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ABSTRACT 1 

Conventional intersections that have been replaced by multi-lane roundabouts have experienced 2 

a substantial reduction in both injury and fatal crashes. Property-damage-only (PDO) crashes 3 

have also been reduced at some of these roundabouts. However, some multi-lane roundabouts 4 

have experienced a significant increase in PDO crashes. The question arises as to why some U.S. 5 

multi-lane roundabouts have substantially higher numbers of PDO crashes while other outwardly 6 

similar roundabouts do not. 7 

This paper examines the hypothesis that the cause of the higher numbers of PDO crashes at some 8 

U.S. multi-lane roundabouts is driver confusion due to the lack of adherence to horizontal 9 

geometric safety design principles related to entry angles.  10 

This paper reviews research and explores three case studies where adherence to the safety 11 

principles related to entry angles – Phi and view angle left – contributed to improved safety.   12 

 13 

INTRODUCTION 14 

Implementing multi-lane roundabouts at high-volume intersections significantly reduces 15 

both injury and fatal crash rates. However, there is a wide variation in property-damage-only 16 

(PDO) crash rates among roundabouts with similar laneage and flows. Some are experiencing 17 

high numbers of PDO crashes despite following design guidelines. Other similar roundabouts 18 

have low PDO crash rates that are in line with crash prediction.  19 

Roundabouts with multi-lane entries and circulating lanes have been identified as some of 20 

the most problematic within the U.S. (1). Of all the crashes at multi-lane roundabouts, the most 21 

predominant PDO crash types in North America are entry-circulating crashes or “failure-to-22 

yield” crashes, representing approximately 50-70% of all crashes (2, 3). A roundabout 23 

questionnaire by Washtenaw County Road Commission (Ann Arbor, MI) found that over 1/3 of 24 

the respondents believe that one ‘merges’ into a roundabout on entry (incorrect), as opposed to 25 

the correct yielding to circulating traffic (4).  26 

Determining the causes of crashes at a high crash rate roundabout is challenging and 27 

attempts to quantify the relative weight of individual design variables proves difficult for many 28 

reasons. Human factors research determines that roadway and intersection crashes are 29 

predominantly caused by confusing cues drivers receive from a combination of geometrics, and 30 

other design elements such as signing, and pavement markings (5). Roundabout geometric safety 31 

principles derived from research and engineering science include multiple design parameters that 32 

act as proxies for safety (7,8,9). When these safety principles are adhered to they address the 33 

human factors and avoid contradictory visual information allowing for a simpler understanding 34 

of how to drive the roundabout.  35 

Many North American roundabouts have an overly flattened entry angle in order to meet 36 

speed control criteria. To investigate the potential safety influence of these entry angle criteria 37 

we reviewed three case studies.  Two of the case studies are existing roundabouts experiencing 38 

higher than anticipated crashes where changes were made that more closely adhere to the entry 39 

angle criteria. The third case study is a recently opened multi-lane roundabout that is experiencing 40 

an acceptable low number of minor crashes, and illustrates how the application of these safety 41 

design principles improves safety performance for multi-lane roundabout operations.  42 
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LITERATURE REVIEW 1 

U.S. Safety Research   2 

There are two primary crash prediction models for roundabouts in NCHRP 572, 3 

Roundabouts in the United States (6). 4 

U.S. safety research seeks to predict the number crashes on roundabouts by identifying 5 

the parameters that influence accidents and by quantifying their effect.  This has led to the 6 

development of two types of roundabout crash prediction models that are included in the HSM: 7 

1) “The intersection level model” is used to evaluate the safety performance of an existing 8 

roundabout relative to other similar roundabouts and to estimate the change in safety when 9 

replacing a conventional intersection with a roundabout. Crashes are estimated from the 10 

number of legs (3 to 5), number of circulating lanes, and the total AADT entering the 11 

roundabout. The crash prediction is then calibrated to observed roundabout crashes in the 12 

jurisdiction. 13 

2) “The approach level model” is used to predict entering-circulating crashes, exiting-14 

circulating crashes, and approach crashes. These crashes are estimated from the entering and 15 

circulating AADT for each entry, and from the roundabout geometry – the Entry Width, 16 

Approach Width, Angle between Arms, ICD, and Circulating Width. 17 

While these models are useful, they do not include a full accounting of horizontal 18 

geometric inputs or the relationships that may affect safety. Human factors research reported in 19 

NCHRP 600 begins to address these compositional issues with “self-explaining” roads, which 20 

are described as road environments where users know how to behave based on the road design. 21 

The historical roundabout safety research forming the foundational safety design principles while 22 

pre-dating more recent Human Factors research findings align well, NCHRP 600 findings state:  23 

 “Self-explaining roads induce user behavior based on the overall design, with reduced 24 

reliance on individual ‘external agents’ like signs and traffic signals,”  25 

 “Road users seek information by scanning the road environment seeking the most 26 

meaningful information needed for that particular location and point in time,” and  27 

  “Users perform their driving task and reactions based on previously learned behavior” 28 

(5).  29 

Chiu et al. conducted safety research on approximately 30 roundabouts in Wisconsin and 30 

found that Wisconsin roundabouts have better safety performance (intersection level) than 31 

aggregated U.S. data reported in the NCHRP 572 model (2, 6). The researchers concluded that 32 

reasons could be varied, but that the most plausible reason is attributed to “driving behavior, 33 

especially in terms of drivers’ familiarity of roundabouts” (2). However, we find the attribution 34 

of improved safety record due to primarily driver familiarity questionable. The roundabouts 35 

studied were all constructed prior to or by 2008 and often represented the first roundabouts in 36 

communities throughout Wisconsin. Also, there is no attribution to design guidance that 37 

informed these designs. The Wisconsin Department of Transportation was an early adopter of a 38 

principles-based, comprehensive approach to roundabout design anchored in adherence to 39 

proven safety design principles.   40 

International Safety Research 41 

In his book, Brown states that experiments on roundabouts were carried out in the U.K. during a 42 

25-year period (7). This comprehensive work on roundabout safety sought to understand 43 

roundabout design effects on safety and capacity (“unified design and analysis methodology”) in 44 
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order to produce a practical design methodology. This produced a series of equations to predict 1 

crash types and injuries based on geometry and traffic flow (7).  2 

The key geometric variables included in the crash prediction model are: 3 

 approach width (V), how many approach lanes 4 

 entry width (E), how many entry lanes 5 

 entry path curvatures (deflection, aka fast path criteria) 6 

 angle between arms 7 

 phi angle 8 

Other variables found to have relevance to roundabout accidents include (7): 9 

 Acute (flat) entry angles and view angle left which encourages merging behavior  10 

 Poorly designed and/or positioned warning and advance directional signing 11 

 Confusing signs and markings 12 

 Intersection sight distance – with excessive sight distance having a negative effect 13 

on safety 14 

The 2010 U.S. Roundabout Guide (NCHRP 672) reflects many of these key U.K. 15 

horizontal geometric safety criteria, including angle between arms, speed control, sight distance, 16 

excessive visibility to left (for right-hand drive), and view angle (8). 17 

Some researchers have concluded that multi-lane roundabouts are inherently unsafe and 18 

therefore inadvisable (10). Whereas, other research indicates that it is not simply the presence of 19 

multi-lanes, but rather the combined effects of multiple design elements of the multi-lane 20 

roundabout that influence driver behavior and determine safety performance (7, 8, 9, 11, 12, 13). 21 

Research in Italy set out to determine contributory crash factors at urban roundabouts 22 

(12). The research was based on site inspections and analysis performed by a team of specialists 23 

with relevant road safety engineering experience. The poorly performing roundabouts were 24 

inspected annually from 2004 to 2009. They found that many crashes were due to inappropriate 25 

driver behavior caused by misleading and confusing visual cues from the combination of 26 

geometry, pavement markings, and signs (12).  27 

Their findings showed that the most common geometric design factors were related to 28 

speed control, entry angles, and the combinations of geometrics, signing, and markings. 29 

Geometry was found to be a contributory factor in 60% of all crashes, and pavement markings 30 

and signing were a contributory factor in 50% of the crashes. Importantly this research identified 31 

the difficulty in identifying the specific causes of crashes and therefore specific countermeasures, 32 

which is well summarized with this statement: “Even though the identification of contributory 33 

factors was based on rigorous analyses and on sound road safety engineering experience, it was 34 

a subjective task and some degree of uncertainty existed. Many combinations of contributory 35 

factors related to markings, signs, and geometric design were associated with angle crashes at 36 

entry. Furthermore, it should be noted that each crash was the result of a unique chain of events 37 

and that it might not be possible to identify all of the links for each chain” (12). Recent Italian 38 

research has developed a safety index model for urban roundabouts for use in roadway safety 39 

assessment procedures to include multiple design inputs: geometric variables, signing, markings, 40 

road environment, pavement conditions, and traffic flow data (11). 41 

U.K., U.S. and Italian research found that incorrect driver behavior was caused by the 42 
combined effects of geometry, and other design elements such as signs, and pavement markings 43 
giving drivers poor or misleading cues on how to negotiate the roundabout (9, 11, 12, 13).  44 
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These findings support the human factors research relative to “self-explaining roadways” being a 1 
combination of multiple design elements, drivers reactions based on learned behaviors, and the 2 

need for the most meaningful information when it is needed to avoid information overload (5).  3 

SAFETY DESIGN PRINCIPLES 4 

As indicated in the international research section, there are multiple design variables that 5 

contribute to roundabout safety. The research identifies these four key safety design principles 6 
for horizontal geometrics.  Each of these principles are briefly summarized below, followed by 7 
more in-depth discussions of the view angle left and phi angle, which will be the primary focus 8 
of this paper. 9 

1) Fast Path 10 

2) Angle between arms 11 
3) View angle Left 12 
4) Phi Angle  13 
 14 

1. Fast Paths/Speed Control 15 
The FHWA Roundabout Guide (NCHRP 672) recommends that fast path speeds not exceed 20 16 

mph for mini-roundabouts, 25 mph for single-lane, and 30 mph for multi-lane roundabouts (8).  17 
Fast path speeds are a theoretical speed calculation and are, therefore, not intended or expected 18 

to reflect normal actual operating speeds.  Fastest path speeds are based on UK research (7) and 19 
adopted into US guidance as reflected in NCHRP 672 (8). There are specific methods of 20 
quantification to measure the fast path speeds to ensure consistent measures and therefore 21 

adherence to this safety criteria.  22 

 23 

2. Angles between Arms/Legs 24 

Research indicates that safety is improved when the angles between successive legs are closest to 25 

90 degrees (7). US design guidance in NCHRP 672 indicates that problems can occur when the 26 

design allows for too much separation between entries and subsequent exits. Large separations 27 

between legs causes entering vehicles to join next to circulating traffic that may be intending to 28 

exit at the next leg, rather than crossing the path of the exiting vehicles. 29 

Close to 90 degrees Skewed Alignment   

  

Figure 1 Angles between arms/legs 30 

  31 
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3. View Angle Left 1 

The View Angle Left is the angle the driver’s head must turn to see circulating traffic in the 2 

outside circulating lane when stopped at the yield line. For multi-lane entries and/or yield right 3 
turn lanes, the View Angle Left from each lane can be very different from the mean view angle 4 
for the whole entry. The outside lanes can have an unacceptable angle even when the average 5 

angle for the entry is within the accepted range. Therefore, it is important to check view angle 6 
lefts for each lane.  7 

View angles greater than 112 degrees are not recommended, as they make it difficult for 8 
the drivers to see outer lane circulating traffic and to make safe entry decisions. Research 9 
indicates that excessive view angles may be a contributing factor to confusion about priority (4, 10 

7, 9).  Figure 2 contrasts nonadherence to these geometric safety principles with a revised and 11 
optimized design reflecting adherence to these geometric principles for view angle left (13).  12 

  13 

Figure 2 Geometric effect of geometry on view angle left.  Top image 

(original layout) view angle: 17+90=107 and 20+90=110 degrees. Bottom 

image (revised layout): 6+90=96 degrees. 
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4. Phi Angle 1 
The entry angle (Phi) serves as a geometric proxy for the conflict angle between entering and 2 

circulating traffic streams. The U.K.’s TRL determined that entry angle (Phi) for multi-lane 3 

roundabouts should be in the range of 20-40 degrees. When Phi angle are less than 20 deg. these 4 

smaller (flatter) entry angles encourage higher entry speeds due to the visual cues promoting 5 

‘merging driver behavior’ versus the desired priority message of ‘yield’ at entry to circulating 6 

traffic. (7) 7 

 For multi-lane entries with two or more lanes and or right turn lanes, the Phi for each lane 8 

can be very different from the mean Phi for the whole entry, with the outside lanes (or right turn 9 

lanes) having a smaller and unacceptable Phi even when Phi for the other lanes, and for the entry 10 

as a whole, is within the accepted range. Therefore, it is important to check Phi for all lanes.  11 

Measuring Phi – Two Methods (7) 12 

There are two methods for measuring Phi: 13 

1. Method 1:  The most common for modern roundabout application due to the smaller ICDs 14 

with a nearby exit, as the entering traffic first conflicts with the exiting traffic that has 15 

diverged from the circulating traffic. In this case, the angle between the two streams is 2Phi, 16 

so Phi is the measured angle/2. 17 

2. Method 2: Used if the mean path of the entering traffic first conflicts with the mean path of 18 

the circulating traffic (before exiting traffic has diverged), typical of older large-ICD 19 

roundabouts. And applicable on modern roundabouts at for example a three leg roundabout 20 

without a down-stream adjacent exit. The angle between the two streams is Phi (not the 2Phi 21 

of method 1). 22 

Figure 3 contrasts nonadherence to the geometric safety principle for Phi angle, with a revised 23 

design reflecting adherence to the Phi angle principle.   24 
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Figure 3 Geometric design modifications to adhere to Phi angle 

Phi in Original Design: Principles not met 

 
Revised Optimized Design: Principles met  

 
Overlay of Original with Optimized Design  

 

1 

Phi = 32/2 = 16 deg. 

(mean of main entry) 

 

Phi = 8/2 = 4 deg.  

(right turn lane entry) 
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Figure 4 Overall crashes – Main St./Scioto Darby Rd.  (Source: City of Hilliard, OH) 

CASE STUDIES 1 

To investigate the potential safety influence of these entry angle criteria we reviewed three case 2 

studies. Two of the case studies are existing roundabouts experiencing higher than anticipated 3 

crashes where changes were made that more closely adhere to the entry angle criteria. The third 4 

case study is a recently opened multi-lane roundabout that is experiencing an acceptable low 5 

number of minor crashes and illustrates how the application of these safety design principles 6 

improves safety performance for multi-lane roundabout operations. 7 

 8 

Case Study #1:  Main Street/Scioto Darby Rd., City of Hilliard, OH 9 
This multi-lane roundabout has approximately 30,000 ADT and averaged 45 PDO crashes 10 
annually during the years 2013-2017. Approximately 70% of those crashes were occurring at the 11 
northbound (NB) entry, representing approximately 32 crashes.   12 

The geometric changes to restore entry angle principles for the NB entry were 13 
implemented in July of 2019. In the subsequent three years from 2019 to 2021, annual PDO 14 

crashes averaged 15 PDOs, a 65% total reduction, with an estimated 47% reduction for the NB 15 

entry.  (Data source: City of Hilliard, OH/Letty Schamp). 16 
 17 
 18 

 19 
 20 
 21 
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The pre-modification NB entry geometrics (Figure 5) were problematic. The geometrics 1 
did not adhere to safety design principles, resulting in poor View Angle Left and incorrect visual 2 

cues related to who has priority at the roundabout.  The implemented design changes (Figure 5) 3 

allow NB entry to adhere to geometric safety principles for entry angles. Conformance was 4 
achieved for both Phi angle and View Angle Left with the geometric changes, as illustrated in 5 
Figure 6. 6 
 7 

Results 8 

Results indicate a 47% reduction in crashes at the NB entry. 9 
 10 

Pre-Changes  

 
Post-Changes  

  
Figure 5 Pre- and post-changes (Source: City of Hilliard, OH) 

 11 

  12 

Re-shape Circle to Oval 

Cut Back Splitter Islands 

After 
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 1 

Post-Changes: Conforming Phi = 30 deg. and View Angle = 10 deg. 

 
 2 
  3 
Figure 6 Phi and view angle design checks (Source: Google aerial image, MTJ safety 

performance check) 
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Case Study #2: SR 161/Riverside Dr., City of Dublin, OH  1 

This high-flow multi-lane roundabout opened in August of 2016, and was carrying 2 
approximately 35k ADT in 2017. As shown in Figure 7 below, there were 70 total crashes for all 3 

approaches, with 42 (65%) occurring at the NB entry over the timeframe of August 13, 2016 to 4 
January 31, 2017, representing 17 months of data.  5 

 6 

 7 
 8 
 9 

The predominant crash type is a ‘failure-to-yield’ (FTY). The crash diagram below 10 
(Figure 8) shows that the greatest percentage of crashes occurred from the outermost #3 lane.  11 

Of the 42 total NB entry crashes, 32 (76%), of those occurred from the outermost 3rd entry lane, 12 
followed by 9 (20%) from the middle #2 lane, and 1 from lane #1. It is further noted that the 13 
majority of NB crashes (23 PDO, 2 injury) occurred from lane #3 entry with the #2 circulating 14 

lane. The pre-change lane assignment was Left Only, Thru-Left, and Thru-Right.  15 
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Figure 8 Pre-revision design and crash data. (Source: City of Dublin, OH)  
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As illustrated below (Figure 9), the pre-change Phi Angle Measurement is 17 degrees, which is 1 
less than the desired minimum of 20 degrees, and the View Angle Left from the outside #3 lane 2 

is 30 degrees, followed by 19 degrees for the middle #2 lane – both exceeding the desired 12-3 

degree maximum especially out of conformance for lane #3.  4 
 5 

Pre-Changes: Phi Angle = 17 degrees  

(3x2 = 6 conflict points) 

 Pre-Changes: View Angle Left from lanes 2-3 =  

19, 30 degrees respectively 

  

 6 
 7 

The collected existing peak hour 2017 traffic shows NB traffic counts of 140 Lefts, 870 8 
Thrus, and 360 Right turns. An operational analysis with Rodel’s geometric model determined 9 

that acceptable operations can be achieved with a revised lane assignment of Thru-Left, Thru, 10 
and Yield Right Turn-Only lane. This lane assignment improves lane balance for all lanes.   11 

The revised lane assignment and geometric improvements to both view angle left and phi 12 
angle were accomplished with changes to just the pavement markings. These modifications 13 

included changes to: entry lane-line placement, circulating lane placement (closer to the central 14 
island) and yield line placement modification that changes its angle. These combined markings 15 
changes provide for improvements to the View Angle Left from lanes #2 and #3 and 16 

conformance with Phi Angle, which is now 20 degrees.  17 

 18 

Results 19 

Results collected over the first months of operations indicated a 28% reduction in crashes at the 20 

NB entry.   21 

Figure 9 Pre-changes NB Phi angle and view angle left. (Source: MTJ Engineering) 
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NB Entry Modified: Phi = 20 degrees, View Angle Left = 3, 12, 19 degrees 

 
  1 

Figure 10 Modifications to NB entry (Source: MTJ Engineering) 
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Case Study #3: SR 161/Cosgray Rd., City of Dublin, OH  1 

This recent project (Figure 11), opened in October of 2021, and has an existing ADT of 2 

approximately 25,000. The PM Peak Hour entering traffic for current conditions is estimated at 3 

2,635 vehicles per hour (vph), of which 574 vph are utilizing the Yield right-turn lanes. Yield 4 

right-turn lanes (vs. free right-turn lanes) have an entry circulating-exit conflict point. The 5 

roundabout includes 12 total conflict points.  6 

 7 

 

Figure 11 SR 161/Cosgray Rd., Dublin, OH (photo: GPD Group) 

 8 
 9 
The horizontal geometric design meets the key foundational horizontal geometric safety design 10 

principles to include: Phi Angle = 20 degrees min (all entries), View Angle Left meets the 11 

desired 12-degree maximum, and Fast Path speed control criteria are all within acceptable ranges 12 

(Figure 12). 13 

  14 
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 1 

View Angle Left Phi Angle 

  

Fast Path 

 

 2 

 3 

Figure 12 SR 161/Cosgray Rd., Dublin, OH: View angle left, phi angle, fast path checks 
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Safety Performance Results 1 

Available crash data during the first six months of operations shows five PDOs.  For comparison 2 

purposes, annualizing the six months of data indicates a prediction of 10 PDOs in the first year of 3 

operation. The predominant crash types that occurred over this 6-month period were two entry-4 

circulating, two circulating sideswipe, and one loss-of-control (per Ohio DOT crash data 5 

provided by GPD Group).   6 

            This case study supports research findings that the safety performance of multi-lane 7 

roundabouts emerges from the whole system interaction of design elements that includes 8 

adherence to multiple key geometric safety principles, and is not predicated on singular design 9 

elements (7, 8, 9, 11, 12, 13). 10 

 11 

CASE STUDIES SUMMARY 12 

The case studies illustrate that safety benefits were the result of adherence to the two geometric 13 
safety principles of Phi angle and View Angle Left. In two of the case studies restoring the 14 

geometrics for adherence to the entry angles of Phi and View angle left found measurable safety 15 
improvement between 28-47% for the predominant entry/circulating crash type. The resulting 16 

improved driver comprehension is reflected in the improved safety data.   17 
     The third case study further supports international research findings that the safety 18 

benefits achieved by adherence to the foundational horizontal geometric safety principles of Phi 19 
angle, View Angle Left and speed control, is key to achieving an acceptable low number of 10 20 
annual PDOs for this multi-lane roundabout.  This case study supports international research 21 

findings that the safety performance of multi-lane roundabouts emerges from the whole system 22 
interaction of design elements, and is not predicated on singular design elements such as ICD, 23 

speed control or Phi angle (7, 8, 9, 11, 12, 13). 24 

    25 

CONCLUSION 26 

This paper examines the hypothesis that the cause of the higher number of PDO crashes at some 27 
U.S. multi-lane roundabouts is the result of driver confusion due to the lack of adherence to 28 

horizontal geometric safety design principles. Many North American roundabouts meet safety 29 
criteria for speed control, and, therefore, have lower injury and fatal crash rates.  However, many 30 
roundabouts exhibit overly flat entries that contribute to higher PDO crash rates.  31 

Two of the case studies in this paper illustrate that driver behavior is influenced by the 32 
geometric safety design principles of Phi Angle and View Angle Left. The third case study 33 
supports research findings that the safety performance of multi-lane roundabouts emerges from 34 
the system interaction – or compositional effects – of design elements.    35 

It is difficult to quantify the compositional effects on safety and, consequently, 36 
practitioners and researchers are prone to dismissing their importance. Instead, many conclude 37 
that the reasons for excessive PDO crashes are individual design components or lack of driver 38 

familiarity (2). Compositional effects on roadway safety are described in Human Factors 39 
research with the term “self-explaining” roads, which are described as road environments where 40 
users know how to behave based on the road design (5). Other research supports that the safety 41 
performance of a multi-lane roundabout emerges from the whole system interaction of design 42 

elements (7, 8, 9, 11, 12, 13).  43 
            This paper may promote a greater understanding of the importance of concurrently 44 
applying multiple safety design principles for roundabouts.   45 

 46 

 47 
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