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CHAPTER 1.  INTRODUCTION 

PROJECT OVERVIEW 

 Within the state of Texas, the standards and guidelines provided in the Texas Manual on 
Uniform Traffic Control Devices, or TMUTCD (1), direct most of the decision making 
concerning the type and placement of roadside signing.  However, there are some instances 
where complexities of the driving environment indicate that supplemental devices be used even 
beyond those required and suggested by the TMUTCD. 
 

In the case where signalized intersections are located beyond crest vertical curves, the 
TMUTCD provides for upstream use of SIGNAL AHEAD text or symbolic advance warning 
signing where the signal heads for the intersection are not visible for some minimum distance 
upstream of the intersection.  However, with the TMUTCD’s placement distances of SIGNAL 
AHEAD advance warning signs ranging up to only 650 feet (for a speed of 65 miles per hour) 
from the primary traffic control device (i.e., the traffic signal), there exists the possibility that 
even the advance warning sign is not fully visible to motorists approaching the intersection 
because their line of sight is limited by the vertical curve upstream of the signal.  Also, the queue 
of vehicles from the signal may extend far enough back from the signal that even where an 
advance warning sign is provided, there is insufficient notice to approaching motorists that a 
queue is likely to exist either on or beyond the vertical curve. 
 
 The research described herein documents an investigation into countermeasures that can 
be used to provide motorists with advance notification of traffic signals or queues from those 
signals that are located beyond the motorists’ line of sight due to a vertical curve.  Whereas 
standard roadway design ensures that stopping sight distance (SSD) is provided at all locations 
along a roadway, there is no standard established for when decision sight distance (DSD) is 
needed with respect to traffic signals.  A “reduced decision zone” (RDZ) was identified in the 
research as the location along a roadway with a vertical curve and a traffic signal beyond the 
curve where SSD is provided but DSD is not.  Essentially, motorists within the RDZ are 
provided with SSD for unexpected stopping but are not provided with the added decision-making 
and response time that DSD might otherwise provide as they approach the vertical curve and the 
downstream traffic signal. 
 
 Contained within this report are techniques for determining whether an RDZ exists along 
an existing roadway or has the potential to exist in a proposed design.  Research suggests that 
intersections should not be located within the RDZ.  In cases where a traffic signal or queue from 
a signal is located within the RDZ for an existing roadway, guidance is provided on both the type 
and location of countermeasures that can be used.  Results of field tests conducted using both the 
suggested type and location of advance warning sign countermeasures are included within this 
report and its appendix. 
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RESEARCH OBJECTIVES 

 This two-year effort had four unique research objectives, including: 
 

1. determine whether crash rates at intersections located beyond vertical curves 
experience higher than normal crash rates, 

2. field test promising countermeasures, 
3. develop criteria for the use of DSD in intersection design, and 
4. develop guidelines for the use of countermeasures at existing intersections located 

proximate to vertical curves. 

SCOPE OF RESEARCH 

 The proposed research was designed to supplement rather than test or suggest 
replacement of existing provisions in the TMUTCD or Texas Department of Transportation 
(TxDOT) roadway design manuals.  Research was specifically focused on approaches to 
signalized intersections where vertical curves along the approach have the potential to limit 
motorists’ perception of the signal or a queue that may exist at the signal.  With respect to 
supplemental use of advance warning signing, both the field tests conducted during the course of 
this project and the recommendations from the research were designed to not be in conflict with 
the TMUTCD.  With respect to intersection and roadway design, the research offers suggestions 
as to spacing between signalized intersections and vertical curves. 
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CHAPTER 2.  LITERATURE REVIEW AND CURRENT PRACTICE 

This chapter summarizes the results of the literature review and a survey of transportation 
professionals both within TxDOT and around the country on issues relating to signalized 
intersections located proximate to vertical curves. 

LITERATURE REVIEW 

An extensive literature search examined many national and in-state research efforts 
focused on reducing crashes at signalized intersections located at or near the bottom of crest 
vertical curves.  While studies that specifically looked at signalized intersections near vertical 
curves were not found, research related to the use of countermeasures to increase motorist 
awareness was identified as described in the following sections. 

Current Guidelines Provided by the TMUTCD 

 Regardless of the existence of a nearby vertical curve, it is often necessary to alert 
motorists to the presence of an upcoming traffic signal.  Locations with either permanent or 
intermittent sight distance obstructions and locations where a traffic signal might not be 
expected, such as the first signal as you enter a town, would be candidates for either a text 
(TMUTCD designation W3-3a) or symbolic (TMUTCD designation W3-3) SIGNAL AHEAD 
warning sign.  Guidelines for the use and placement of such signs are provided in the TMUTCD 
(1). 
 

The TMUTCD states that the SIGNAL AHEAD warning sign should be used when there 
is insufficient visibility distance for motorist to correctly respond to the traffic control device.  At 
a signalized intersection, it is necessary for the motorist to be able to continuously view at least 
two signal faces for the approach that he/she is traveling on for the distances specified in Table 1. 
 

The TMUTCD allows for a warning beacon or beacons to be installed in conjunction 
with the SIGNAL AHEAD sign.  In addition, a BE PREPARED TO STOP (TMUTCD 
designation W20-7b) sign with or without warning flashers can be installed on those approaches 
where significant queuing or stopped traffic results at the traffic signal.  Although not mandatory 
by the guidelines, it is suggested that a WHEN FLASHING supplemental plaque be used when 
the flashers on the BE PREPARED TO STOP sign are interconnected with the traffic signal or a 
queue detection device. 

Studies Related to the Use of Countermeasures 

In many cases the signalized intersection will not be clearly visible due to the crest of the 
preceding vertical curve.  In this situation additional countermeasures may be needed to provide 
adequate warning time.  These devices could range from a simple SIGNAL AHEAD sign to an 
active warning sign that provides information on the current state of the traffic signal.  The 
effectiveness of a variety of countermeasures has been researched in several studies, some of 
which are documented in the following paragraphs. 
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Table 1.  TMUTCD Guidelines for the Need and Placement of SIGNAL AHEAD Signs (1). 

85th Percentile Speed (mph) Visibility Distance (ft) 
[Table 4D-1] 1

Sign Placement (ft) 
[Table 2C-4] 2

30 270 100 
35 325 150 
40 390 225 
45 460 300 
50 540 375 
55 625 450 
60 715 550 

 
1 The minimum distance required for a motorist to see two signal faces on the approach to the signalized 
intersection.  In locations where visibility is diminished, a SIGNAL AHEAD sign should be used. 
 
2  Placement location for signs warning of a potential stop situation. The distances are based on the 1990 
AASHTO policy for stopping sight distance providing a PIEV time of 2.5 seconds, friction factor of 0.30 to 
0.40, minus the sign legibility distance 175 ft.  The distances are adjusted for a sign legibility distance of 175  
ft, which is the appropriate legibility distance for a 5 in Series D word legend. The distances may be adjusted by 
deducting another 100 ft if symbol signs are used. Adjustments may be made for grades if appropriate. 

 
A study in Ohio compared driver’s’ reaction to the existing Passive Symbolic SIGNAL 

AHEAD sign (PSSA), a Prepare To Stop When Flashing sign (PTSWF), a Flashing Symbolic 
SIGNAL AHEAD sign (FSSA), and a Continuously Flashing Symbolic SIGNAL AHEAD sign 
(CFSSA).  Examples of the signs used are presented in Figure 1.  In this study the flashers on the 
PTSWF and FSSA signs were tied to the traffic signal and would begin to flash a few seconds 
before the yellow interval until the end of the red interval.  The warning flashers on the CFSSA 
sign would always flash regardless of the state of the traffic signal (2). 

 

 
Figure 1.  Advance Warning Signs Used in Ohio Study (2). 
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The study found that the CFSSA produced results similar to the standard PSSA sign.  The 
PTSWF and FSSA signs were effective in reducing approach speeds during the red interval and 
reducing red-light violations; however, the use of these signs tended to increase approach speeds 
during the green interval when the signal state was clearly visible from the sign location (2). 
 

A study in British Columbia using similar signs as those used in Ohio found that the use 
of active warning flashers lowers the frequency of accidents at an intersection, in addition to the 
benefits found in the previous study.  However, further testing was deemed necessary to 
determine if this reduction was statistically significant (3). 
 

A Minnesota study conducted in 1992 examined the effectiveness of advance warning 
flashers (AWF) used in that state on approaches to high-speed or otherwise unusual signalized 
intersections.  The warning flasher consisted of a BE PREPARED TO STOP sign with 
supplemental WHEN FLASHING plaque and two amber flashers that would begin to flash a few 
seconds before the end of the green phase on the approach.  The flashing would continue through 
the yellow and red phases on the approach.  The purpose of these warning devices was to assist 
motorists in deciding if it was safe to proceed to the intersection at speed or if they should begin 
to lower their speed to facilitate stopping at the intersection (4). 
 

The study examined approach speeds at three locations with and without the AWF 
system installed based on the current signal indication displayed.  The results found that 
locations with the AWF system experienced higher speeds during the yellow change interval 
than the non-AWF locations.  Overall, speeds at the non-AWF locations were lower than those at 
the AWF-equipped locations.  Red-light violations were greater at locations where no AWF 
system was installed.  A before-and-after examination of accident rates found that the AWF 
tended to reduce the accident rate down to the area average for signalized intersections at those 
locations where the accident rate prior to the AWF installation was greater than the area average 
(4). 
 

In summary, the researchers recommended the AWF system only at those locations 
where a specific need had been identified.  Such locations would include those that are 
experiencing above average rates of rear-end and angle collisions.  The installation of the AWF 
system was not recommended only in anticipation of a future problem (4).  A follow-up study 
conducted in 2001 found that activating the warning flashers either 2.0 seconds before the yellow 
or 3.5 seconds before the yellow resulted in “more cautious” behavior of drivers on the approach.  
This was measured by examining deceleration rates and braking pressure applied in a simulated 
environment.  Researchers noted that approach speeds were reduced on approaches with AWF 
when the system was flashing (5). 
 

A similar study conducted by the Texas Transportation Institute (TTI) examined the use 
of an Advance Warning for End of Green System (AWEGS).  This system uses the BE 
PREPARED TO STOP with the WHEN FLASHING supplemental plaque and two flashers to 
alert motorists when a signal is about to change from green to yellow.  Unlike the AWF system 
in Minnesota, the Texas AWEGS can also extend the green phase based on a vehicle’s approach 
speed to ensure that the vehicle does not get trapped in the dilemma zone.  The study found that 
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AWEGS were effective in reducing red-light running at the intersection and should be 
considered in locations that currently experience a high level of red-light violations (6). 

 
A Minnesota study examined the use of in-lane rumble strips to alert motorists to a 

change in traffic control ahead.  These devices were installed in the pavement across the travel 
lane and were usually half of the width of the lane and centered in the lane.  The results indicated 
that the rumble strips did not significantly decrease accidents.  Further, over saturation of rumble 
strips in an area tended to limit their effectiveness; therefore, the rumble strips are only 
recommended for limited locations where other countermeasures, such as signing, have already 
been implemented (7). 
 
 A recent summary of the effectiveness of countermeasures to improve intersection safety 
was assembled by the Federal Highway Administration and the Institute of Transportation 
Engineers.  The information is qualified (as stated in the publication) by the fact that some of the 
countermeasures have only been studied a few times and that a consensus on the effectiveness of 
the measures has not been reached.  Also, some of the effectiveness information is based on 
older studies (8).  Summary statistics for those countermeasures that can be considered either 
directly or indirectly applicable to the advance warning of signals beyond vertical curves are 
shown in Table 2 below. 
 

Table 2.  Potential Effectiveness of Intersection Countermeasures (Derived from 8). 

Potential Effectiveness 
(Percent Reduction) 

Improvement Type Cost 

Total 
Crashes 

Right-
Angle 

Crashes 

Rear-End 
Crashes 

Sideswipe Red-Light 
Running 

Older 
Drivers 

Advance Warning of 
Signal Changes at Rural 
Locations 

Medium * * *  *  

Install Flashing Beacon 
in Advance of 
Intersection 

Medium 25-28    *  

Install Additional Signal 
Heads Medium 10 42  * * * 

Move Intersection Away 
from Curve** High 25 * * *   

Horizontal/Vertical 
Realignment of 
Approaches** 

High *      

Install SIGNAL AHEAD 
Sign Low 3-40 35 * * *`  

Install Rumble Strips on 
Intersection Approaches  2-44 *     

Rumble Strips & 
SIGNAL AHEAD Sign 
& Pavement Markings 
with Message SIGNAL 
AHEAD 

Medium     *  

* Relationship indicated but no specific benefit cited. 
** Effectiveness reported associated with unsignalized intersection only. 
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STATE-OF-THE-PRACTICE SURVEYS 

In order to determine the current practice being used in Texas and throughout the country 
with regard to signalized intersections near vertical curves, a survey of the various districts 
within the TxDOT was conducted.  In addition, several departments of transportation from other 
states were contacted to determine what practices or guidelines, if any, were being used.  This 
section presents results from each survey. 

Electronic Mail Survey to TxDOT Districts 

A survey was distributed to all 25 TxDOT districts in February 2003 to determine what 
countermeasures, if any, are currently being used to reduce crashes at signalized intersections 
near vertical curves.  The survey was distributed by electronic mail from the TxDOT Traffic 
Operations Division staff.  Each district was asked to provide the following information with 
regard to signalized intersections near crest vertical curves in their district:  location (city, 
roadway, mile marker, etc.), description of location (i.e., rural, urban, number of turn lanes, high 
speed, low or high volume, etc.), crash history, types of countermeasures used or considered, and 
the effectiveness of the countermeasure.  An example of the survey is shown in Figure 2. 
 

Responses were received from 7 of the 25 districts.  In all but three cases, the districts 
responded that they did not have any locations that met the needs of this project.  The Abilene, 
Atlanta, and San Angelo Districts indicated a total of four locations for further study.  Those 
locations are listed in Table 3. 
 

Table 3.  Results from the Electronic Mail Survey Sent to TxDOT Districts. 

District Location Countermeasures 
Abilene SH 36 at Loop 322 INTERSECTION AHEAD sign 

with beacon changed to SIGNAL 
AHEAD sign with beacon 

Atlanta US 59 at SH 43 Overhead dynamic message sign 
(interconnected with traffic 
signal) and speed display 

Atlanta US 59 at Loop 390 Overhead dynamic message sign 
(interconnected with traffic 
signal) and speed display 

San Angelo US 67 at FM 2288 SIGNAL AHEAD warning sign 
with flashing beacons installed 

on mast arm 
 

The three districts that provided locations all indicated that they felt the devices had 
improved safety at the locations, though no formal study had been conducted to document 
improvements.  The displays that have been installed in the Atlanta District represent a unique 
case where a device other than the SIGNAL AHEAD and BE PREPARED TO STOP warning 
signs have been used to alert motorists to the potential need to stop. 
 
 

7 



 

 
 
 

 
 

Figure 2.  Electronic Mail Survey Distributed to the 25 TxDOT Districts. 
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Figure 2.  Electronic Mail Survey Distributed to the 25 TxDOT Districts (continued). 
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Telephone Survey to Other State Transportation Departments 

Due to the limited response that was received from within Texas, researchers contacted 
the transportation departments of several other states to determine what type of countermeasures 
are in use at signalized intersections near vertical curves.  The following questions were asked of 
each respondent: 
 

1. Are any special countermeasures used when there is a signal located near a vertical curve 
and, if so, what type? 
 

2.  Has the procedure for using this countermeasure been documented somewhere (i.e., a 
design manual)?  If so, could we get a copy of the pertinent information (preferably by 
fax)? 
 

3. Have there been any evaluations performed to determine the effectiveness of the 
countermeasure?  If so, who performed the analysis and can we get a copy? 

 
4.  How long have these countermeasures been used in this area? 

 
The following states sent responses:  California, Colorado, Idaho, Kentucky, Nevada, 

New Jersey, New York, North Carolina, Ohio, Oklahoma, Vermont, Washington, West Virginia, 
and Wyoming.  The most common response was that the only countermeasures that are used are 
the SIGNAL AHEAD warning sign and the BE PREPARED TO STOP warning sign with or 
without flashing beacons as described in the Manual on Uniform Traffic Control Devices 
(MUTCD)(9).  These sign locations varied from side-of-the-road pole mounts to overhead mast-
arm mounts. 
 

In addition to this typical response, some additional countermeasures were mentioned by 
some of the states.  Those responses included: 
 

• Wyoming and Colorado use reduced speed limit zones on the approaches to some signals 
that are near vertical curves. 

• Vermont indicated that it uses supplemental high-mounted signal heads and transverse 
(in-lane) rumble strips at some locations. 

• Nevada uses a video detection system in conjunction with its advance warning sign to 
activate the flashing beacons on the sign based on the presence of a queue. 

• California has used larger fonts on some signs on the approaches to signals near vertical 
curves based on recommendations from their Older Driver Guide.  In addition, California 
was considering the use of a dynamic message sign (DMS) on a freeway to alert exiting 
motorists when there was a queue from the ramp signal. 

 
In almost every case, the MUTCD (9) was stated as the guiding document for deciding 

when a countermeasure was needed and where it should be placed.  Most respondents indicated 
that no research study on the effectiveness of a particular countermeasure installation is 
performed.  However, several respondents referenced general studies on the impacts of signing 
that their state had conducted. 
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CHAPTER 3.  GUIDELINES FOR THE USE OF DECISION SIGHT 
DISTANCE IN INTERSECTION DESIGN 

As a motorist travels any stretch of roadway, there is a certain distance ahead of the 
motorist’s vehicle that can be clearly seen.  This distance is known as the sight distance at a 
particular location along the roadway.  The sight distance at a point is dependent upon the 
direction of travel of the vehicle.   
 

In order to safely travel a given route, a motorist must be able to see a potentially harmful 
object or situation, comprehend the required action needed to avoid a collision, and take the 
appropriate action.  The combination of these three steps results in guidelines for minimum sight 
distance required in certain situations.  These guidelines are provided in A Policy on Geometric 
Design of Highways and Streets, better known as the Green Book, published by the American 
Association of State Highway and Transportation Officials (AASHTO) (10). 

EXISTING PRACTICE AND GUIDELINES 

Stopping Sight Distance 

The most basic sight distance guideline provided is SSD.  The SSD is the distance 
required, at a given speed, for a motorist to recognize a stationary object in the roadway and 
come to a complete stop prior to striking the object.  Based on previous studies, AASHTO 
recommends using a perception-reaction time of 2.5 seconds and a deceleration rate of 11 feet 
per second squared.  In addition, a driver’s eye height of 3.5 feet and an object height of 2.0 feet 
are recommended.   Using these recommended values, the design guidelines for required SSD at 
various speeds are shown in Table 4 (10). 
 

Table 4.  Recommended Stopping Sight Distance Guidelines Provided by AASHTO (10). 

Design  
Speed (mph) 

Stopping Sight
 Distance (ft) 

15 80 
20 115 
25 155 
30 200 
35 250 
40 305 
45 360 
50 425 
55 495 
60 570 
65 645 
70 730 
75 820 
80 910 

11 



 

Decision Sight Distance 

While the provision of SSD should be sufficient in most cases for the average driver to 
comprehend a possible conflict and appropriately react, there are circumstances where additional 
sight distance is needed.  When additional distance is necessary, the guidelines for DSD should 
be used.  The TxDOT Roadway Design Manual defines DSD as follows: 
 

Decision sight distance is the distance required for a driver to detect an 
unexpected or otherwise difficult-to-perceive information source, recognize the 
source, select an appropriate speed and path, and initiate and complete the 
required maneuver safely and efficiently (10). 

 
The main difference between the DSD and SSD criteria is the complexity of the situation 

that the driver is faced with.  The added complexity requires additional perception-reaction time 
prior to applying the brakes to begin to slow the vehicle to a stop.  The existing guidance as to 
when DSD should be used rather than SSD is rather vague.  However, signalized intersections 
near crest vertical curves present a wide range of complexities that emphasize the need to 
provide DSD. Unexpected or unusual situations that a driver approaching a signalized 
intersection on the far side of a crest vertical curve may experience include: 
 

• The intersection and traffic signals are not visible; however, the back of the queue from 
the signalized intersection is reached. 

• The intersection and traffic signals are not visible, and the queue on the downgrade of the 
curve is not visible. 

• The queue on the downgrade of the curve is not visible, but signal head(s) at the 
downstream intersection is (are) visible; the queue would be especially unexpected if the 
visible signal head was green. 

 
Under normal driving conditions (i.e., in the absence of a vertical curve), objects 

downstream of the driver are visible and discernable in a sequential manner.  This allows the 
driver to comprehend and react to each object one at a time.  However, because the crest of a 
vertical curve can limit the driver’s sight distance, several objects downstream of the crest 
become visible at one time as the driver passes through the zone of decreased visibility.  Objects 
could include driveways, billboards, street lighting, roadway geometry changes (e.g., left turn 
pockets), stopped vehicles, traffic signals, etc.  Under this circumstance, the driver is required to 
process and respond to each object simultaneously.  The additional demand placed on the driver 
is translated into additional time needed before the appropriate reaction can be made. 
 

AASHTO’s Green Book (10) provides guidelines on the minimum sight distance required 
to account for the increased decision time needed for complex maneuvers and various design 
speeds.  The guidelines are provide for different types of maneuvers, but those that are applicable 
to the signal-near-vertical-curve scenario are Case A, stop on a rural road, and Case B, stop on an 
urban road.  For rural roads, an additional 0.5 seconds of reaction time is provided over the 
normal 2.5 seconds provided for SSD.  For roads in urban areas, the additional time provided 
jumps to 9 seconds.  The reason for the large jump in reaction time is presumed to be the large 
increase in the number of objects competing for the driver’s attention that exist in the urban (or 
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suburban/urban fringe) environment and that are not present in rural environments.  The Green 
Book guidelines are shown in Table 5 (10). 
 

Table 5.  Decision Sight Distance Guidelines Provided by AASHTO (10). 

Decision Sight Distance (ft) 
Avoidance Maneuver Design Speed 

(mph) A B 
30 220 490 
35 275 590 
40 330 690 
45 395 800 
50 465 910 
55 535 1030 
60 610 1150 
65 695 1275 
70 780 1410 
75 875 1545 
80 970 1685 

Avoidance Maneuver A: Stop on Rural Road – t = 3.0 s 
Avoidance Maneuver B: Stop on Urban Road – t = 9.1 s 

 
 

Due to the additional complexities that the driver is faced with as he or she approaches a 
signalized intersection near a vertical curve, it is recommended that, whenever possible, DSD be 
provided on the approach to the signalized intersection.  If DSD is not or cannot be provided, an 
advance warning device should be used to alert motorists before they enter the zone along the 
approach where DSD is not provided. 

Existing Vertical Curve Design 

The AASHTO Green Book (10) provides guidelines for the design of vertical curves on 
highways and streets.  The TxDOT Roadway Design Manual (11) follows the same guidelines as 
those presented in the Green Book.  Vertical curves are designed as simple parabolas such as the 
one shown in Figure 3.  Restrictions are placed on the minimum length of vertical curve, L, that 
can be used to connect two given grades at a given design speed.  These restrictions are based on 
ensuring that SSD is provided at all points along the curve.  Figure 4 is the chart that is used to 
determine the minimum length of vertical curve, L, that can be used for a given design speed, V, 
and algebraic difference in grade, A (11). 
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Figure 3.  Design of Typical Vertical Curve from TxDOT Roadway Design Manual (11). 
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Figure 4.  Minimum Lengths of Vertical Curves to Provide Stopping Sight Distance from 

TxDOT Roadway Design Manual (11). 
 

PROPOSED GUIDELINES FOR USING DECISION SIGHT DISTANCE IN 
INTERSECTION DESIGN 

Vertical curves that are designed based on the minimum values provided in Figure 3 are 
adequate in most situations because they ensure that SSD is provided.  However, in those 
locations where signalized intersections (or other areas of high complexity and visual noise) are 
located in close proximity to the vertical curve, there will be portions on the approach to those 
intersections where the recommended DSD is not provided. 
 

Graphically, sight distance at any point along the roadway near a vertical curve is 
represented by the length of the sight line that extends from a point at driver’s eye height 
(3.5 feet above the roadway) at the vehicle’s location, is tangent to the crest of the curve, and 
terminates at a point where it is object height (2 feet above the roadway).  Using the 
mathematical relationships shown in Figure 3, equations were developed that can determine the 
sight distance at any point on the roadway, on the tangent prior to the vertical curve, or on the 
vertical curve itself.  Using these equations, the location of the RDZ for curves designed to meet 
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the minimum lengths shown in Figure 5 (for various design speed and grade combinations) was 
determined. 
 

The RDZ represents the portion along the roadway where high concentrations of visual 
noise or complex environments, such as a signalized intersection, should not be located.  Sight 
distances along the roadway are less than that required for DSD to all points within the RDZ. In 
the course of the design process, if it is determined that a certain combination of curve length and 
grade would result in locating an intersection or potential back of queue from an intersection 
within this zone, the designer should select a different curve design if possible.  Since the RDZ is 
dependent upon the definition of DSD, the location would vary depending on whether it was a 
rural or urban application.  The RDZ graph for the rural case (Case A) is shown in Figure 5 and 
the urban case (Case B) is shown in Figure 6. 
 

In both cases the location of the RDZ is provided with respect to the location of the 
vertical point of intersection (VPI) of the vertical curve.  This point was selected because it is 
usually fixed in design based on the natural curvature properties of the land.  Negative values 
represent distances prior to the VPI as the vehicle is traveling toward the intersection.  Positive 
values are distances after the VPI as the vehicle is traveling toward the intersection.  The range 
for the RDZ is between the two lines at the particular design speed for a given algebraic 
difference in grade. 

GUIDELINES FOR USING DECISION SIGHT DISTANCE IN INTERSECTION 
OPERATIONS/SAFETY ANALYSIS 

The charts and methodology used above for roadway design could also be applied in 
operational and safety analyses of signalized intersections.  The charts can be used to identify 
those locations where an intersection or back of queue has been located within the RDZ on an 
approach to the intersection.  Those locations in which DSD is not provided to the intersection 
would be candidates for additional countermeasures (to be discussed in the next chapter) to alert 
motorists at the appropriate location of the presence of the downstream signal or back of queue. 
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Figure 5.  Reduced Decision Zone Location for Rural Roadway Applications. 
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Figure 6.  Reduced Decision Zone Location for Urban Roadway Applications. 
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CHAPTER 4.  GUIDELINES FOR THE USE OF COUNTERMEASURES 
TO REDUCE CRASHES ON APPROACHES TO SIGNALIZED 

INTERSECTIONS NEAR VERTICAL CURVES 

Signalized intersections located at or near the bottom of a crest vertical curve have the 
potential to experience higher crash rates than other similar signalized intersections. Two 
common effects that occur when signals are located near vertical curves are a reduction in the 
sight distance to the signal heads and a reduction in the sight distance to the back of the queue 
waiting at a signal.  If the traffic signal heads and/or the end of the queue are not visible due to 
the crest of the curve, drivers may not have sufficient time to react in order to avoid a crash.   
Figure 7 demonstrates these issues from the driver’s perspective.  In part a of the figure, the 
driver cannot see the signal heads for the approaching intersection.  In part b, the driver can see 
the signal heads but not the back of queue.  The waiting vehicles are illustrated in part c. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) (b) 
 

 
 
 (c)
 

Figure 7.  Reduced Sight Distance on the Approach to Signalized Intersections near 
Vertical Curves. 
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When the geometry of the roadway prevents a driver from seeing the signal heads or the 
back of the queue with enough time to appropriately react and, if necessary, stop, increased 
accidents, red-light running, or other erratic maneuvers (such as hard deceleration) may result.  
These intersections present complex situations to the driver that require more time to perceive 
and react appropriately to the situation. Thus they are candidates for the provision of DSD rather 
than SSD. 
 

Since reconstruction of the approach to provide DSD is usually not feasible, 
countermeasures can be used to communicate to the driver the situation ahead that is beyond the 
available sight distance.  The countermeasures could be passive devices that constantly display 
the same message, or they could be active devices that offer a varying message depending on the 
state of the traffic signal or presence of a queue.  This chapter provides some information on 
available countermeasures and presents some guidelines for their use at signalized intersections 
near vertical curves. 

TMUTCD STANDARDS AND GUIDANCE 

The Texas Manual on Uniform Traffic Control Devices (TMUTCD) provides some 
guidance on the use and placement of advance warning signs prior to signalized intersections (1).  
The TMUTCD states that the SIGNAL AHEAD warning sign shall be used on approaches to 
signalized intersections that are “not visible for a sufficient distance to permit the road user to 
respond to the device.”  Furthermore, the TMUTCD states that two signal heads must be visible 
for the distance listed in Table 1 in order to be considered “visible.” 
 

The TMUTCD also provides for the use of a BE PREPARED TO STOP sign in 
situations where the driver needs additional warning about stopped or queued traffic near traffic 
signals where queues occur regularly.  If this sign is used, it must be accompanied by the 
SIGNAL AHEAD sign.  Flashing beacons may be used to supplement the warning sign.  The 
TMUTCD encourages the use of the WHEN FLASHING plaque when flashing beacons that are 
connected with the traffic signal are used although it is not required. 

REVIEW OF POTENTIAL COUNTERMEASURES 

In many cases the signalized intersection will not be clearly visible at the appropriate 
DSD due to the crest of the preceding vertical curve.  In this situation another type of warning 
device should be installed at the appropriate distance to provide adequate warning time.  These 
devices could range from a simple SIGNAL AHEAD sign to an active warning sign that 
provides information on the current indication of the traffic signal. 

Symbolic SIGNAL AHEAD Warning Signs 

The use of the SIGNAL AHEAD warning sign is thoroughly covered in the TMUTCD.  
This sign may be used by itself (Figure 8a), with continuously flashing or actuated beacons 
(Figure 8b), or with actuated flashing beacons and a supplemental plaque warning motorists to 
be prepared to stop (Figure 8c).  When actuated beacons are used, these beacons should begin to 
flash just prior to the signal’s change to yellow and should remain flashing until the signal turns 
green. 
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(a)                                     (b)                                   (c) 
 

 

Figure 8.  Uses of the Symbolic SIGNAL AHEAD Warning Sign. 
 

Several studies compared drivers’ reaction to the several configurations of SIGNAL 
AHEAD signs.  The results found that the sign with the continuously flashing beacons produced 
results similar to the standard sign (without beacons).  The sign with actuated beacons was 
effective in reducing approach speeds during the red interval and reducing red-light violations; 
however, the use of these signs tended to increase approach speeds during the green interval 
when the state of the signal was clearly visible from the sign location (2, 3, 4, 5).  Since the 
SIGNAL AHEAD sign is used at many intersections, its use to distinguish a special 
circumstance, such as a signal hidden by a vertical curve, may have limited effectiveness. 

BE PREPARED TO STOP Warning Signs 

A second group of signs warns the motorist that they may have to stop ahead.  Again, 
combinations of static signs, continuously flashing beacons, and actuated beacons can be used as 
shown in Figure 9.  The BE PREPARED TO STOP signs are versatile in that they are applicable 
in warning the motorist they should be prepared for either a yellow or red signal ahead or a 
queue of stopped vehicles.  Thus, actuated flashing beacons, if used, could be connected to either 
the traffic signal or a queue detector. 
 
 

 
        (a)                                 (b)                               (c)                              (d) 

 
 

Figure 9.  Uses of the BE PREPARED TO STOP Family of Signs. 
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WATCH FOR STOPPED VEHICLES Warning Signs  

When the traffic signal heads are visible for an adequate distance but the back of the 
queue is hidden by the vertical curve, the use of the WATCH FOR STOPPED VEHICLES sign 
could be considered.  This sign could be used with or without continuously flashing or actuated 
beacons.  If actuated beacons are used, they should be connected to a queue detector and not to 
the active signal phase.  This is to allow for the fact that stopped vehicles may remain for some 
time after a signal has turned green.  Examples of this sign are shown in Figure 10.  It should be 
noted, however, that the WATCH FOR STOPPED VEHICLES sign is not explicitly contained 
within either the state TMUTCD (1) or the national MUTCD (9). 
 
 

     (a)                                          (b)                                        (c) 
 

 

Figure 10.  Uses of the WATCH FOR STOPPED VEHICLES Sign. 
 

Additional Countermeasures 

Several additional countermeasures have been used or could be applied in situations 
where a signalized intersection is located near a vertical curve. 

HILL BLOCKS VIEW Sign 
The HILL BLOCKS VIEW sign has been shown to be understood by most drivers.  This 

sign is intended to replace the more vague LIMITED SIGHT DISTANCE sign and the 
undesirable HIDDEN INTERSECTION and DANGEROUS INTERSECTION signs.  A 
symbolic version of this sign is used in Canada. 

RED SIGNAL AHEAD Sign 
The RED SIGNAL AHEAD sign is an actuated warning sign that is connected to the 

traffic signal.  This sign displays the word “RED” in red letters only when the signal ahead is red 
(or will be red when the vehicle reaches the intersection).  When the signal ahead is green, the 
sign simply reads SIGNAL AHEAD. 
 

22 



 

Variable Message Sign 
An overhead or side-mounted variable message sign may be used on the approach to the 

signal to display a variety of messages to the driver.  This sign could be connected to a queue 
detector and/or a traffic signal.  This device is usually more expensive than other similar devices 
(i.e., signs with flashing beacons). 

Rumble Strips 
In-lane rumble strips may be used in conjunction with an advance warning sign to alert 

the driver to a situation that requires special attention.  Studies have found that the installation of 
rumble strips should be limited to only a few locations in order to maximize their effectiveness.  
Furthermore, rumble strips should be considered a secondary warning device after another type 
of warning device has been implemented on an approach. 

Supplemental High-Mounted Signal Head 
In situations where the sight distance to the signal heads themselves is limited, a 

supplemental, high-mounted signal head could be used to increase the available sight distance.  
This countermeasure is most effective in situations where the back of the queue is visible but the 
signal heads themselves are not. 

RECOMMENDED GUIDELINES FOR THE USE OF COUNTERMEASURES 

Countermeasures should be considered at signalized intersections near vertical curves 
when the intersection or back of queue is located within the RDZ (as defined previously) on the 
approach.  In addition, when a crash study at the signalized intersection reveals that there is an 
above average number of rear-end or right-angle collisions involving vehicles from the approach 
with the vertical curve, a countermeasure should be considered.  Countermeasures have also 
been shown to be useful in reducing the number of red-light violations on the approach. 
 

Due to its versatility in application and its thorough definition in the TMUTCD, the BE 
PREPARED TO STOP sign is recommended as the countermeasure that should be considered in 
the above defined situations.  Continuous flashers can accompany the BE PREPARED TO STOP 
sign as attention-getting devices.  Active flashers can be used where a queue detection system is 
in operation.  In such a system the flashers would only be deactivated when the signal is green 
and the queue on the approach has cleared.  Active flashers may also be used when the flashers 
are connected to the signal (i.e., flashing when the signal is yellow or red for the approach); 
however, due to uncertainty about the presence of a queue, active operation is suggested over 
continuous flashing only when a queue detection system is in place. 
 

The BE PREPARED TO STOP sign should be used in conjunction with the SIGNAL 
AHEAD sign as described in the TMUTCD.  The SIGNAL AHEAD sign should be located on 
the approach following the guidelines for placement that are available in the TMUTCD (Table 
1).  The additional countermeasure, the BE PREPARED TO STOP sign, should be located such 
that it is legible at the beginning of the RDZ on the approach.  Since the RDZ is dependent upon 
the geometry of the vertical curve, it is once again useful to refer to charts to determine the sign 
placement location.  The chart shown in Figure 11 should be used to locate signs on rural 
roadways.  The chart in Figure 12 should be used in urban locations.  In both cases, the figure 
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identifies the beginning of the RDZ.  Since standard signs are visible at 175 feet (1), the actual 
sign location will be 175 feet closer to the VPI than Figure 11 or Figure 12 indicate. 
 

 
 

Figure 11.  Countermeasure Placement Location for Rural Roadway Applications. 
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Figure 12.  Countermeasure Placement Location for Urban Roadway Applications. 
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CHAPTER 5.  CANDIDATE LOCATIONS WHERE CRASHES DUE TO 
VERTICAL ALIGNMENT ARE LIKELY 

TXDOT SURVEY AND STUDY SITE SELECTION 

An initial list of field sites (see Table 3) based on responses to a survey mailed to each of 
the 25 TxDOT districts was found too limiting to allow for the variety of experiments anticipated 
in the testing of advance warning devices along vertical curves upstream of signalized 
intersections.  Some of the sites suggested in the survey of TxDOT district personnel around the 
state already included some form of treatment, including a unique application of a dynamic 
message sign along a vertical curve approaching a signalized intersection in Marshall, Texas (see 
Figure 13).  Active speed monitoring with speed display is also used at this location to inform 
motorists about their driving activity along the approach to the signal.  Utilizing the DMS, a “Be 
Prepared to STOP” message is displayed when the downstream signal (located in a sag vertical 
curve upstream of the DMS location) is yellow, and a “Stop Ahead Signal is RED” message is 
displayed when the downstream signal is red.  However, due to implementation cost concerns, 
this warning method was not included for further study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 13.  Dynamic Message Sign as Advance Warning of a Signalized Intersection near a 
Vertical Curve. 
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To augment the number of potential study sites, a statewide search was undertaken using 
the information contained in crash database records maintained by the Texas Department of 
Public Safety (DPS).  Intersections with crashes were identified, and those locations where the 
intersection was located close to a vertical curve were marked for potential inclusion in the 
research project.  Staff from TTI offices in San Antonio, Austin, College Station, Arlington, 
Dallas and Houston then reviewed the intersections identified as being close to vertical curves to 
determine whether or not the vertical curve was proximate to the signalized intersection.  A final 
selection of study sites was made based on these site reviews, with the final sites highlighted in 
Table 6.  For all sites, sight distance to both the intersecting roadways and the signal head in the 
indicated direction of travel were estimated to the nearest hundred feet in the field using line of 
sight and a measuring wheel. 

CRASH STATISTICS 

Crash statistics from the DPS database were examined for each site in Table 6.  In the 
case of some sites, the exact cross-street location could not be consistently matched with 
information in the crash database.  In these instances, the crash totals were left blank rather than 
estimating a total number of crashes on insufficient reference data.  Subsets of the sites found in 
Table 6 were created based on whether or not the site provided DSD and, if DSD was not 
provided, if the site was located in a rural or urban setting. 
 

Crash data were also obtained for a number of signalized intersections in the Austin, 
Texas area that were not located close to vertical curves but were sites where the overall level of 
traffic (i.e., the average daily traffic volume) was in a range similar to the potential field study 
sites.  These data were meant to serve as control data.  Crash data totaled from the control sites 
were compared with data from the potential study sites to determine if the presence of the 
vertical curve upstream of a signalized intersection created a disproportionate number of crashes 
along that approach. 
 

The result of the comparison between the control sites and the study sites is shown in 
Figure 14.  It is immediately clear from the figure that the control sites are not clearly associated 
with a lower crash rate and that locations without DSD are not necessarily indicative of increased 
crashes. In an attempt to resolve the issue of the relationship between sight distance and crash 
rate, Figure 15 was created to more directly establish their correlation.  This figure only includes 
data from the potential study sites – those sites where a vertical curve exists in close proximity to 
the signalized intersection.  Again, results appear inconsistent in that lower intersection sight 
distance does not appear to indicate higher crashes or crash potential. 
 

Based on both analyses, the conclusion was made that no definitive relationship exists 
between sight distance and crash rate.  Accordingly, the number of crashes and the crash rate 
were not a definitive factor in the selection of final study sites from the overall list of potential 
study sites. 
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Table 6.  Potential Field Study Sites. 
Site  District Speed Sight

Distance to 
Intersection 

(ft) 

 Sight 
Distance to 

Signal 
Head (ft) 

AASHTO 
Stopping 

Sight 
Distance (ft)

AASHTO 
Decision 

Sight 
Distance (ft) 

(Rural) 

AASHTO 
Decision 

Sight 
Distance (ft)

(Urban) 

Advance 
Warning 

Sign 
Location  

(ft) 

Crashes 
(1997-
2000) 

NB Loop 360 @ Barton Creek Mall Austin 60 400 900 598 610 1150 None 153 
NB Loop 360 @ Walsh-Tarlton Austin 60 400 1853*/900 598 610 1150 None 153 
SB FM 1957 @ Ellison Dr San Antonio 45 500 1100 378 395 800 1142 ** 
WB FM 969 @ Springdale Austin 50 500 800 446 465 910 None 50 
WB RM 620 @ Comanche Trail Austin 60 500 1700*/1000 598 610 1150 1546 39 
EB FM 1825 @ Heatherwilde Austin 50 500 2000 446 465 910 None 43 
NB FM 1220 @ Cromwell Marine Creek Ft. Worth 50 500 2000 446 465 910 None 43 
NB FM 1220 @ Lake Country Dr Ft. Worth 45 500 1900 378 395 800 None 43 
EB SH 64 @ Hwy 124 Atlanta 55 500 1000 520 535 1030 1118 ** 
NB US 281 @ US 290 Austin 45 600 1000 378 395 800 800-900 ** 
SB Loop 360 @ Westbank Austin 60 800 1200 598 610 1150 965 114 
EB SH 29 @ FM 1869 Austin 55 800 2000 520 535 1030 1714 ** 
SB US 183 @ Hwy 580 Austin 45 800 1400 378 395 800 1170 3 
EB US 290 @ Johnny Morris/Giles Austin 60 900 1600 598 610 1150 1484 121 
EB US 290 @ Old Kimbro Rd Austin 60 900 1600*/1400 598 610 1150 1744 ** 
SB Loop 360 @ Loop 1 WSR Austin 55 900 1100 520 535 1030 None 153 
EB US 190 @ FM 116 Austin 45 900 1300 378 395 800 2050 54 
SB US 69 @ Hwy 346 Tyler 65 1100 1600 598/682 695 1275 1420 6 
SB Loop 360 @ Barton Creek Mall Austin 60 1200 1600 598 610 1150 None 153 
NB Loop 360 @ Westlake Austin 55 1300 2000*/1700 520 535 1030 873 ** 
WB FM 1171 @ Brittlewood Dallas ** 1500 1600 ** ** ** 1175 ** 
NB Loop 360 @ Lost Creek Austin 60 1700 2000 598 610 1150 1784 30 
WB FM 1431 @ CR 185 Austin 60 1700 2000 598 610 1150 None 14 
WB FM 1431 @ Vista Hills Blvd Austin 65 1800 2000 682 695 1275 1583 14 
NB US 281 @ Bulverde Rd San Antonio 60 1900 2300 598 610 1150 870 ** 
SB SH 121 @ Custer Dallas ** 2000 2100 ** ** ** 1500 ** 
SB Loop 360 @ Lakewood Austin 55 2100 2600 520 535 1030 800 124 
NB SH 121 @ Custer Dallas ** 2200 3200 ** ** ** 300-400 ** 
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*  These sites have two signal head sight distances; the greater value is the sight distance to an auxiliary signal head at the site. 
**  Data not available at the time of initial site review 
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Figure 14.  Crash Rate Comparison for Sites with and without Decision Sight Distance. 
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Figure 15.  Crash Rate versus Sight Distance for Study Sites. 
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SELECTED FIELD STUDY SITES 

Ultimately, three final study sites were selected based on contact with staff from the 
appropriate TxDOT district and consideration of intersection sight distance and (to some extent) 
crash data.  Two sites – NB Loop 360 at Walsh-Tarlton and WB RM 620 at Comanche Trail – 
are located in the Austin District, and one site – NB US 281 at Bulverde Road – is located in the 
San Antonio District.  At each of these three sites, detailed sight distance and vertical profile data 
were collected using plan and profile sheets obtained from TxDOT.  Details were verified during 
the field data collection process. 

NB Loop 360 at Walsh-Tarlton 

Loop 360 is a circumferential major arterial divided highway around western Austin, 
Texas.  The signalized intersection of Loop 360 and Walsh-Tarlton is in southwestern Austin and 
is close to Barton Creek Mall, a large retail center in southern Austin.  Average daily traffic 
(ADT) on Loop 360 is approximately 44,000 vehicles per day according to 2001 data from 
TxDOT.  Conditions along the northbound approach of Loop 360 to Walsh-Tarlton are shown in 
Figure 16.  As can be seen in the successive images, sight distance to the signal heads, vehicles 
in queue at the signal, and the intersection itself is limited because the intersection is located in a 
small valley. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 16.  Northbound Loop 360 at Walsh-Tarlton. 
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WB RM 620 at Comanche Trail 

Like Loop 360, RM 620 is a circumferential route around western Austin, Texas.  
However, RM 620 is further away from downtown Austin and passes through more rural settings 
than Loop 360.  The intersection of RM 620 and Comanche Trail is located north and to the west 
of Austin and is located near a developing junction known as Four Points (i.e., the junction 
between RM 620 and FM 2222).  ADT on RM 620 near this intersection is approximately 27,000 
vehicles per day accordingly to 2001 data from TxDOT.  Figure 17 contains photographs along 
the westbound RM 620 approach to Comanche Trail as a vehicle approaches the intersection. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 17.  Westbound RM 620 at Comanche Trail. 

NB US 281 at Bulverde Road 

US 281 is a radial major arterial in north central San Antonio, Texas.  Inside of San 
Antonio’s outer loop (Loop 1604), US 281 is a freeway with frontage roads.  Outside of Loop 
1604, US 281 is a divided highway that eventually turns into a two-lane undivided highway 
further away from San Antonio.  Near its junction with Bulverde Road, US 281 carries 
approximately 30,000 vehicles per day according to 2001 volumes from TxDOT.  While this site 
has substantial sight distance to the intersection and signal heads (see Figure 18), queuing in the 
northbound direction often backs into the RDZ; many instances of hard deceleration were 
observed in the field. 
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Figure 18.  Northbound US 281 at Bulverde Road. 
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CHAPTER 6.  STUDY DESIGN FOR COUNTERMEASURE 
EVALUATION 

COUNTERMEASURE STUDY DESIGN 

A field study data collection plan was developed to test three different types of 
countermeasures for vertical curvature in advance of signalized intersections.  The first tested 
countermeasure included dual (i.e., either side of the directional roadway on a divided highway) 
symbolic SIGNAL AHEAD signs (see Site 1 details in Figure 19).  As with the other 
countermeasure deployments, the signs were located at the beginning of the RDZ at a location 
where the driver was able to perceive the sign’s message just as his or her vehicle entered the 
RDZ.  Further detail about the site and signing location can be found in the appendix. 
 

 
Figure 19.  Study Sites and Deployed Countermeasures. 

 
The second countermeasure to be tested was the deployment of a BE PREPARED TO 

STOP sign upstream of an existing advance warning symbolic SIGNAL AHEAD sign (see Site 2 
details in Figure 19).  In the case of the site selected for this treatment, the symbolic SIGNAL 
AHEAD sign was already located at the appropriate location based on the definition of the RDZ, 
wherein motorists do not have DSD along the entire approach to the signal.  Thus, an 
intermediate signing location was found based on TMUTCD criteria and the symbolic sign was 
relocated to this position.  The BE PREPARED TO STOP sign was then located at the beginning 
of the RDZ using the post and foundation originally used for the symbolic sign.  Field details of 
this site, including the location of the RDZ based on the criteria developed in this research, can 
be found in the appendix. 
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The final countermeasure was the addition of dual (i.e., either side of the directional 
roadway on a divided highway) BE PREPARED TO STOP signs with active flashers (see Site 3 
details in Figure 19).  In this case, the solar-powered flashers were activated when the 
downstream signal displayed either a yellow or red indication for the study approach.  Radio 
communication devices were used to enable the control of the active flashers.  Because the 
flashers were solar powered and communication was established using radios located in the 
signal controller cabinet and in the small flasher control cabinet mounted on the sign pole 
installed for the new signs, the countermeasure required no cable plant installation for either 
power or communications.  Again, site details can be found in the appendix. 

Data Collection Techniques 

Both the researchers and the TxDOT Project Monitoring Committee members felt that it 
was essential that the methods used for site data collection not be overly evident to drivers along 
the approaches to signalized intersections.  Common techniques such as the placement of “road 
tube” sensors or the use of video equipment would locate devices (and, possibly, data collection 
staff) that were easily visible to drivers in direct proximity to the countermeasures being studied.  
Accordingly, researchers used Nu-metrics® HI-STAR® data collectors (see Figure 20) to obtain 
count and speed information at evenly-spaced stations along the study approach to each of the 
three signalized intersections being investigated. 
 

 
Figure 20.  HI-STAR Data Collector (Credit Card as Size Reference). 

 
The HI-STAR devices were able to collect the necessary volume and speed data at each 

station and were located within a lane of traffic using an adhesive tape that secured and protected 
the device but did not contrast heavily with the roadway pavement (see Figure 21).  These 
devices were used during both the “before” and “after” (i.e., after countermeasures were 
deployed) studies and were located at the same station for both studies.  Thus, any differences in 
driver speed between the before and after studies as motorists approach the vertical curve and the 
signalized intersection were due to the countermeasure being deployed. 
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Figure 21.  HI-STAR Deployed in a Traffic Lane. 

 

“BEFORE” FIELD DATA COLLECTION 

At each of the three field study sites, the HI-STAR counters were used to collect speed 
data at various locations along the study approach to the downstream signalized intersection.  
Evenly spaced stations were measured with respect to the location of the advance warning 
signing installed for the research.  Accordingly, at each study site HI-STAR counters (set to 
measure and record the speed of each vehicle) were located 400 feet upstream of the (new) sign 
location, 200 feet upstream of the sign location, at the sign location, 200 feet downstream of the 
sign, and 400 feet downstream of the sign.  Since a sixth HI-STAR was available, this counter 
was located at a position 100 feet downstream of the sign (i.e., between the “zero” point at the 
sign and the counter 200 feet downstream of the sign).  Specific findings from the before data 
collection at each of the three study sites can be found in the following three sections. 

Site 1:  NB Loop 360 at Walsh-Tarlton 

After examining speed data collected at the first site on the northbound approach to Loop 
360, researchers made the decision to remove the “noise” within the speed data by truncating 
data points with a speed less than 25 miles per hour from the speed limit.  Arguably, these data 
points represented either driveway traffic close to the data collection station, partially disabled 
vehicles, or vehicles slowing to access the shoulder for unknown reasons and were not 
progressing down the roadway at the anticipated speed for prevailing operating conditions.  
Figure 22 shows an entire station’s data set of observed speeds, including the “noise” found at 
lower speeds.  Figure 23 displays both the entire data set collected at the first station of Site 1 
and the data set after the low-speed “noise” was removed from the data set.  It is clear that the 
speed distribution is normal; the low-speed points are non-representative of the overall 
population and were removed to ensure the validity of the later statistical tests between the 
before and after conditions. 
 

37 



 

 
Figure 22.  Observation Number versus Observed Speed – Site 1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 23.  Speed Data for NB Loop 360 at Walsh-Tarlton. 
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Figure 24 and Table 7 contain the before data observed along northbound Loop 360 approaching 
the signalized intersection with Walsh-Tarlton.  As shown in the figure, the roadway approach in 
this direction includes a sag vertical curve.  The location of the sign tested at this site is shown in 
the figure for reference.  At each data collection station, the vertical curved line represents the 
actual speed distribution observed as a histogram.  The bottom horizontal curved line represents 
the roadway profile, and the upper curved line that connects the histograms represents an average 
speed profile along the approach.  Actual average speeds and standard deviations at each station 
are provided in the table. 
 
 

 
 

Figure 24.  “Before” Speed Data for NB Loop 360 at Walsh–Tarlton. 
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Table 7.  Average “Before” Speed Data for NB Loop 360 at Walsh-Tarlton. 

Data Station 
(w/r/t study sign) 

Speed 
(mph) 

Standard Deviation 
(mph) 

400 ft upstream 44.77 5.29 
200 ft upstream 50.82 7.43 
0 ft (at sign location) 53.19 7.19 
100 ft downstream - - 
200 ft downstream 50.37 6.50 
400 ft downstream 46.81 5.72 
 

Site 2:  WB RM 620 at Comanche Trail 

Before statistics for westbound RM 620 approaching Comanche Trail are shown in Figure 25 
and Table 8.  The figure contains an average speed profile, and the table contains actual average 
speeds and standard deviations at each data station. 

 
Figure 25.  “Before” Speed Data for WB RM 620 at Comanche Trail. 
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Table 8.  Average “Before” Speed Data  for WB RM 620 at Comanche Trail. 

Data Station 
(w/r/t study sign) 

Speed 
(mph) 

Standard Deviation 
(mph) 

400 ft upstream 54.26 5.64 
200 ft upstream 59.40 6.60 
0 ft (at sign location) 63.16 6.10 
100 ft downstream 61.26 6.27 
200 ft downstream 57.35 5.89 
400 ft downstream 56.61 6.18 
 

Site 3:  NB US 281 at Bulverde Road 

Similar to the other two sites, the average speed profile for Site 3 can be found in Figure 26, and 
the average speed data and standard deviations for each station are located in Table 9. 

 
Figure 26.  “Before” Speed Data for NB US 281 at Bulverde Road. 
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Table 9.  Average “Before” Speed Data for NB US 281 at Bulverde Road. 

Data Station 
(w/r/t study sign) 

Speed 
(mph) 

Standard Deviation 
(mph) 

400 ft upstream 55.30 5.92 
200 ft upstream 61.59 7.20 
0 ft (at sign location) 62.83 7.18 
100 ft downstream 61.25 6.62 
200 ft downstream 57.99 6.47 
400 ft downstream 57.13 6.90 

“AFTER” FIELD DATA COLLECTION 

Data collection at each site for the after study consisted of placing the counter devices at 
the exact locations used in the before study and repeating the data collection effort.  Both a 
photograph of the installed signs and the speed data collected at each after site are provided in 
the following three sections. 

Site 1:  NB Loop 360 at Walsh-Tarlton 

Figure 27 contains a photograph of the northbound Loop 360 at Walsh-Tarlton study site with 
the advance warning signs installed.  In this case, the signs are installed approximately 1400 feet 
upstream of the signalized intersection.  It is clear from the figure that vehicles stopped at the 
signal are located in a reduced decision zone; these vehicles cannot be seen by the approaching 
motorist even though the signal heads can be seen from the location where the photograph was 
taken.  Data from each of the data collection stations for this site can be found in Figure 28, and 
average speeds and standard deviations for each station can be found in Table 10. 
 

 
Figure 27.  Study Signing (Dual Symbolic SIGNAL AHEAD Signs) Installed at Site 1. 
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Figure 28.  “After” Speed Data for NB Loop 360 at Walsh-Tarlton. 

 
 

Table 10.  Average “After” Speed Data for NB Loop 360 at Walsh-Tarlton. 

Data Station 
(w/r/t study sign) 

Speed 
(mph) 

Standard Deviation 
(mph) 

400 ft upstream 44.85 5.55 
200 ft upstream 50.56 7.48 
0 ft (at sign location) 53.78 7.55 
100 ft downstream  -   -  
200 ft downstream 49.25 6.56 
400 ft downstream 47.89 6.38 
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Site 2:  WB RM 620 at Comanche Trail 

Figure 29 depicts conditions along westbound RM 620 approaching the signalized intersection at 
Comanche Trail.  The BE PREPARED TO STOP advance warning sign has been installed on an 
existing pole that only served as the mounting for a SIGNAL AHEAD sign.  This location is 
approximately 1550 feet upstream of the signal and is between the points defining the urban and 
rural beginning of the RDZ – the location where a motorist is along this approach when they 
cannot see a 2-foot high object on the other side of the vertical curve.  The SIGNAL AHEAD 
sign was relocated to a point 550 fee upstream of the signal.  Figure 30 displays the speed profile 
for this site, and Table 11 contains the average speeds and standard deviations of those speeds at 
the data collection stations bracketing the installed BE PREPARED TO STOP sign. 
 

 
Figure 29.  Study Signing (BE PREPARED TO STOP) Installed at Site 2. 
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Figure 30.  “After” Speed Data for WB RM 620 at Comanche Trail. 

 

Table 11.  Average “After” Speed Data  for WB RM 620 at Comanche Trail. 

Data Station 
(w/r/t study sign) 

Speed 
(mph) 

Standard Deviation 
(mph) 

400 ft upstream 53.69 5.73 
200 ft upstream 59.37 5.69 
0 ft (at sign location) 63.50 5.89 
100 ft downstream 61.39 5.93 
200 ft downstream 57.86 6.11 
400 ft downstream 55.99 6.08 
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Site 3:  NB US 281 at Bulverde Road 

Due to a lack of emergency maintenance funding, the TxDOT San Antonio District was 
not able to install the signing for the NB US 281 at Bulverde Road site.  This installation would 
have included dual (either side of the divided highway) BE PREPARED TO STOP signs with 
active flashers at a location sufficiently upstream of the signalized intersection and vertical curve 
where drivers would be reaching a point where their vision of a 2-foot object was obscured by 
the vertical curve (i.e., the beginning of the RDZ).  The signing and flasher equipment intended 
for installation at this site included high-strength foundations, pole bases, and poles; 36-inch 
signs; dual (upper and lower) flashers; control cabinets and flasher controllers; solar-power 
assemblies with batteries (which were to be housed in the cabinet); and a radio communications 
system that could communicate between the flasher controllers and the traffic signal’s controller 
unit.  The system was to be designed and programmed such that the flashers were only 
operational – or active – from just before the end of green for the northbound through phase until 
the end of red for that phase. 
 

Though this system was not installed in time to be included in this research investigation, 
all of the equipment necessary was purchased using project funds and made available to the 
Traffic Operations section of the TxDOT San Antonio District.  It is anticipated that the sign will 
be installed in the near future, at which time researchers will perform the after study for this site.  
Though those results will not be included in this research effort, they will be included in 
publication of results for a national audience (e.g., the Transportation Research Board). 
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CHAPTER 7.  RESULTS OF THE COUNTERMEASURE EVALUATION 

 Several statistical tests were used to compare the before and after data for each site.  As 
the data collection stations at each site were independent – that is, represent different locations 
along the roadway where data were collected – it was necessary to compare individual stations’ 
before and after data.  However, applying standard hypothesis testing using the normally 
distributed data at each station could be considered not sufficiently stringent from a statistical 
point of view.  Accordingly, a method known as the Bonferroni Correction was applied to limit 
the number of spurious positives.  That is, the alpha value (error tolerance) for each station’s 
before and after comparison was lowered because multiple comparisons were simultaneously 
being made (for all stations at each site). 
 

For this project, the correction was applied by simply dividing the acceptable error of 
0.05 for a two-tailed test comparing the before and after average speeds by the number of data 
collection stations.  For Site 1, which had five data collection stations, this meant that an 
acceptable error of 0.01 for a two-tailed test was used for each station. 
 
 Because platoons of vehicles tend to form along roadways with traffic signals, there was 
some concern among researchers that the field data were overly influenced by the behavior of 
following vehicles.  In this case, the behavior of concern occurs when the driver of the lead 
vehicle in a group, or platoon, is the first to view a downstream situation, which would cause the 
driver to remove his or her foot from the accelerator or begin braking.  The vehicles behind the 
lead vehicle would tend to do the same thing in order to avoid colliding with the lead vehicle and 
to avoid the potential downstream hazard.  However, the behavior of the following vehicles in 
this situation is not independent and based on driver perception of the roadway environment 
alone; it is influenced by the actions of the lead vehicle.  Accordingly, a subset of vehicles was 
pulled from the before and after data sets consisting of only those vehicles with a following 
headway (time separation) of greater than 5 seconds between their vehicle and the vehicle in 
front of them.  Though based solely on engineering judgment, the 5 second value was judged a 
time horizon that, for most situations, would provide adequate physical separation between 
vehicles to allow for the following vehicle’s driver to independently observe and respond to 
downstream situations. 
 
 Before and after results from northbound Loop 360 at Walsh-Tarlton (Site 1) are shown 
along the roadway profile in Figure 31 and details of the statistical test at each station is shown 
for both the overall data set and the subset of vehicles with headways greater than 5 seconds in 
Table 12.  Similar data from Site 2 for westbound RM 620 approaching Comanche Trail are 
shown in Figure 32 and Table 13, respectively. 
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Figure 31.  Before-and-After Speed Comparison at Site 1. 

 

Table 12.  Statistical Comparison of Before-and-After Speeds at Site 1. 

Data Station 

Feet Upstream Feet Downstream 

 400 200 0 100 200 400 

Individual Significance No Yes Yes No Data Yes Yes 

Sitewise Significance No No Yes  Yes No 

Mean Difference -0.07492 0.26136 -0.59498  1.12157 -1.08718 
Full Data Set 

P-Value 0.328 0.00762 2.46E-08  1.51E-28 0.00588 
Individual Significance No No No No Data Yes No 

Sitewise Significance No No No  Yes No 

Mean Difference -0.28795 0.26934 -0.16922  0.51184 -2.00819 

Data Subset     
Headway  
> 5 sec 

P-Value 0.05497 0.16621 0.36716  0.00381 0.02809 
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Figure 32.  Before-and-After Speed Comparison at Site 2. 

 

Table 13.  Statistical Comparison of Before-and-After Speeds at Site 2. 

Data Station 

Feet Upstream  Feet Downstream 

 400 200 0 100 200 400 

Individual Significance Yes No Yes No Yes Yes 

Sitewise Significance Yes No Yes No Yes Yes 

Mean Difference 0.56582 0.03373 -0.34658 -0.12846 -0.50922 0.62306 
Full Data Set 

P-Value 1.20E-10 0.82746 1.97E-04 0.17519 5.34E-08 8.72E-11 

Individual Significance Yes No Yes No Yes No 

Sitewise Significance Yes No No No No No 

Mean Difference 0.62021 -0.20495 -0.42928 -0.07885 -0.44181 0.28433 

Data Subset     
Headway  
> 5 sec 

P-Value 2.82E-04 0.47986 0.02416 0.651 0.01074 0.09806 
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Figure 31 and Figure 32 can be used to get a general understanding of driver behavior 
and response to the installed signing.  In Figure 31, motorists approaching the vertical curve and 
signal are traveling from the right side (of the page) to the left, and motorist speeds for the 
before-and-after conditions appear very similar approaching the tested sign installation.  After 
the sign, speeds decrease up to a point 400 feet after the sign, where the after speed appears 
higher than the before speed.  In Figure 32, motorists are traveling from the left to the right, and 
after speeds appear slightly lower before the sign, slightly higher immediately after the sign, and 
lower again 400 feet downstream of the new sign. 
 

Table 12 and Table 13 contain the statistical test results for all of the data collection 
stations at each site.  In each table, the individual significance results indicate whether the 
measured difference between before-and-after speeds is significant using an alpha of 0.05 and a 
two-tailed test.  The sitewise significance results indicate whether the difference between before-
and-after speeds is significant using the Bonferroni Correction, wherein the overall alpha of 0.05 
is divided evenly across each of the data collection stations.  Where the mean difference between 
before-and-after speeds is positive, the after speeds are lower than the before speeds.  In both 
Table 12 and Table 13 the results of the analysis of the subset of before-and-after data with 
headways of greater than 5 seconds is shown at the bottom of the table. 
 

While there are some data collection stations that exhibit a speed increase in the after 
study and some stations that exhibit a speed decrease, the only data stations that show a 
significant difference in speed for all tests of statistical significance are the stations 200 feet 
downstream of the new sign at Site 1 (Loop 360 at Walsh-Tarlton) and the station 400 feet 
upstream of the new sign at Site 2 (RM 620 at Comanche Trail).  In both cases, the tests showed 
a speed decrease after the new sign was installed.  One possible reason for the difference in the 
location of the speed reduction with respect to the sign installation is that Site 1 was a completely 
new installation (of SIGNAL AHEAD signing), while the Site 2 installation actually involved 
the substitution of a BE PREPARED TO STOP sign for a previous SIGNAL AHEAD symbolic 
sign (which was relocated approximately 1000 feet further downstream). 
 

It was the expectation of researchers that the new signing would result in increased driver 
attention approaching and downstream of the new signing.  In this project, speed measurement 
was used as a proxy measure of driver response to the signing message that a signal and/or 
stopped vehicles were ahead but perhaps not immediately visible to the driver.  While speed 
reduction may be one driver response in these situations, an equally possible driver response is 
simply improved vigilance on the approach to the signal.  Since drivers were not surveyed for 
their response to the new signing installation, it is unknown whether and to what extent their 
attention was captured by the new signs.  While the project team opted for speed measurement as 
the desired data collection method for this project so as to monitor behavior without having the 
data collection be observed by motorists, it is suggested that future signing studies of this type 
include a survey of driver recognition and response to the signing at a location safely 
downstream of the new/tested signing. 
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CHAPTER 8.  CONCLUSIONS AND RECOMMENDATIONS 

The literature review and investigation for this research identified a shortcoming in past 
research regarding using driver line of sight and objects within the driver’s view as a means of 
identifying areas along a signalized intersection approach where vertical curves limit the 
information-gathering process.  Whereas standards and guidelines provide visibility requirements 
for the signal heads of traffic signals and recommend advance warning signing where the 
minimum visibility distance is not available, there has been little or no investigation into 
locations along the approach to a signal where the driver has limited information about the signal 
or the queue waiting at the signal due to sight line interference from a vertical curve. 
 

Researchers participating in this effort mathematically derived equations which defined a 
“reduced decision zone” along the approach to a signal (or intersection) that includes a vertical 
curve.  Within this zone, stopping sight distance is provided as per roadway geometric design 
standards, but any extra decision-making time that would otherwise be provided by decision 
sight distance is not.  Graphs referenced to the vertical point of intersection of the vertical curve 
were developed from these equations to identify the segments of roadway along the signalized 
intersection approach where a (standard) 2-foot object would not be visible (using decision sight 
distance criteria) to motorists on the roadway approaching the signal.  It is recommended that 
these graphs be used during the design process to identify potential locations where reduced 
decision zones exist and thereby avoid the location of intersections within these zones either by 
relocating the intersection or changing the grades to reduce the size of the reduced decision zone.   
 

Additional graphs were developed to identify where a motorist would be located along 
the intersection approach when they reach a point along the roadway where they could not see a 
2-foot object within the reduced decision zone.  The distances indicated in these graphs (less a 
sign visibility distance of 175 feet) are the recommended locations for advance warning signing, 
especially BE PREPARED TO STOP signing used in conjunction with symbolic or text 
SIGNAL AHEAD signing. 
 

Crash data from multiple locations around Texas where signals are located downstream 
of vertical curves were examined to identify a possible relationship between limited decision 
sight distance near signals and increased crashes.  Comparisons of crashes at signalized locations 
with limited decision sight distance and crashes without vertical curves (i.e., where decision sight 
distance was provided) revealed no statistically significant difference.  In other words, there was 
no evidence from the crash study to indicate that not providing decision sight distance 
contributed to or increased the likelihood of crashes.  Researchers suggest that this result 
occurred because existing roadway design standards ensure that stopping sight distance is always 
provided and existing signing standards require that a minimum signal head visibility distance 
either be provided or advance warning signing must be installed.  In other words, existing 
standards appear adequate in most situations.  However, the crash analysis results should not 
overshadow the presence of the reduced decision zone identified in this research or preclude the 
vigilance of the traffic engineer in addressing concerns about queues from signals not being 
visible to approaching motorists. 
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 A final recommendation is provided with respect to the use of active flashers with BE 
PREPARED TO STOP or text or symbolic SIGNAL AHEAD signing.  Whereas common 
practice is to activate the flashers a few seconds before the end of green and continue flashing 
operation until the end of red for the through phase on the subject approach, there is no 
sensitivity in this practice to the presence of the queue.  A standing queue may remain on the 
approach for 20 seconds or more after the signal has turned green, especially where volumes are 
high and queues are longer.  If the active flashers deactivate before the end of the queue begins 
moving and accelerates to speed, approaching motorists would be given the impression (because 
the flashers became inactive) that the downstream signal is green and the roadway is clear, and 
they may not be as vigilant in anticipating a queue of vehicles ahead.  For this reason, it is 
recommended that in locations where the queue from the signal extends into a reduced decision 
zone, active flashers only be used if they are tied not only to the signal but also to a queue 
detection system.  An alternative and less expensive mode of operation for this situation is 
simply to operate the flashers in a continuously flashing mode. 
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APPENDIX 

 
 
 
 
 
 
 
 
 
 
 
 
 

Site 1 Details – NB Loop 360 at Walsh-Tarlton 
(Austin District) 

 
Site 2 Details – WB RM 620 at Comanche Trail 

(Austin District) 
 

Site 3 Details – NB US 281 at Bulverde Road 
(San Antonio District
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Site 1 Details (Plan and Profile)  
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Site 2 Details (Plan and Profile) 
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Site 3 Details (Plan and Profile) 
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