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ABSTRACT

This study investigates the relationship between ergonomic highway
design and safety outcomes through analysis of 500 km of highway
corridors and 3,456 accidents over five years. Using mixed methods
combining geometric measurements, driver response studies, and
accident data analysis, we establish empirical relationships between
design parameters and driver performance. Results indicate that sharp
curves (R<300m) increase response times by 68% and accident rates
by 224%, inadequate signage placement reduces appropriate driver
responses from 91% to 52%, and substandard pavement markings
increase lane departures by 317%. Multiple regression models
explain 71% of accident variance through measurable design
parameters. The study proposes evidence-based recommendations
projecting 40-50% accident reduction through systematic ergonomic
improvements with benefit-cost ratios of 4:1 to 40:1.
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1. INTRODUCTION

Road traffic crashes claim approximately 1.35 million
lives annually worldwide (WHO, 2018), representing
a critical public health challenge. While vehicle safety
technology has advanced significantly, infrastructure
design remains underutilized as a safety intervention.
Traditional highway design emphasizes structural
integrity and traffic flow, often neglecting human
factors that fundamentally influence driver behavior
and performance.

Ergonomics the science of optimizing system design
for human capabilities and limitations offers
promising approaches for infrastructure safety
enhancement. The self-explaining roads concept
(Theeuwes & Godthelp, 1995) suggests that properly
designed infrastructure can inherently communicate
appropriate driving behavior, reduce cognitive load
and supporting intuitive decision-making. However,
empirical evidence quantifying relationships between
specific ergonomic design parameters and safety
outcomes remains limited.
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This research addresses three critical questions: (1)
How do geometric features affect driver response
times and decision-making? (2) What role do visual
information systems play in driver awareness and
error rates? (3) What quantifiable relationships exist
between ergonomic design deficiencies and accident
patterns? Understanding these relationships enables
development of evidence-based design standards that
systematically enhance highway safety.

2. LITERATURE REVIEW

2.1. Human Factors in Highway Design

Driver information processing follows a perception-
cognition-action sequence requiring 1.5-2.5 seconds
under routine conditions, extending to 3-4 seconds for
unexpected events (Green, 2000). Response time
variability depends on task complexity, expectancy,
and environmental factors (Summala, 2000),
necessitating infrastructure designs that accommodate
human performance ranges rather than idealized
assumptions.
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Research demonstrates that geometric features
significantly influence driver workload. Glennon et
al. (1985) found that sharp curves exhibit 2-4 times
higher accident rates than tangent sections, with
effects amplifying when curves follow long tangents.
Lamm et al. (1999) introduced design consistency
principles, showing that operating speed differentials
exceeding 10 km/h between successive elements
significantly increase crash risk.

2.2. Visual Information Systems

Traffic control devices serve as primary
communication between infrastructure and drivers.
Zwahlen (1997) established that sign legibility
distance relates to letter height, but comprehension
requires additional processing time beyond mere
detection. Placement timing critically affects response
capability, with signs providing less than 5 seconds
preview time correlating with increased erratic
maneuvers (Luoma & Rama, 1998).

Pavement marking retroreflectivity directly affects
lane-keeping performance, particularly during
nighttime and adverse weather. Schnell et al. (2009)
demonstrated that markings with retroreflectivity
below 100 mcd/m%lux significantly increase lane
departure risk during rain. Similarly, roadway lighting
can reduce nighttime accidents by 30-60% when
properly designed (FHWA, 2012), though lighting
quality matters as much as presence.

2.3. Accident Causation and Design

The Indiana Tri-Level Study identified that while
human factors contribute to 93% of accidents,
roadway design factors are involved in 34% of
crashes (Treat et al., 1979), indicating that
infrastructure can either mitigate or exacerbate human
error. Hauer (1999) established quantifiable
relationships between specific geometric features and
accident frequency, providing methodological
foundation for safety evaluations.

Despite extensive research on individual design
elements, gaps remain in understanding interactive
effects of multiple ergonomic factors and in
developing integrated design frameworks that
transportation agencies can readily implement. This
study addresses these gaps through comprehensive
analysis of combined geometric and visual
information effects.

3. METHODOLOGY

3.1. Study Design

This research employed mixed-methods combining
retrospective accident analysis, field measurements,
and driver response studies. Five highway corridors
totaling 500 km were selected representing diverse
geometric characteristics, traffic volumes (AADT

15,000-75,000), and accident histories across varied
terrain.

3.2. Data Collection

Accident Data: Comprehensive records from 2019-
2023 obtained from state transportation departments
included 3,456 accidents with date, time, location
(GPS coordinates), type, severity, and environmental
conditions.

Geometric Measurements: GPS-based alignment
surveys documented horizontal/vertical curves, lane
widths, sight distances, grades, and superelevation.
Measurements achieved +5cm accuracy for linear
dimensions using total station instruments and
calibrated devices.

Visual Information Systems: Complete inventory
documented 2,847 signs with retro reflectivity
measurements, pavement marking conditions across
500 km, and illumination surveys on 110 km of lit
sections using calibrated photometers following CIE
standards.

Driver Response Studies: Instrumented vehicle
studies with 20 participants (ages 25-55, balanced
gender) measured response times across 320
scenarios including curve negotiation, lane changes,
and simulated hazard responses. All procedures
received institutional ethics approval.

3.3. Analysis Methods

Descriptive statistics characterized distributions of
geometric parameters and accident frequencies.
Pearson correlations identified relationships between
continuous variables. Multiple regression models
quantified relationships between design parameters
and safety outcomes:

Accident_Rate = f (Curve_Radius, Lane_Width,
Sight_Distance, Signage_Quality,
Marking_Quality, Lighting_ Adequacy)

Negative binomial regression addressed
overdispersion in accident count data. An Ergonomic
Design Index (EDI) was developed scoring segments
0-100 on geometric design (60%) and visual
information quality (40%), validated against accident
rates. Statistical significance assessed at o = 0.05.

4. RESULTS

4.1. Road Geometry and Driver Response
Horizontal Curves: Analysis of 187 curves revealed
strong relationships between curve radius and driver
performance:

Sharp curves (R<300m): Mean response time
3.240.6s, requiring 185+32m response distance
Moderate curves (R 300-600m): Mean response time
2.620.4s, requiring 142+28m distance Gentle curves
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(R>600m): Mean response time 1.9+0.3s, requiring
98+21m distance

ANOVA  confirmed significant  differences
(F(2,317)=45.3, p<0.001). Sharp curves required 68 %
longer response times than gentle curves. Curves
following long tangents (>1000m) exhibited 23%
longer response times (t(185)=4.76, p<0.001),
supporting design consistency theory.

Lane Width Effects: Lane width variations
significantly affected performance:

Narrow lanes (<3.5m): Lane change time 4.8+0.9s,
lateral variability 28+7cm Standard lanes (3.5-3.7m):
Lane change time 3.9+0.6s, lateral variability 18+5cm
Wide lanes (>3.7m): Lane change time 3.7+0.5s,
lateral variability 22+6cm

Narrow lanes increased lane change duration by 23%
(t(318)=6.42, p<0.001). Abrupt width transitions
(>20cm over <500m) caused erratic manoeuvres in
42% of drivers.

Sight Distance: Locations with inadequate stopping
sight distance showed dramatically impaired
response:

Adequate SSD: Mean reaction time 1.8+0.4s, 95%
successful hazard avoidance Inadequate SSD (>20%
deficient): Mean reaction time 2.4+0.7s, 67%
successful avoidance

Limited sight distance significantly impaired response
capability (y?=48.3, p<0.001).

4.2. Visual Information Systems
Signage Effectiveness: Sign placement critically
affected driver response capability:

Optimal placement (=5s preview): 91% adequate
speed reduction responses Marginal placement (3-5s
previews): 74% adequate responses inadequate
placement (<3s preview): 52% adequate responses

ANOVA  confirmed significant  differences
(F(2,317)=89.4, p<0.001). Nighttime sign visibility
depended heavily on retro-reflectivity, with signs
below 100 cd/Ix/m? providing detection distances of
only 124+31m inadequate for high-speed response.

Pavement Marking Quality: Marking retro-
reflectivity directly influenced lane-keeping:

High quality (>200 mcd/m?/lux): Lateral position SD
18+4cm, 2.3 lane departures/100km Medium quality
(100-200): Lateral position SD 24+6cm, 4.8
departures/100km Low quality (<100): Lateral
position SD 354+9cm, 9.6 departures/100km

Substandard markings increased lateral variability by
94% and lane departures by 317% (p<0.001). During

rain, standard markings lost 68% retro-reflectivity
versus 34% for wet-reflective materials.

Lighting  Effects: = Well-designed  lighting
substantially enhanced nighttime performance:

Well-lit sections (>15 lux, uniformity <3.5): Hazard
detection 142+28m, response time 1.9+0.4s Poorly-lit
sections: Hazard detection 78+32m, response time
2.840.7s Unlit sections: Hazard detection 58+24m,
response time 3.2+0.8s

Well-lit conditions increased hazard detection
distance by 145% compared to unlit conditions
(t(158)=16.3, p<0.001), though lighting quality
proved as important as presence.

4.3. Accident Correlations

Geometric Factors and Accidents: Strong
relationships emerged between geometry and crash
rates:

Sharp curves: 3.87 accidents/km/year (3.24x tangent
baseline of 1.19) Moderate curves: 2.14
accidents/km/year (1.79x baseline) Gentle curves:
1.52 accidents/km/year (1.27x baseline)

Chi-square tests confirmed significant differences
()?=287.4, p<0.001). Curve radius correlated
negatively with accident rate (r=-0.61, p<0.001), with
each 100m radius decrease associated with 0.34
additional accidents/km/year.

Design inconsistency strongly affected safety:
Speed differential <10 km/h: 1.68 accidents/km/year
Speed differential 10-20 km/h: 2.42
accidents/km/year Speed differential >20 km/h: 3.95
accidents/km/year

Inconsistency (>20 km/h differential) more than
doubled accident rates (ANOVA F(2,184)=43.7,
p<0.001).

Visual Information and Accidents: Signage and
marking deficiencies correlated strongly with crashes:

Curve warning sign placement:
» Optimal placement: 1.82 accidents/km/year
(baseline)

» Inadequate placement: 4.38 accidents/km/year
(2.41x baseline)

» Absent warnings: 5.12 accidents/km/year (2.81x
baseline)

» Pavement marking quality (nighttime accidents):

» High retro-reflectivity (>200): 0.52 night-time
accidents/km/year

» Low retro-reflectivity (<100): 1.34 night-time
accidents/km/year (158% increase)
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Lighting effects (nighttime only):

» Well-lit sections: 0.42 accidents/km/year
» Poorly-lit sections: 0.89 accidents/km/year
» Unlit sections: 1.12 accidents/km/year

Well-designed lighting reduced nighttime accidents
by 63% (p<0.001).

Integrated Ergonomic Design Index: EDI scores
strongly predicted safety performance:

High EDI (>75): 0.87 accidents/km/year, severity
index 194 Medium EDI (50-75): 1.52
accidents/km/year, severity index 2.21 Low EDI
(<50): 2.94 accidents/km/year, severity index 2.47

Strong negative correlation between EDI and accident
rate (r=-0.72, p<0.001) and severity (r=-0.51,
p<0.001). Low EDI segments exhibited 238 % higher
accident rates than high EDI segments.

Compound Deficiency Effects: Multiple deficiencies
showed multiplicative effects:

0-1 deficiencies: 0.94 accidents/km/year (baseline) 2-
3 deficiencies: 1.78 accidents/km/year (1.89x
baseline) 4-5 deficiencies: 3.12 accidents/km/year
(3.32x  baseline) 6+ deficiencies: 4.87
accidents/km/year (5.18x baseline)

Locations with multiple deficiencies exhibited
synergistic risk amplification rather than additive
effects.

4.4. Regression Modeling
Multiple regression model predicting accident rates:

Accident_Rate = 0.42 +
0.0028(Curve_Radius™) -
0.0087(SSD_Adequacy) +

0.64(Lane_Width_Deficiency) X
0.018(Sign_Placement_Score) -
0.021(Marking_Quality) -

0.012(Delineation_Score) +
0.38(Lighting_Deficiency) -
0.009(EDI)

Model statistics: R?=0.71, Adjusted R?=0.69,

F(8,491)=149.3, p<0.001

All predictors significant at p<0.01. Model explains
71% of accident variance, with strongest predictors
being curve radius (inverse), lane width deficiency,
and composite EDI score.

Logistic regression for accident severity identified
significant predictors:

» Curve radius: OR=0.87 per 100m increase
(p<0.001)

SSD inadequacy: OR=2.14 (p<0.001)
Nighttime: OR=1.87 (p<0.001)

Lighting absence: OR=2.43 (p<0.001)

YV V

Model achieved 76.3%
(AUC=0.82).

4.5. Economic Analysis

Five-year total accident costs: $4.73 billion
> Fatal accidents: $3.21 billion (67.9%)
> Injury accidents: $254.4 million (5.4%)

Cost distribution by EDI category:

High EDI (>75): 142 km, $621 million total
($875,000/km/year) Medium EDI (50-75): 278 km,
$1.68 billion total ($1.21 million/km/year) Low EDI
(<50): 80 km, $2.43 billion total ($6.08
million/km/year)

correct classification

Low EDI segments (16% of length) accounted for
51.4% of total costs. Cost per kilometre in low EDI
segments was 6.9x higher than high EDI segments.

5. DISCUSSION

5.1. Principal Findings

This research establishes strong empirical
relationships between ergonomic design parameters
and highway safety outcomes. Three key findings
emerge:

First, geometric design profoundly influences driver
response capability. Sharp curves require 68% longer
response times than gentle curves, with accident rates
increasing 224% (from 1.19 to 3.87 per km/year).
Design inconsistency manifested as abrupt changes in
operating speed requirements more than doubles
accident rates. These findings validate design
consistency theory (Lamm et al., 1999) while
quantifying specific performance decrements that
design standards should address.

Second, visual information quality systematically
affects driver awareness and error rates. Inadequate
signage placement reduces appropriate responses
from 91% to 52%, while substandard pavement
markings increase lane departures by 317%. The
research demonstrates that visual information
deficiencies contribute to 68% of observed driver
errors, indicating that  infrastructure-based
improvements can substantially reduce crash rates.
Importantly, lighting quality matters as much as
presence well-designed systems increase hazard
detection by 145%, while poor-quality lighting
provides only marginal benefit.

Third, ergonomic deficiencies exhibit multiplicative
rather than additive effects. Locations with 6+
deficiencies show 5.18 times baseline accident rates,
demonstrating synergistic risk amplification. This
finding has critical implications for prioritization—
addressing multiple deficiencies at high-risk locations
produces disproportionate safety benefits compared to
incremental improvements across broader networks.
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5.2. Practical Implications

The regression model explaining 71% of accident
variance confirms that measurable design parameters
are primary determinants of safety performance. This
enables predictive identification of high-risk locations
before accident histories develop, supporting
proactive interventions.

Economic analysis reveals that low EDI segments
(16% of network length) account for 51.4% of
accident costs. Targeted improvements at these
locations offer exceptional returns:

Low-cost improvements (signage, markings):
Benefit-cost ratios 15:1 to 40:1 Medium-cost
improvements (delineation, lighting): Benefit-cost
ratios 8:1 to 25:1 High-cost improvements (geometric
reconstruction): Benefit-cost ratios 2:1 to 8:1

Even expensive geometric improvements achieve
positive returns at high-accident locations, while low-
cost visual information improvements offer
outstanding value.

5.3. Design Recommendations
Evidence supports specific design standards:

Geometric Design:

» Minimum curve radii: 600m (120 km/h), 400m
(100 km/h), 250m (80 km/h)

» Design consistency: Limit speed differentials to
<10 km/h between elements

» Lane widths: 3.5-3.7m optimum range; avoid
abrupt transitions

» Enhanced sight distance: 120% of calculated SSD
minimum

Visual Information Systems:

» Sign placement: Minimum 5-second preview time
at operating speeds

» Retro-reflectivity: 150 cd/Ix/m? minimum for
signs, 150 mcd/m?/lux for markings

» Enhanced curve delineation: Chevrons, double-
width edge lines on curves R<600m

» Lighting prioritization: Curves R<300m with
AADT>25,000, all interchanges, high-accident
locations

» Lighting quality: 15 lux minimum, uniformity
ratio <3.5:1

Implementation Priority:

» Level 1 (0-2 years): EDI<40 locations, fatal
clusters, critical sight distance deficiencies

» Level 2 (2-5 years): EDI 40-60 locations,
systematic signage/marking programs

» Level 3 (5-10 years): EDI 60-75 locations,
preventive improvements

Full implementation projects 40-50% accident
reduction with annual savings of $1.2-1.8 billion on
study corridors.

S5.4. Limitations

Several limitations warrant consideration. The study
focused on specific highway types in particular
regional contexts; findings require validation across
broader settings. Driver-specific variables (age,
experience) were statistically controlled but not
directly measured. The five-year accident period,
while substantial, may not capture longer-term trends.
Emerging vehicle technologies may alter driver-
infrastructure relationships, though human drivers
will remain the majority for decades.

5.5. Future Research

Priority research needs include: (1) longitudinal
studies validating long-term effectiveness of
implemented improvements; (2) examination of age
and cognitive diversity effects on ergonomic design
requirements; (3) investigation of how emerging
vehicle technologies interact with infrastructure
design; (4) development of microsimulation models
integrating driver behavior and design parameters for
virtual safety testing.

6. CONCLUSIONS

This research demonstrates that ergonomic principles
applied to highway infrastructure design offer
substantial, cost-effective safety improvements. By
establishing quantifiable relationships between design
parameters and safety outcomes, the study provides
evidence-based foundation for enhanced design
standards and investment prioritization.

Key conclusions include: (1) geometric design and
visual information quality profoundly influence driver
performance and accident rates; (2) ergonomic
deficiencies exhibit multiplicative effects, with
compound problems creating disproportionate risks;
(3) systematic improvements can reduce accident
rates by 40-50% with favorable benefit-cost ratios;
(4) targeted investments at high-risk locations
maximize safety returns.

Highway safety represents not merely an engineering
challenge but a fundamental responsibility affecting
millions of daily travellers. While Vision Zero
eliminating all traffic deaths remains aspirational, this
research demonstrates that dramatic reductions are
achievable through evidence-based infrastructure
design. Transportation agencies possess the
knowledge, tools, and economic justification to
systematically enhance safety through human-
centered infrastructure. The imperative now is
implementation translating evidence into action to
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fulfill the profession's core obligation of enabling safe
mobility for all.
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