condition farther away. 

Closed Shared Use Path
The fourth case study involves the reconstruction of a 

railroad crossing, which required the closing of a local rural 
road and the adjacent shared-use path. A bicyclist proceed-
ed on the closed shared-use path, rode off the path into the 
construction area, and wrecked, causing injury. Figure 4 
provides an aerial photo view of area — a portion of the ap-
proved TTC plan for the road — and a photo of the actual 
TTC in place. While small and difficult to read in the TTC 

plans, the “Sidewalk Closed” signs appear approximately 
300 feet to 500 feet from the railroad tracks, with the clos-
est entrance to the shared use path over 2,000 feet from the 
railroad tracks. 

 The state in which the incident occurred maintained 
standard TTC drawings developed using the guidance 
from the State’s MUTCD that applied to the situation. 
Figure 5 presents the standard drawing. Note 2 states that 
the closure of a sidewalk be at the last open business or 
residence, which equates to the last road crossing entrance 
in this case, as no businesses or residences exist. Also note, 
ADA guidelines do not allow sidewalk/paths to be open 

Figure 4
Site overview from RR to path entry with corresponding TTC plan and inset photo of actual path closure (Aerial photo [18]).
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past the last access required (i.e., cannot lead to a dead-
end. The TTC design does not meet the requirements of 
the standard drawing or the State MUTCD). 

The inset photo in Figure 4 shows the closure as it 
existed in the field at the entrance to the nearest road cross-
ing. Therefore, the actual closure met the requirements of 
the standard drawing and the state MUTCD. 

Another issue discussed was the lack of TTC near the 
railroad track, the actual location of the hazard. The inci-
dent occurred within an area closed to public entry or use, 
where no further TTC devices are required, recommended, 
or suggested by any applicable standards. Section 1A.13 
of the state MUTCD defined traffic as:

Traffic — pedestrians, bicyclists, ridden or 
herded animals, vehicles, streetcars, and other 
conveyances either singularly or together while 
using for purposes of travel any highway or pri-
vate road open to public travel.

Note the “open to public travel” in the definition of 
traffic. With no traffic comes no traffic control, even though 
the closure occurs 2,000 feet from the actual construction 
area. Additional traffic control violates the MUTCD be-
cause it provides conflicting guidance by suggesting that a 
closed path (or road) is actually open.

Conclusion
Collision analysis, as it relates to design, construction, 

or temporary control measures, must be based on historical 
facts surrounding those activities. The forensic engineer’s 
role when evaluating a collision is similar to that of a his-
torian piecing together artifacts to determine the events 
and causes leading to a collision event. Using evidence 
from the scene, design records, and historical design man-
uals, the forensic engineer constructs a timeline of events 
and decisions that culminates in the identification of the 
cause of an accident. Determining and correctly applying 
the semantics of the guidance documents relevant to the 
situation is the single most important aspect of this type 
of forensic analysis. Words have meaning, and only the 
defined meaning matters.

Figure 5
“State” Standard Drawing showing the appropriate sidewalk closure for the situation.
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structure to be capable of transmitting the external loads 
to the foundation soils for resistance. Examples of a canti-
levered retaining wall system and a gravity retaining wall 
system are provided in Figure 1.

Gravity retaining walls rely primarily on mass, width, 
and friction interaction with the foundation soils to resist 
sliding, overturning, and soil bearing failures. The basic 
techniques used for these walls date back thousands of 
years to the use of stacked stones or soils reinforced with 
internal layers of materials capable of resisting tension 
forces. Advancements in concrete and steel have led to 
current gravity systems such as cast-in-place concrete, me-
chanically stabilized earth (MSE), precast block, soil nail, 
and gabion basket; however, the stacked/mortared-stone 
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Background and Common  
Types of Retaining Walls

The term “retaining wall” is a broad term that encom-
passes a family of structures that create vertical grade sep-
aration. In general, retaining walls fall into two categories 
based upon the mechanics of external resistance: gravity 
walls and cantilevered walls. Gravity retaining walls uti-
lize the geometry and self-weight of the wall mass (as well 
as the vertical weight component of the overlying soil 
mass) to transfer the driving forces on the wall to vertical 
loads and frictional forces on the foundation soils. Can-
tilevered retaining walls utilize the strength/stiffness of a 
vertical element to transfer the driving forces on the wall 
to vertical loads, lateral loads, and frictional forces on the 
foundation soils. Both categories require the retaining wall 
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wall is still instrumental in commercial and private devel-
opment.

Common advantages of gravity walls include their rel-
ative ease of construction and control of materials. Wall 
components can often be placed by hand or with equip-
ment already used for the construction of the project. The 
wall materials, as well as the backfill materials loading the 
wall, can be designed and specified by an engineer, and 
the foundation soils can be improved with limited addi-
tional effort. MSE, precast block, gabion, soil nail, and 
stacked/mortared-stone gravity retaining walls tolerate a 
greater degree of vertical and horizontal movement due 
to the fact that the components are not rigidly connected, 
and the individual components are relatively small with 
respect to the overall wall mass. For this reason, these 
types of gravity retaining walls are considered “flexible” 
in nature. The aforementioned types of gravity retaining 
wall structures continue to perform their intended function 
even with cracks/separations between elements of the wall 
and/or lateral/vertical movement of the wall from its origi-
nal position. Challenges for gravity walls often include the 
width of the retaining wall mass, which can be greater than 
the height of the retaining wall in certain conditions, con-
trolling the placement of fill materials and global stability.

Cantilevered retaining walls utilize relatively slender 
structural elements that are partially buried/embedded be-
low grade, such that the soil at depth provides fixity for the 
base of the wall and the upper portion of the wall cantile-
vers upward to retain a mass of soil at a higher elevation. 
Cantilevered wall systems include reinforced concrete 
and/or concrete masonry unit (CMU) stem walls support-
ed on piers, sheet pile walls, and pile walls. A cantilevered 
wall must be designed with adequate strength, stiffness, 

and rigidity to transfer the loads from behind the wall hor-
izontally into the soil/rock in front of the wall.

Common advantages of cantilevered retaining walls 
include their relatively narrow footprint and the ability for 
some types to be installed before mass grading or exca-
vation. Challenges include construction costs (specialized 
equipment and contractors are often required), practical 
limitations on height (though modifications exist to ad-
dress this), and limited control of soils/drainage. Some 
cantilevered wall systems can be utilized for groundwater 
cutoff; however, this is also dependent upon the soil lay-
ering.

Governing Documents
The International Residential Code (IRC) typical-

ly governs the construction of single-family and town-
house-style residential dwelling structures as well as asso-
ciated ancillary structures [1]. The International Building 
Code (IBC) typically governs the construction of all other 
structures intended for human use/occupancy (e.g., apart-
ment complexes and commercial, industrial, education-
al, and institutional facilities) [2]. For the purpose of this 
discussion, the 2024 versions of the IRC and IBC will be 
considered.

Section R404.4 of the 2024 IRC includes provisions 
that require retaining walls to be designed in accordance 
with accepted engineering practice when: 1) the wall is 
not laterally supported at the top, and it retains in excess of  
48 inches of unbalanced fill; or 2) the wall exceeds 24 
inches in height and resists lateral loads, such as traffic 
surcharge, in addition to soil loads. In addition, the 2024 
IRC explicitly requires that retaining wall designs consid-
er stability against overturning, sliding, excessive founda-
tion pressure, and water uplift.

Similar to the 2024 IRC, Section 1807.2.1 of the 2024 
IBC explicitly requires that the design of retaining walls 
consider stability against overturning, sliding, excessive 
foundation pressure, and water uplift. Unlike the 2024 
IRC, the 2024 IBC does not offer any exceptions to de-
sign/engineering requirements with respect to retaining 
walls that retain 48 inches or less of unbalanced fill with-
out surcharge loads. The 2024 IBC includes prescriptive 
lateral soil loads that shall be used for the design of re-
taining walls unless such lateral loads are determined by 
a geotechnical investigation. Retaining walls in certain 
seismic locations require additional seismic loads to be 
applied; however, a discussion of seismic considerations 
is beyond the scope of this paper. Sections of the 2024 

Figure 1
Exemplary cantilevered retaining wall (concrete masonry unit, CMU, 
stem on cast-in-place concrete beam on cast-in-place concrete piers, 

left) and gravity retaining wall (mortared stone, right).



COMPLIANCE AND FORENSIC FAILURE ANALYSIS OF RETAINING WALLS	 PAGE 75

IBC applicable to the design and construction of retain-
ing walls include Sections 1807.2, 1807.2.1, 1807.2.2, 
1807.2.3, and 1807.2.4.

With respect to retaining walls, the factor of safety 
is defined as the load/pressure capacity of an element/
component divided by the actual load/pressure applied 
to the element/component [3]. For example, if the sliding 
resistance (capacity) of a retaining wall is determined to 
be 12,000 pounds and the applied sliding force is deter-
mined to be 6,000 pounds, the factor of safety would be 
determined by dividing 12,000 pounds (capacity) by 6,000 
pounds (actual load) to yield a factor of safety equal to 2.0.

The 2024 IRC specifies that retaining walls must be 
designed for a minimum factor of safety of 1.5 against 
lateral sliding and overturning. The 2024 IRC does not 
include minimum required factors of safety for bearing 
capacity of the soil or global stability. Similar to the 2024 
IRC, the 2024 IBC also specifies that retaining walls must 
be designed for a minimum factor of safety of 1.5 against 
lateral sliding and overturning. The 2024 IBC also does 
not include a minimum required factor of safety for bear-
ing capacity of the soil or global stability. A common fac-
tor of safety to consider for bearing capacity is 3.0, which 
is typically determined by the geotechnical engineer-of-re-
cord and reported in a site-specific geotechnical investi-
gation report. A common factor of safety to consider for 
global stability is 1.5.

It should be noted that the 2024 IRC and the 2024 IBC 
do not include explicit requirements for geotechnical in-
vestigations for the design and/or construction of retain-
ing walls. In the absence of a site-specific geotechnical 
investigation, a design engineer may be able to consider 
information and data from other sources, such as the Web 
Soil Survey by the United States Department of Agricul-
ture (USDA) Natural Resources Conservation Services or 
data obtained from geotechnical investigations previously 
performed on nearby sites, if available [4].

While the IRC and IBC specify when a retaining wall 
must be designed in accordance with accepted engineer-
ing practice, the aforementioned codes do not provide any 
guidance for such engineering. Design guidance for a wide 
range of gravity and cantilevered wall types, including 
guidance for geotechnical investigations and design pa-
rameters, can be found in manuals published by the Ameri-
can Association of State Highway and Transportation Offi-
cials (AASHTO) and the Federal Highway Administration 
(FHWA). The current edition of these manuals, such as 

the AASHTO LRFD Bridge Design Specifications, Tenth 
Edition (2024) by AASHTO, utilizes load and resistance 
factor design (LRFD), which is a different methodology 
than the factor of safety previously described [5]. These 
manuals may be further adapted to specific state condi-
tions through the state’s department of transportation. Use 
of these design manuals and their associated construction 
specifications is common for state and municipal projects; 
however, implementation in commercial and residential 
projects varies based upon the engineer and contractors 
involved.

The Design Manual for Segmental Retaining Walls, 
3rd Edition (Revised 2010) by the National Concrete Ma-
sonry Association (NCMA), as well as associated con-
struction manuals, are typically used in commercial and 
residential projects [6]. These manuals specifically apply 
to walls utilizing precast facing elements with or without 
reinforced soils and precast modular block walls.

Retaining Wall Terminology
To facilitate the forthcoming discussion of retaining 

wall design, analysis, and forensic investigation, it is nec-
essary to define basic retaining wall terminology. For ori-
entation purposes, the side of the wall that is exposed at 
the change in grade elevation (i.e., the side facing the low-
er grade) is considered the front of the wall. The side of 
the wall that is contacted by the retained soil (i.e., the side 
facing the retained soil) is considered the back of the wall.

The toe of the wall is the portion of the foundation/
footing near the front of the wall. The heel is the portion of 
the foundation/footing opposite the toe. Active pressure is 
the lateral earth pressure applied to the back of a retaining 
wall that is allowed to deflect away from the soil/surcharge 
load. At-rest pressure is the lateral earth pressure applied 
to the back of a retaining wall that is not allowed to deflect 
away from the soil/surcharge load (e.g., basement walls 
that are braced at the top by a floor system). Passive pres-
sure is the lateral earth pressure typically applied to the 
front embedded portion of a retaining wall to resist sliding.

Backfill is the mass of soil placed against the back of 
a retaining wall. The foundation zone is the mass of soil 
and/or rock below the wall or adjacent to the embedded 
portion of a cantilevered wall. In general, this zone ex-
tends two times the wall height below the wall and up to 
two times the wall height beyond the horizontal limits of 
the wall. The interface between the foundation zone and 
the bottom of the wall is where sliding is typically ana-
lyzed. The foundation zone provides resistance to sliding, 
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bearing, and global failures. The retained zone is the mass 
of soil and/or rock that the wall is retaining. The retained 
zone generally extends upward from the heel of the wall 
to the ground surface at an angle (generally around 45 de-
grees) that is dictated by the nature of the soil/material be-
ing retained. The retained zone produces or transfers the 
majority of the lateral forces on the wall.

Soil reinforcements are structural elements embed-
ded within a soil mass in a pattern to create a cohesive 
soil mass known as the reinforced zone. Retaining wall 
facing is a structural component that transfers limited soil 
loading proximal to the face into the soil reinforcing ele-
ments for MSE, segmental block, and/or soil nail walls.

A retaining wall footing is the component of a gravity 
retaining wall that interfaces with the foundation zone. For 
MSE, soil nail, and block walls, the retaining wall footing 
is the base of the wall mass, including the reinforced zone. 
A shear key is often added to the footing of retaining walls 
in order to increase the sliding resistance of a retaining 
wall. A stem is the vertical component of a cast-in-place 
wall or a gravity block wall that is primarily transferring 
the lateral loads to the footing/foundation.

The front face of a retaining wall may be vertical or 
exhibit a batter. A batter on a retaining wall is the slope of 
the front face toward the backfill.

Basic retaining wall terminology for a cantilevered 
cast-in-place concrete gravity retaining wall is graphically 
illustrated in Figure 2. This type of wall is often referred 
to throughout the industry as a cantilevered retaining wall 
due to the fact that it incorporates a cast-in-place concrete 

stem that is “cantilevered” from the footing; however, this 
type of wall is actually a gravity retaining wall system, 
unless it is constructed on piers, due to the fact that it relies 
upon the mass of the concrete wall and the vertical weight 
component of the soil on the footing for stability.

Basic retaining wall terminology for an MSE retaining 
wall is provided in Figure 3.

Common forensic failure terms that the reader should 
be familiar with include a scarp, failure wedge, and top-
pling. A scarp is a relatively steep surface produced by 
differential movements of soil on each side of a rupture in 
the ground surface [7]. A head scarp commonly develops 
during retaining wall failures when the retained soil rotates 
as a result of shear failure. A failure wedge is the mass of 
soil behind the wall that moves in response to lateral wall 
displacement during sliding or toppling, representing the 
retained zone that generates active earth pressure on the 
wall. Toppling is a rotational failure mode in which the 
wall rotates forward about its base; this may result in com-
plete overturning or be limited to the upper portions of the 
wall failing before the entire wall mass becomes unstable.

Design and Construction Professionals
Retaining walls are used to increase the usable foot-

print of a development by creating stable grade separations 
over relatively short distances. Because retaining walls in-
volve multiple disciplines, their successful implementation 
requires careful coordination among the parties involved. 
The owner or developer establishes site use, operation-
al constraints, aesthetic expectations, and performance  

Figure 2
Basic retaining wall terminology for a typical battered  

cast-in-place cantilevered concrete gravity retaining wall.

Figure 3
Basic retaining wall terminology for a typical  

mechanically stabilized earth (MSE) retaining wall.
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expectations. The civil engineer and/or landscape archi-
tect defines the grading and drainage that establish wall 
location, geometry, exposed height, and adjacent condi-
tions. The geotechnical engineer determines subsurface 
conditions and establishes appropriate soil parameters 
related to bearing capacity, settlement, applied soil pres-
sures, and global stability, as well as recommendations for 
structural and reinforced fill materials. Using the combined 
information from the owner/developer, civil engineer, and 
geotechnical engineer, the structural engineer designs the 
wall to safely resist earth pressures, surcharge loads, and 
other applied forces, and to transfer those loads to the foun-
dation soils. During construction, the general contractor 
coordinates all site activities, while the wall subcontractor 
constructs the wall and associated appurtenances. In de-
ferred design contracts, a specialty wall designer provides 
the final structural design of proprietary wall systems. An 
inspection and testing agency observes construction and 
verifies that materials and workmanship comply with the 
approved plans and geotechnical recommendations.

Due to the fact that the responsibilities among the 
aforementioned parties are interdependent, coordination 
failures can occur during design development or construc-
tion. Common issues include retaining wall locations or 
heights that are not properly incorporated into the geo-
technical investigation, which may result in incomplete 
soil data, missing settlement analyses, or missing global 
stability analyses. Changes in site grading may alter wall 
geometry or adjacent conditions and require redesign. In-
adequate coordination of utilities can lead to field conflicts 
and differences between assumed and actual soil materi-
als, particularly in deferred design scenarios or when fill 
sources change, which can compromise design assump-
tions if not communicated to the design team and inspec-
tion agency.

Wall Design/Stability Checks
To ensure that a retained soil mass remains stable be-

hind a retaining wall, three stability requirements must 
be satisfied: internal stability, local/external stability, and 
global stability. Internal stability refers to the stability of 
the wall materials with respect to internal stresses that 
develop from the applied loads. Internal stability consid-
erations include material strength, flexure/bending (i.e., 
moment), shear, reinforcement pull-out, tension, compres-
sion, and bond strength. Local/External stability refers to 
the stability of the retaining wall as a unit to resist external 
movement from the applied loads. Local/External stability 
considerations include sliding, overturning, and soil bear-
ing. Global stability refers to the overall stability of the  

retaining wall system, including the retained soil mass, soil 
slopes, and surrounding site conditions. A global stability 
analysis evaluates potential slip planes that extend behind 
and/or below the retaining wall that may undermine the 
stability of the site. Refer to Figure 4 for illustrations of 
different types of stability for a typical retaining wall.

Compliance Analysis Versus Failure Analysis
Compliance Analysis

A compliance analysis of a structure (e.g., retain-
ing wall, building, pool, bridge, etc.) is an analysis that 
evaluates whether the structure was designed and/or con-
structed in accordance with the applicable requirements. A 
design-compliance analysis involves comparing the as-de-
signed structure with applicable building codes, design 
standards, and/or geotechnical parameters. A construc-
tion-compliance analysis involves comparing the as-built 
structure with applicable construction documents, engi-
neering designs, and/or industry construction standards. 
A design-compliance analysis may also be performed on 
an existing structure, in the absence of construction plans, 
to determine compliance with applicable provisions of a 
building code. In such cases, it might be possible to de-
termine that a deficiency exists; however, it may not be 
possible to determine whether the deficiency constitutes a 
design deficiency or a construction deficiency.

With respect to retaining walls, one should consid-
er that exact compliance with applicable building codes, 
construction documents, and/or industry standards may 
not be necessary in order to achieve a retaining wall 
that performs its intended function. Due to the degree of  
uncertainty associated with geotechnical science, in  

Figure 4
Different types of stability of a typical retaining wall.
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conjunction with applied factors of safety, the presence of 
a design/construction variance relative to the applicable 
building codes, construction documents, and/or industry 
standards does not automatically equate to a retaining 
wall that will not perform its intended function.

When evaluating factors of safety, a value below the 
specified factor of safety does not establish the cause of 
a failure. Specifically, for failure mechanisms such as 
sliding, overturning, and bearing, only a factor of safety 
less than 1.0 suggests a potential correlation to a failure. 
For global stability, a factor of safety of less than 1.3 may 
suggest a potential correlation to failure. A compliance 
analysis can be performed even if a retaining wall does 
not exhibit any salient signs of distress or failure. This is 
commonly performed as a preventive measure to identify 
the potential presence of any latent deficiencies that could 
potentially affect long-term performance.

Failure Analysis
While a compliance analysis can identify potential 

shortcomings in the design and/or construction of a struc-
ture for consideration as potential causes of a failure, a 
failure analysis of a structure is an analysis that determines 
the actual cause of the failure. For example, a compliance 
analysis may indicate that a retaining wall was designed 
and/or constructed to yield a factor of safety less than the 
specified factor of safety in soil bearing, sliding, over-
turning, and/or global stability; however, the actual cause 
of the failure may have only been associated with one of 
the aforementioned mechanisms. A failure analysis can 
be useful to identify one or more parties responsible for 
the failure (and resultant damage) as well as to develop an 
appropriate scope of remediation. A failure analysis may 
include gathering background information, performing 
visual observations of the failed retaining wall, intrusive 
investigations, a forensic geotechnical investigation, ma-
terials testing, and/or engineering analyses.

Gathering background information may include ob-
taining the original construction documents, construction 
records, construction materials testing (CMT) reports, 
maintenance records, and/or a timeline of the failure.

Visual observations should attempt to document con-
ditions consistent with a particular type of failure mech-
anism, such as soil bearing, sliding, overturning, internal 
stability, and/or global slope stability. In addition, obser-
vations should also document the drainage conditions in 
proximity to the retaining wall (i.e., positive drainage, 
negative drainage, ponding water, etc.), soil conditions 

(i.e., erosion, scour, saturated soil, dry soil, etc.), backfill 
conditions (i.e., drainage gravel, drainage system, general 
soil type, retained soil slope, etc.), measurements of wall 
geometry (i.e., cross-section dimensions, retained height 
of wall, embedment depth of wall, etc.), and measurements 
of movement (i.e., plumbness of wall face, plumbness of 
fence posts on top of the wall, relative elevations along the 
top of the wall, out-of-plane offset distance across cracks/
separations).

Intrusive investigations may be necessary in order 
to obtain additional information. Test pit excavations, in 
which soil is removed near the toe of the wall or from be-
hind the wall, are one form of intrusive investigation that 
may be necessary to determine backfill conditions and/or 
cross-sectional geometry of a retaining wall.

A forensic geotechnical investigation may be neces-
sary to determine the soil properties and design parameters 
necessary to analyze the wall for internal stability, local/
external stability, and global stability. A forensic geotech-
nical investigation should consider the different soil con-
ditions that may affect the performance of a retaining wall, 
such as the backfill material, the material at the base of 
the wall, and any stratum of soil that may affect global 
stability.

Engineering analyses of the retaining wall should be 
performed utilizing information that closely resembles 
the state of the retaining wall and/or soil conditions at the 
time that the failure occurred. Typically, an analysis of the 
as-designed wall is beneficial to determine if the original 
design was acceptable, and an analysis of the as-built wall 
is beneficial to determine the actual cause of the failure.

Cosmetic Distress Versus Functional Distress
Distress in structures (e.g., retaining walls, buildings, 

pools, bridges, etc.) may be classified as cosmetic distress 
or functional distress. Cosmetic distress is that which may 
affect the appearance of the structure but does not affect 
the structural integrity or performance of the structure. 
Functional distress is that which affects the structural in-
tegrity and/or performance of the structure.

With respect to retaining walls, examples of cosmet-
ic distress include mortar cracks/separations in a mor-
tared-stone retaining wall as well as non-structural cracks/
separations causally related to differential movement in 
concrete or CMU. Cracks/separations in mortar, concrete, 
and CMU can be related to a number of mechanisms,  
including, but not limited to, lateral yielding from applied 
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earth pressure, differential soil movement, and/or thermal 
expansion and contraction. Mortar cracks/separations in 
a mortared-stone retaining wall that are causally related 
to thermal expansion/contraction, differential soil move-
ment, and/or nominal rotation are considered to be cos-
metic distress and typically do not adversely affect the 
function of the retaining wall. Remediation of cosmetic 
mortar cracks/separations often includes repointing mor-
tar joints and/or resetting displaced stones. Remediation 
of cosmetic distress should be expected, and it is typi-
cally considered a maintenance activity. There is often-
times a trade-off between initial cost of construction and 
subsequent maintenance. For example, a mortared-stone 
retaining wall typically exhibits a lower initial cost of 
construction relative to a cantilevered wall; however, it 
may require periodic maintenance to maintain a desir-
able aesthetic appearance, whereas a cantilevered retain-
ing wall typically exhibits a higher initial cost but may 
require less maintenance to maintain a desirable aesthetic 
appearance.

Functional distress includes resultant distress from 
movement mechanisms such as sliding, rotation/overturn-
ing, and bulging of the retaining wall beyond that which is 
expected by the nature of the design. A retaining wall may 
exhibit signs of functional distress without a catastroph-
ic failure. Retaining walls that exhibit signs of functional 
distress, but have not yet experienced a catastrophic fail-
ure, can often be remediated in place rather than being re-
moved and replaced. Remediation strategies typically fo-
cus on stabilizing the retaining wall, improving drainage, 
reinforcing soils, and/or mitigating erosion or scour. Sta-
bilization of mortared-stone retaining walls typically in-
cludes the addition of mortared-stone to increase the mass 
of the wall, which reduces pressures on the underlying soil 
by spreading the load across a larger footprint, thereby in-
creasing the factor of safety against soil bearing, sliding, 
and rotation/overturning. 

Remediation of reinforced concrete/CMU retaining 
walls and MSE retaining walls typically includes the in-
stallation of soil anchors, tie-backs, or dead-man anchors. 
Drainage improvements, such as the installation of a 
drainage system, weep holes, and/or gravel backfill, help 
relieve hydrostatic pressure and reduce lateral load. Ero-
sion and scour control measures, such as the addition of 
riprap, concrete footings, vegetative cover, and/or geotex-
tile mats, help prevent undermining and surface erosion. 
These combined approaches can restore performance, ex-
tend service life, and mitigate future distress without full 
reconstruction.

Case Study #1: Failure of a Mechanically  
Stabilized Earth (MSE) Retaining Wall

A property located in north Texas was developed with 
a warehouse building as well as associated surface pave-
ments for parking lots, driveways, and loading docks. The 
natural topography of the site generally sloped downward 
prior to construction, and development of the site required 
the construction of a retaining wall in order to create a 
more level building pad for the proposed improvements.

The retaining wall that is the subject of this matter 
is a mechanically stabilized earth (MSE) retaining wall 
comprised of dry-stacked masonry units (without mortar) 
connected by integrated shear keys and restrained by geo-
synthetic reinforcement grids (geogrid) that extend into 
the backfill behind the wall. The subject retaining wall is 
approximately 765 feet in length and ranges in height from 
approximately 1 foot to 20 feet tall (ground elevation dif-
ferential plus footing). The ground surface behind the re-
taining wall (high side of wall) was specified to be graded 
with slopes that varied up to 1 unit vertical to 4 units hor-
izontal (approximately 14 degrees). Approximately two-
and-a-half years following completion of construction of 
the retaining wall, a portion of the wall, approximately 80 
feet in length, failed when it translated toward the north 
(Figure 5).

The authors served as consultants for the engi-
neer-of-record and were tasked with providing opinions 
regarding the design and construction of the subject re-
taining wall.

At the time of the initial site visit following the wall 
failure, scarps were observed behind the subject retaining 
wall (high side of wall), and portions of the subject retain-
ing wall were observed to exhibit rotation, with the top 
of the wall leaning inward toward the backfill. In addi-
tion, weep mechanisms through the retaining wall were 
observed to be exposed by temporary excavations where 
they were previously blocked/occluded by soil prior to/
during the failure of the retaining wall. The retaining wall 
exhibited the presence of bulging, with cracks in some of 
the blocks, and it also exhibited signs of sliding outward 
at the base.

Geotechnical Engineer-of-Record  
and Structural Engineer-of-Record

According to the original-construction geotechnical 
report issued for development of the subject property, the 
geotechnical engineer-of-record was aware that retaining 
walls were intended to be constructed on the property, and 
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geotechnical borings were specifically located and identi-
fied as being applicable for the retaining walls; however, the 
geotechnical engineer-of-record did not provide site-spe-
cific soil parameters for the design of retaining walls within 
the report. As a result, the structural engineer-of-record for 
the subject retaining wall reportedly based the design upon 
expected soil parameters. The structural engineer-of-record 
for the retaining wall specified that the owner’s representa-
tive bear responsibility to review and verify the applicabili-
ty of the expected soil parameters with respect to the actual 
site conditions prior to construction. In addition, the struc-
tural engineer-of-record excluded global stability analysis 
from its scope of services.

Crushed Concrete Substitution for Drainage Gravel
The contractor who constructed the subject retaining 

wall reportedly installed crushed concrete instead of the 
specified drainage gravel behind the wall. Previously de-
molished concrete can be crushed and recycled for use in 
lieu of gravel in some construction applications; however, 
it is not always suitable for such uses. The pH value of 
crushed concrete can potentially cause degradation of the 
geogrid over time. Also, the use of crushed concrete ag-
gregates is not typically considered suitable for drainage 
applications due to the potential for cementitious particles 
to rehydrate and harden when mixed with water, as well 
as the fact that excessive fines can cause reductions in hy-
draulic conductivity of the system over time.

Reinforced Zone Soil Material
After the failure of the subject retaining wall, site- 

specific soil samples were obtained by investigators for  

geotechnical laboratory testing. One of the aforementioned 
samples was obtained from the reinforced zone of the sub-
ject retaining wall. Based upon the tests of the soil obtained 
from the reinforced zone, it was reportedly determined that 
the soil exhibited a plasticity index (PI) of 25 percent and 
fines (material passing a No. 200 sieve) of 65.9 percent. 
The structural engineer-of-record for the subject retaining 
wall specified that the soil in the reinforced zone of the 
retaining wall was to exhibit a plasticity index less than 
or equal to 15 percent and fines less than 35 percent. As 
a result, the soil placed within the reinforced zone of the 
subject retaining wall was not compliant with the specifica-
tions for the design of the wall.

A relationship between the PI of a soil and its inher-
ent swelling capacity was documented and qualitatively 
categorized by Terzaghi, Peck, and Mesri (1996) [9]. Ac-
cording to the plasticity index specified in the structural 
engineering drawings for the subject retaining wall (PI 
of less than 15), the shrink-swell potential of the materi-
al specified to be placed within the reinforced zone was 
classified as “medium.” Based upon the reported plas-
ticity index of the non-compliant soil that had actually 
been placed within the reinforced zone, the shrink-swell 
potential of the material was classified as “high.” As a 
result, the additional swelling/expansion potential of the 
soil material from the addition of water would increase 
the lateral earth pressure applied to the retaining wall. In 
addition, due to the presence of an increased percentage 
of fines, the backfill material would not drain as easily 
and would not engage the geogrid as effectively as a soil 
material with fewer fines.

Figure 5
Google Street View image of MSE retaining wall post-failure from April 2019 [8].
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Rain Event
The failure of the subject retaining wall occurred in 

early January 2019. Dallas Love Field Airport, which is lo-
cated approximately 5 to 6 miles from the subject retaining 
wall, recorded approximately 4.42 inches of rainfall over 
a period of nine days shortly before the wall failed. Near 
the toe of the subject retaining wall was a drainage chan-
nel/swale. Due to the presence of multiple rainfall events 
leading up to the date of the failure, the soils exhibited a 
softened state with a reduced shear capacity. Softened soil 
is characterized by a strength reduction due to a change in 
the moisture content [10].

Finished Grade Slope
The ground surface behind the retaining wall (high side 

of the wall) was specified by the civil engineer-of-record 
to be graded with slopes that varied up to approximately 
14 degrees. During the investigation of the wall failure, 
a land surveyor performed a topographic survey, and the 
actual as-built slopes were found to range from 14.1 to 
18.5 degrees, with an average slope of 16.2 degrees, in 
proximity to the portion of the subject retaining wall that 
experienced a failure. As a result, the finished grade at the 
top of the subject retaining wall exhibited a slope that was 
greater than the specified slope considered in the design. 
An increased slope of the soil behind the subject retaining 
wall yielded an increased lateral earth pressure applied to 
the retaining wall.

Global Stability
As part of the investigation into the failure of the sub-

ject retaining wall, a global (slope) stability analysis of the 
“as-designed” retaining wall was performed with consid-
eration of the expected soil parameters identified in the 
retaining wall design drawings. Based upon the aforemen-
tioned analysis, it was found that the wall design yielded 
factors of safety that were compliant with the specified 
factors of safety for internal stability and local/external 
stability; however, it was also found that the retaining 
wall design yielded factors of safety that were lower than 
the specified factors of safety for global stability. Even if 
the retaining wall had been constructed in perfect com-
pliance with the structural engineering design drawings, 
the retaining wall would still have been at risk of a global 
stability failure. As previously mentioned, the structural 
engineer-of-record excluded global stability analysis from 
its scope of services.

As part of the investigation into the failure of the 
subject retaining wall, a global (slope) stability analysis 
of the “as-built” retaining wall was also performed with 

consideration of the actual site-specific soil parameters as 
determined from the post-construction forensic geotech-
nical investigation following the wall failure. Based upon 
the aforementioned analysis, it was found that the as-built 
retaining wall yielded factors of safety that were generally 
compliant with the specified factors of safety for internal 
stability and local/external stability; however, it was also 
found that the as-built retaining wall yielded factors of 
safety that were lower than the specified factors of safety 
for global stability.

Construction-Phase Observations
According to construction documents and contract 

agreements, one of the subcontractors involved in the 
construction of the subject retaining wall had agreed to 
arrange, coordinate, and obtain all construction-phase in-
spections for its work. According to The Design Manual 
for Segmental Retaining Walls, 3rd Edition by the NCMA 
[6], soil in the reinforced zone should be checked to en-
sure it meets specifications similar to how concrete and 
steel in cast-in-place concrete construction are inspected. 
The aforementioned document by the NCMA stated that 
the wall contractor is responsible for quality control of the 
wall installation, which includes performing necessary ob-
servation and testing to verify that work performed meets 
the minimum standards. Typically, construction-phase ob-
servations are performed by a representative of the struc-
tural engineer-of-record, as the structural engineer-of-re-
cord is the most familiar with the requirements of the 
design. It was found that the structural engineer-of-record 
for the subject retaining wall was never contacted during 
construction to perform any such construction-phase ob-
servations.

Findings
Based upon a design-compliance analysis, consultants 

identified pullout of geogrid, global stability, and/or slid-
ing as potential failure mechanisms; however, based upon 
the observed mode of failure, in conjunction with a failure 
analysis, it was found that the cause of the failure was pri-
marily related to global stability. The global stability failure 
was causally related to a lack of coordination between the 
owner, the geotechnical engineer-of-record, and the struc-
tural engineer-of-record as well as a lack of site-specific ge-
otechnical design values. Contributory factors to the failure 
included non-compliant reinforced zone backfill material, 
non-compliant aggregates utilized in the drainage system, 
increased hydrostatic pressure from rain events and reduced 
drainability, and a lack of adequate construction-phase  
observations. Based upon the investigation, remediation of 
the as-built retaining wall was warranted. Remediation of 
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the subject retaining wall included a complete rebuild of 
the portions of the wall that failed and the addition of tie-
backs to the non-failed portions of the wall.

Case Study #2: Evaluation and Remediation  
of a Mortared-Stone Retaining Wall

A residential development for hundreds of residen-
tial properties in north Texas included thousands of linear 
feet of mortared-stone retaining walls. The retaining walls 
were constructed within the subject development during 
the original mass grading activities on the land circa 2005 
to create more-level building pads for the residential prop-
erties. According to governing documents, the owner’s 
association for the subject development reportedly bears 
responsibility for maintenance and upkeep of the retain-
ing walls. The subject retaining walls range in height from  
1 foot, 0 inches to 5 foot, 6 inches tall above grade.

The authors served as consultants for the owner’s as-
sociation and were tasked with performing an evaluation 
of the retaining walls throughout the development in order 
to provide recommendations for remediation of the retain-
ing walls, if necessary.

An initial site visit related to the mortared-stone re-
taining walls was performed on October 14, 2022. At the 
time of the initial site visit, portions of the subject retain-
ing walls exhibited signs of bulging in the face of the wall, 
delaminated face stone, leaning/rotation/overturning, slid-
ing, mortar separations, and separations at abutments with 
adjacent structures (i.e., monument sign structure, mason-
ry column footings/pier caps, etc.).

A majority of the retaining walls were found to be 
performing as intended, with only signs of cosmetic dis-
tress consistent with distress that is to be expected in mor-
tared-stone retaining wall construction. When the mass/
geometry of a mortared-stone retaining wall is not being 
called into question, remediation of cosmetic distress in a 
mortared-stone retaining wall can be accomplished by hav-
ing a mason clean out cracks/separations and repoint the 
mortar to achieve a more aesthetically pleasing appearance.

At locations where separations occurred between the 
mortared-stone retaining walls and adjacent structures, it 
was recommended to apply an elastomeric sealant to miti-
gate any water from flowing through the separation while 
still accommodating differential movement between the 
two structures.

Some portions of the mortared-stone retaining walls 

exhibited signs of bulging that appeared to be related to 
delaminated face stone, as shown in Figure 6. The afore-
mentioned condition is considered to be cosmetic in na-
ture; however, it can also pose a safety hazard due to the 
fact that a stone can fall off the face of the retaining wall. 
As a result, it was recommended that such conditions be 
remediated by the removal and reinstallation of the face 
stone at such locations.

In consideration of the portions of the mortared-stone 
retaining walls that exhibited signs of leaning/rotation/
overturning and/or sliding, the walls were evaluated on 
a case-by-case basis. It was recommended to monitor 
portions of retaining walls that exhibited an inward lean 
with the top leaning toward the retained soil. In addition, 
it was recommended to perform additional investigation 
for retaining walls that exhibited an outward lean, with 
the top leaning away from the retained soil, in order to 
determine contributory factors associated with the lean/
rotation/overturning and to provide remedial recommen-
dations.

Some engineering judgment may be required to deter-
mine acceptable limits/thresholds at which mortared-stone 
retaining walls should be remediated versus monitoring. 
There was only one wall that exhibited a lean/rotation of 
a degree, such that it exhibited a reverse batter with the 
top of the wall away from the soil that it was retaining 
(Figure 7). The aforementioned retaining wall varied in 

Figure 6
Photographs of mortared-stone retaining wall  
with bulge related to delaminated face stone.
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height from 2 feet to 5 feet tall, and it was approximately 
185 feet in length. The aforementioned retaining wall will 
be considered the subject retaining wall for the remainder 
of this case study.

Exploratory test pit excavations were performed be-
hind the subject retaining wall, as well as near the toe of 
the retaining wall, in proximity to the tallest portion of 
the wall, to establish the as-built cross-sectional geometry 
of the wall such that it could be modeled and analyzed. 
It should also be noted that the exploratory test pit exca-
vation revealed that the backfill soil retained by the wall 
appeared to consist of on-site clay soil (i.e., not imported 
material).

A post-construction forensic geotechnical investiga-
tion was also performed to identify the in-situ soil prop-
erties and conditions to determine the geotechnical pa-
rameters necessary for evaluation of the retaining wall 
design/construction. Based upon the geotechnical inves-
tigation, the geotechnical engineer specified an allow-
able bearing pressure of 2,000 pounds per square foot, a 
minimum embedment depth of 24 inches, an equivalent 
fluid pressure of 65 pounds per cubic foot (pcf) for ac-
tive conditions of on-site soil, an equivalent fluid pres-
sure of 40 pcf for at-rest conditions of a free-draining 
gravel wedge backfill, an equivalent fluid pressure of  
225 pounds pcf for passive conditions of on-site soil for 
resistance against sliding, and a coefficient of friction of 
0.3 between the base of the retaining wall and the under-
lying clay soil.

As previously mentioned, the subject retaining walls 
were constructed circa 2005, and the subject investigation 
began in 2022. As a result, the original engineered design 
drawings were not available for review as part of the in-
vestigation. As such, a design-compliance and a construc-
tion-compliance analysis with respect to any original engi-
neered design drawings could not be performed.

A compliance analysis was performed for the as-built 
retaining wall with respect to code-prescribed factors of 
safety for sliding and rotation, as well as allowable bearing 
pressures for the soil based upon the aforementioned geo-
technical investigation. Based upon the compliance anal-
ysis, the as-built retaining wall did not provide adequate 
factors of safety for sliding or overturning, and the applied 
pressure on the soil beneath the base of the wall exceed-
ed the allowable bearing pressure. In addition, trees that 
had been planted immediately behind the subject retaining 
wall likely exerted additional pressure upon the wall as the 
root systems of the trees increased in volume over time as 
the trees grew.

Due to the fact that mortared-stone retaining walls 
utilize their mass and geometry to resist applied forces, 
additional mortared stone can typically be added to an ex-
isting mortared-stone retaining wall to increase the mass 
and/or change the geometry as necessary to achieve an 
acceptable design. Based upon an analysis of the subject 
retaining wall, additional mortared stone would be neces-
sary to increase the mass of the wall. In addition, it was 
necessary to replace the existing clay soil backfill with 
free-draining gravel backfill in order to reduce the lateral 
pressure on the wall and achieve an acceptable design. In 
order to implement the aforementioned remediation, the 
soil (and trees) behind the existing retaining wall would 
need to be excavated such that additional mortared stone 
could be added to increase the cross-sectional geometry, 
and the excavated backfill would need to be replaced with 
a wedge of gravel behind the retaining wall.

Findings
A compliance analysis determined that the as-built 

retaining wall did not achieve adequate/compliant fac-
tors of safety for sliding or overturning, and the applied 
pressure on the soil beneath the base of the wall exceeded 
the allowable bearing pressure. A failure analysis ruled 
out that the failure was causally related to sliding due 
to the fact that the footing/toe was restrained by a con-
crete sidewalk, and there were no salient signs of sliding. 
Based upon the mode of movement, which was rotation/
overturning, a failure analysis determined that the failure 

Figure 7
View of mortared-stone retaining wall that exhibited a reverse  
batter (lean/rotation with the top away from the retained soil).
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of the wall to perform as intended was causally related 
to lack of overturning/local stability and/or a bearing ca-
pacity failure. An analysis of the subject retaining wall 
found that it could be salvaged with modifications to the 
wall geometry and backfill; however, it was removed and 
replaced due to other considerations not related to the 
wall’s performance.

Summary
Due to the fact that retaining walls involve multiple 

disciplines, the successful implementation of a retaining 
wall requires careful coordination amongst all parties in-
volved, including but not limited to the owner/developer, 
landscape architect, civil engineer, geotechnical engineer, 
structural engineer, general contractor, specialty wall sub-
contractor, wall designer (for proprietary wall system), 
and/or inspection/testing agency. 

The first case study presented herein offered an exam-
ple of a wall failure that occurred primarily due to a global 
(slope) stability failure associated with a lack of site-spe-
cific geotechnical design parameters and the omission of 
a global (slope) stability analysis during the original de-
sign, which was exacerbated by multiple construction de-
ficiencies associated with non-compliant reinforced zone 
backfill material, non-compliant aggregates utilized in the 
drainage system, increased hydrostatic pressure from rain 
events and reduced drainability, and a lack of adequate 
construction-phase observations. 

The second case study presented herein offered an ex-
ample of a wall failure that occurred due to local stability 
failures (overturning and/or bearing capacity) associated 
with the as-built geometry of the wall. An analysis of the 
retaining wall found that it could have been salvaged with 
modifications to the wall geometry and backfill; however, 
it was removed and replaced due to other considerations 
not related to the wall’s performance.

Conclusion
A compliance analysis of a retaining wall is an analysis 

that evaluates whether the retaining wall was designed and/
or constructed in accordance with the applicable require-
ments. While a compliance analysis can identify potential 
shortcomings in the design and/or construction of a retain-
ing wall for consideration as potential causes of a failure, a 
failure analysis of a retaining wall is an analysis that deter-
mines the actual cause of the failure. A failure analysis of 
a retaining wall should be performed utilizing information 
that closely resembles the state of the retaining wall and/or 
soil conditions at the time the failure occurred.

Distress in retaining walls may be classified as cosmet-
ic distress or functional distress. Remediation of cosmetic 
distress should be expected, and it is typically considered a 
maintenance activity. A retaining wall may exhibit signs of 
functional distress without a catastrophic failure. Retain-
ing walls that exhibit signs of functional distress, but have 
not yet experienced a catastrophic failure, can often be re-
mediated in place rather than being removed and replaced.

References
[1]	 International Code Council, International Resi-

dential Code (IRC), 2024 ed. Falls Church, VA, 
USA: International Code Council, 2024.

[2]	 International Code Council, International Build-
ing Code (IBC), 2024 ed. Falls Church, VA, USA: 
International Code Council, 2024.

[3]	 B. M. Das, Principles of Foundation Engineering, 
6th ed. Stamford, CT, USA: Cengage Learning, 
2007.

[4]	 U.S. Department of Agriculture, Natural Resourc-
es Conservation Service, “Web Soil Survey.” [On-
line]. Available: https://websoilsurvey.nrcs.usda.
gov/app/

[5]	 American Association of State Highway and 
Transportation Officials (AASHTO), AASHTO 
LRFD Bridge Design Specifications, 10th ed. 
Washington, DC, USA: AASHTO, 2024.

[6]	 National Concrete Masonry Association, Design 
Manual for Segmental Retaining Walls, 3rd ed., 
5th printing. Herndon, VA, USA: National Con-
crete Masonry Association, Jan. 2012.

[7]	 L. Highland and P. Bobrowsky, The Landslide 
Handbook: A Guide to Understanding Landslides. 
Reston, VA, USA: U.S. Geological Survey, Nov. 
15, 2008.

[8]	 Google, “Street View image of MSE retaining 
wall post-failure,” Apr. 2019. [Online]. Available: 
https://maps.google.com

[9]	 K. Terzaghi, R. B. Peck, and G. Mesri, Soil Me-
chanics in Engineering Practice, 3rd ed. New 
York, NY, USA: John Wiley & Sons, 1996.

[10]	 S. G. Wright, J. G. Zornberg, and J. E. Aguet-
tant, “The Fully Softened Shear Strength 
of High Plasticity Clays,” Feb. 2007. 
 
 




