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Abstract 17 

Road safety is a major public health concern in our society. Effective road design and accurate 18 

safety analyses must be a component of programs focused on reducing and eliminating roadway 19 

injuries and deaths. Various methodologies exist to determine the expected number of crashes on 20 

rural two-lane rural roads. This research compares different procedures which allow for the 21 

estimation of the number of crashes on homogeneous road segments.  In this effort, a total of 27 22 

two-lane rural road sections located in North Carolina were considered, resulting in 59 23 

homogeneous road segments composed of 350 horizontal curves and 375 tangents along 150 km 24 

of road.  Four methods were applied to the selected roadways: the HSM predictive method, two 25 

jurisdiction-specific Safety Performance Functions (SPFs), and a SPF which includes a 26 

consistency parameter. 27 

This research found that the use of SPFs which incorporate a consistency parameter allows 28 

highway engineers to consider human factor impacts on road safety assessment.  The use of a 29 

consistency parameter can also simplify the crash estimation process. Analysis methods which 30 

only included local geometric variables provided unreliable results due to the calibration of only 31 

the specific road elements instead of their relationship with other road elements along 32 

homogeneous road segments. 33 

Keywords: geometric design consistency, road safety, operating speed, inertial operating speed, 34 

driver’s behavior 35 

36 
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1. Introduction 37 

Road safety is a public health concern due to the years of productive lives lost resulting from 38 

crashes. More than 35,000 people per year die in road crashes in recent years in the United States. 39 

Particularly in North Carolina (US), the number of fatal crashes increased by 7% between 2014 40 

and 2015, which was similar to the average increase in the country. In addition, 70% of fatal 41 

crashes occurred on rural highways in this state (FHWA, 2017). 42 

In 2010, the American Association of State Highway and Transportation Official (AASHTO) 43 

released the Highway Safety Manual (AASHTO, 2010). The HSM is the product of more than 10 44 

years of effort and thousands of hours to develop fact-based analytical tools and techniques to 45 

quantify the potential safety impacts of planning, design, operations, and maintenance decisions 46 

(Xie et al., 2011). Part C of the HSM contains the predictive methods for rural two-lane roads, 47 

rural multilane highways, and urban and suburban arterials. The main purpose of the predictive 48 

methods is to estimate the average crash frequency for existing conditions, alternatives to existing 49 

conditions, or proposed new roadways.  The HSM predictive method is based on three components 50 

to estimate the predicted number of crashes at a site: 51 

(1) Base model, which is a Safety Performance Function (SPF), 52 

(2) Crash modification factors (CMFs) to adjust the estimate for site-specific conditions, and 53 

(3) A calibration factor (C) to adjust the estimate for local conditions. 54 

These components are combined in the following general form: 55 

𝑁𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 = 𝑁𝑠𝑝𝑓 · ∏ 𝐶𝑀𝐹𝑖

𝑛

𝑖=1

· 𝐶 (1) 

Npredicted: predicted average number of crashes for a specific site 56 
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Nspf: predicted number of crashes for base conditions 57 

CMFi: crash modification factors for a specific site 58 

C: calibration factor 59 

The SPF for rural two-lane, two-way roadway segments is defined as follows: 60 

𝑁𝑠𝑝𝑓 = 𝐿 · 𝐴𝐴𝐷𝑇 · 365 · 10−6 · 𝑒−0.312 (2) 

Nspf: total number of crashes  61 

L: length of roadway segment (miles) 62 

AADT: annual average daily traffic volume (vehicles/day) 63 

The HSM proposes a total of 12 CMFs for rural two-lane, two-way roadway segments, which are 64 

based only on geometric variables and environmental conditions. In addition, the calibration factor 65 

(C) is calibrated based on the ratio of the total number of observed crashes and the sum of the 66 

predicted number of crashes on all homogeneous segments based on a sample of locations.  67 

Therefore, the HSM predictive method does not include a surrogate measure of human factors, 68 

which along with infrastructure factors, have been thoroughly studied in recent years through 69 

geometric design consistency, which can be defined as how drivers’ expectations and road behavior 70 

relate. 71 

The main objective of geometric design consistency is to minimize the emergence of unexpected 72 

events when road users traverse a road segment. Thus, a consistent road provides a harmonious 73 

driving experience free of surprises, whereas an inconsistent road might lead to numerous 74 

unexpected events to drivers, inciting an anomalous behavior and increasing the likelihood of crash 75 

occurrence. 76 
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The most common method to assess geometric design consistency is based on the analysis of the 77 

operating speed profile (Gibreel et al., 1999; Ng and Sayed, 2004). Operating speed is commonly 78 

defined as the 85th percentile of the speed distribution of passenger cars under free-flow conditions 79 

and no external restrictions (V85). 80 

There are two types of consistency models: local and global. Local models aim to identify where 81 

road crashes are more likely to occur by analyzing localized issues, such as high differences 82 

between the design and operating speeds or sudden speed reductions. On the other hand, global 83 

consistency models study the overall speed variation along an entire road segment. They do not 84 

identify where crashes are more likely to take place, but they can be introduced into a SPF to 85 

estimate the number of crashes on an entire road segment. 86 

Regarding the usefulness of consistency, several researchers have tried to link the number of 87 

crashes to different variables related to risk exposure (traffic volume and road length), geometry, 88 

consistency, and road environment by means of SPFs. Among those studies which incorporate 89 

consistency as an explanatory variable, all of them concluded that the level of consistency has a 90 

major influence on road crash occurrence (Anderson et al., 1999; Ng and Sayed, 2004; Awatta et 91 

al., 2006; Montella et al., 2008; Cafiso et al., 2010; de Oña et al., 2013; Quddus, 2013; Wu et al., 92 

2013; Garach et al., 2014; Camacho-Torregrosa, 2015; Montella and Imbriani, 2015; Garach et al., 93 

2016). 94 

The selection of the road segment is crucial for the application of global consistency models.  95 

Selected road segments must be homogeneous, because the results depend on the appropriate 96 

selection segments (Resende and Benekohal, 1997; Cafiso et al., 2010; García et al., 2013; 97 

Camacho-Torregrosa, 2015). The HSM defines a “site” as “an intersection or a homogeneous 98 
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roadway segment”. In this regard, for rural two-lane, two-way roadways, a homogeneous road 99 

segment is one which keeps constant values for all the Crash Modification Factors and for other 100 

parameters such as traffic volume or roadside condition. This means that every road element 101 

(tangent and horizontal curve) is usually considered as a homogeneous road segment. Therefore, 102 

the HSM predictive method involves the estimation of the number of crashes on an entire road 103 

segment as the sum of the number of crashes of all individual road elements along the segment, 104 

possibly losing the meaning of the phenomenon being studied and the interaction between 105 

successive elements. 106 

Driver’s behavior is constantly changing along a road segment, so drivers might behave differently 107 

in response to the same road element located on different road sections (for instance, a sharp curve 108 

located amongst other sharp curves is likely to experience fewer crashes than a curve with the 109 

same dimensions located adjacent to long tangents). Road crashes depend not only on local 110 

geometric characteristics of a certain road element, but also on the characteristics of the preceding 111 

road section. Therefore, road safety evaluation should be carried out considering both local and 112 

global road behavior as well as drivers’ behavior. 113 

Llopis-Castelló et al. (2019b) recently calibrated the following SPF based on consistency to 114 

estimate the predicted number of crashes on North Carolina’s two-lane rural roads (considering 115 

665 km of highway, which resulted in 194 homogeneous road segments): 116 

𝑦 = 𝑒−5.46301 · 𝐿0.84067 · 𝐴𝐴𝐷𝑇0.73116 · 𝑒0.03055·𝐶 (3) 

y: number of fatal-and-injury crashes on an entire road segment over 5 years 117 

L: length of homogeneous road segment (km) 118 

C: consistency parameter (km/h) - based on the difference between the inertial operating 119 
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speed profile (drivers’ expectancies) and the operating speed profile (road behavior) 120 

(Llopis-Castelló et al., 2019b) 121 

To this regard, the risk on horizontal curves is not associated with the specific radius of the curve, 122 

but the difference of this curve to the adjacent road elements. For this reason, the inertial operating 123 

speed is recommended to be used. This speed aims to represent drivers’ expectancies from the 124 

speeds experienced before arriving at a certain location on the road. 125 

The use of the HSM predictive method has a weakness concerning the influence of risk exposure. 126 

The HSM assumes a proportional relationship between risk exposure (traffic volume and road 127 

length) and road crashes (Equation 2). Thus, a road segment with x predicted number of crashes 128 

will present 2x crashes if its length or traffic volume is doubled. Under this assumption, crash rate 129 

remains constant independently of risk exposure.  However, many authors have identified that this 130 

relationship is not proportional, but crash rates increase or decrease as a function of risk exposure 131 

(Montella and Imbriani, 2015; Garach et al., 2016; Llopis-Castelló et al., 2019b; Srinivasan and 132 

Carter, 2011; Mehta and Lou, 2013; Srinivasan et al., 2016; Lord et al., 2010; Li et al., 2017). 133 

Equation 4 shows the most common functional form of a SPF to estimate the number of crashes 134 

on two-lane rural roads: 135 

𝑦 = 𝛽0 · 𝐿𝛽1 · 𝐴𝐴𝐷𝑇𝛽2 · 𝑒∑ 𝛽𝑖·𝑥𝑖
𝑘
𝑖=3  (4) 

y: predicted number of crashes  136 

𝛽𝑖: regression coefficients 137 

xi: explanatory variables 138 

The regression coefficient related to AADT (𝛽2) is usually less than one when considering fatal-139 

and-injury crashes, meaning that the crash rate decreases as traffic volume of the road segment 140 
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increases. However, the influence of the road segment length on crash rate is not as clear as those 141 

observed for the traffic volume. Some authors identified that crash rates increase as the length 142 

increases (𝛽1 > 1), whereas other authors observed the opposite effect (𝛽1 < 1). Despite the 143 

uncertainty of the true value of 𝛽1, L is likely not directly proportional to the number of crashes in 144 

many instances.  Additionally, some researchers have concerns with the use of baseline models 145 

combined with CMFs and a calibration factor for predicting road crashes (Equation 1) because the 146 

increase in the variance associated with the final prediction, affecting the reliability of the model 147 

(Lord et al., 2010; Shin et al., 2015).  148 

Alternatively, the HSM proposes the calibration of jurisdiction-specific SPFs, but does not discuss 149 

the use of other variables in developing SPFs. Most studies that have analyzed these two 150 

alternatives concluded that jurisdiction-specific SPFs allow highway engineers to more accurately 151 

estimate the number of crashes (Srinivasan and Carter, 2011; Mehta and Lou, 2013; Srinivasan et 152 

al., 2016; Lord et al., 2010; Li et al., 2017; Brimley et al., 2012; Lu et al., 2014). Therefore, this 153 

research aims to compare the application of the HSM predictive method with the use of 154 

jurisdiction-specific SPFs based on the HSM guidelines, i.e., on local geometric variables and 155 

consistency parameters on North Carolina’s two-lane rural roads. 156 

2. Objectives 157 

The main objective of this research was to evaluate the applicability and efficacy of using 158 

jurisdiction-specific Safety Performance Functions instead of the HSM predictive method in the 159 

estimation of the number of crashes on rural two-lane, two-way roadway segments. This 160 

comparison was carried out considering two types of jurisdiction-specific SPFs calibrated in North 161 

Carolina: (i) those developed by Srinivasan and Carter (2011) and Smith et al. (2017), which were 162 

calibrated considering the HSM guidelines, i.e., only considering geometric and/or environmental 163 
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variables; and (ii) that proposed by Llopis-Castelló et al. (2019b) which supplements the HSM 164 

recommendations with the concept of geometric design consistency. 165 

The underlying hypothesis is that a SPF based on a consistency parameter provides a more reliable 166 

estimation of the number of crashes than the HSM predictive method and those SPFs based only 167 

on geometric variables, since the consistency parameter includes the interaction between the 168 

infrastructure and human factors, which plays an essential role for road safety. 169 

3. Methodology and Data Description 170 

3.1. Methodology 171 

This research was focused on the analysis of the HSM predictive method and its comparison with 172 

jurisdiction-specific SPFs calibrated in North Carolina (Figure 1). A total of 27 two-lane rural road 173 

sections located along NC-96, NC-42, and NC-268 roadways were selected. The horizontal 174 

alignment for each road section was recreated by means of the procedure developed by Camacho-175 

Torregrosa et al. (2015), while the cross-section of each road element was determined through 176 

aerial images. Crash and traffic data were also obtained. The number of predicted crashes was 177 

estimated considering the HSM predictive method as well as using the jurisdiction-specific SPFs. 178 

Finally, the relationship between the observed and predicted crashes for each procedure was 179 

studied considering the following parameters of goodness of fit: Mean Absolute Deviation (MAD), 180 

Root Mean Square Error (RMSE), and Cumulative Residuals (CURE) plots. 181 

3.2. Road segments 182 

A total of 27 two-lane rural road sections located in North Carolina with no geometric changes in 183 

the time period selected for crash data were selected for the study. This required the geometric 184 

recreation of approximately 150 km (90 miles) of highway covering 350 horizontal curves and 375 185 
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tangents. Therefore, 725 homogeneous road segments were obtained according to the HSM, since 186 

this selection depended on the CMFs. 187 

Length, radius, and the presence or absence of spiral transition were identified from this geometric 188 

recreation. Lane width, shoulder width and type, number of driveways, and roadside design were 189 

obtained from aerial images for each road element (Table 1). These road sections are located in the 190 

Piedmont of North Carolina and are assumed to have a grade flatter than 3% (level grade) and do 191 

not contain centerline rumble strips, passing lanes, lighting, or automated speed enforcement 192 

(Figure 2). A superelevation rate that was adequate according to the AASHTO design guide was 193 

assumed for each horizontal curve. 194 

The identification of homogeneous road segments was needed to apply the jurisdiction-specific 195 

SPF based on the global consistency model proposed by Llopis-Castelló et al. (2018), which was 196 

based on the following method.  First, road sections were divided into segments with similar cross-197 

section and traffic volume (Figure 2b). Major intersections also influence drivers’ behavior, so they 198 

were also taken into account for segmentation. Finally, each road segment was divided considering 199 

its geometric behavior using the German methodology, which is based on the analysis of the 200 

Curvature Change Rate (CCR). This parameter is defined as the sum of the absolute deflection 201 

angles divided by the length of the road segment. Figure 2c represents how this last step is 202 

conducted: a profile of the cumulative absolute deflection angle versus the road station must be 203 

plotted. In this way, homogeneous road segments can be distinguished according to similar CCR 204 

behavior. As a result, 59 homogeneous road segments were identified (Table 1). 205 

3.3. Traffic and crash data 206 

Traffic volume and crash data were provided by the North Carolina Department of Transportation 207 
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(NCDOT). AADT and the number of reported crashes were identified for each homogeneous road 208 

segment between 2012 and 2016. 209 

In North Carolina, a crash must only be reported if there are injuries or if the property damage is 210 

equal to or greater than $1,000. Therefore, Property Damage Only (PDO) crashes are not always 211 

reported to authorities and, consequently, to include this type of crash might lead to biased results 212 

and an inaccurate interpretation of the phenomenon under investigation (Xie et al., 2011; Shin et 213 

al., 2015).  Thus, only reported fatal-and-injury crashes were considered over this study period. As 214 

a result, a total of 223 reported crashes were analyzed, 130 of which occurred on horizontal curves 215 

and 93 on tangents. For the application of the HSM predictive method, the percentage of fatal-and-216 

injury crashes (pi) and the proportion of related crashes (pra), which is estimated as the percentage 217 

represented by ran off road crashes, head-on collisions, and sideswipe collisions, are required. 218 

North Carolina values for this study included pi of 33.4% and pra of 39.1% (Llopis-Castelló et al., 219 

2019a). In this way, the number of fatal-and-injury crashes was estimated by multiplying the 220 

predicted total number of crashes by 0.334. 221 

3.4. Crash Modification Factors and Calibration Factors 222 

The CMFs proposed by the HSM to estimate the number of predicted crashes on rural two-lane, 223 

two-way roadway segments were calculated according to Chapter 10 of the HSM. Table 2 shows 224 

a statistical summary of these factors. 225 

The calibration factor attempts to adjust the predicted number of crashes for local conditions. 226 

Specifically, the calibration factors used in this research are those proposed by Llopis-Castelló et 227 

al. (2019a), which were developed in North Carolina considering only fatal-and-injury crashes: 228 

1.57 for horizontal curves and 1.15 for tangents. These are preferred instead of a global calibration 229 
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factor for both tangents and horizontal curves because they result in a more accurate estimation of 230 

the number of crashes. 231 

3.5. Jurisdiction-specific SPFs 232 

The HSM predictive method will be compared with the state-specific SPFs developed by 233 

Srinivasan and Carter (2011), Smith et al. (2017), and Llopis-Castelló et al. (2019b). Regarding 234 

this, it should be highlighted that all these models were calibrated in the same region of North 235 

Carolina. 236 

Srinivasan and Carter (2011) proposed two types of state-specific SPFs (Equation 5 and 6). Type 237 

1 only depends on risk exposure, whereas Type 2 includes different variables related to the cross-238 

section. 239 

𝑇𝑦𝑝𝑒 1:          𝑦 = 𝑒−5.2717 · 𝐿 · 𝐴𝐴𝐷𝑇0.6071 ·  𝐶𝑎𝑛𝑛𝑢𝑎𝑙 (5) 

𝑇𝑦𝑝𝑒 2:          𝑦 = 𝐿 · 𝑒
(0.1221+0.4924·ln(

𝐴𝐴𝐷𝑇
10,000

)+0.3723·
𝐴𝐴𝐷𝑇
10,000

−0.0244·𝑆𝑊+0.0479·𝑆𝑇)
 (6) 

Cannual: annual factor 240 

SW: shoulder width (feet) 241 

ST: shoulder type (1 for unpaved and 0 for paved) 242 

Smith et al. (2017) generated different calibration functions for the three different regions in North 243 

Carolina: Coast, Mountain, and Piedmont (Equation 7, 8, and 9). These SPFs depend on the same 244 

variables proposed by the HSM predictive method. 245 

𝐶𝑜𝑎𝑠𝑡:          𝑦 = 0.965 · 𝑒−3.1953 · 𝐿 · 𝐴𝐴𝐷𝑇0.6496 ·  ∏ 𝐶𝑀𝐹𝑖

12

𝑖=1

 (7) 

𝑀𝑜𝑢𝑛𝑡𝑎𝑖𝑛:          𝑦 = 1.02 · 𝑒−0.1832 · (𝐻𝑆𝑀𝑝)0.8512 (8) 
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𝑃𝑖𝑒𝑑𝑚𝑜𝑛𝑡:          𝑦 = 0.92 · 𝑒−5.0530 · 𝐿 · 𝐴𝐴𝐷𝑇0.8546 · ∏ 𝐶𝑀𝐹𝑖

12

𝑖=1

 (9) 

CMFi: crash modification factors 246 

HSMp: total number of predicted crashes for HSM procedure (base model with the CMFs) 247 

Therefore, these state-specific SPFs estimate the predicted number of crashes based on 248 

infrastructure factors. However, Llopis-Castelló et al. (2019b) developed new SPFs based on 249 

geometric design consistency (Equation 3). In this regard, the predicted number of crashes is 250 

calculated taking into account the interaction between infrastructure and human factors. 251 

The global consistency parameter proposed by Llopis-Castelló et al. (2019b) is calculated from 252 

the difference between the inertial operating speed profile (Vi), which represents drivers’ 253 

expectancies, and the operating speed profile (V85), which represents road behavior (Figure 4a). 254 

This parameter is defined as follows: 255 

𝐶 = √
𝐴(+) ∙ 𝜎(+)

𝐿(+)
 [𝑘𝑚 ℎ⁄ ] (10) 

A(+): area bounded by the difference between Vi and V85 and the x axis considering only 256 

the positive differences (m·km/h) 257 

L(+): length of the homogeneous road segment considering only the positive differences 258 

(m)  259 

σ(+):standard deviation of the difference between Vi and V85 considering only the positive 260 

differences (km/h) 261 

Only positive differences were included to focus on locations were the inertial operating speed (Vi) 262 

exceeds the operating speed (V85) because in these sections the likelihood of crash occurrence 263 
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increases due to drivers expect to reach higher speeds than those that the road geometry allows 264 

them (Figure 4b). 265 

Thus, to apply the SPF calibrated by Llopis-Castelló et al. (2019b), the operating speed profile for 266 

each road segment was estimated using the speed model for horizontal curves calibrated by Ottesen 267 

and Krammes (2000), the speed model for tangents developed by Polus et al. (2000), and the 268 

acceleration and deceleration rates proposed by the Interactive Highway Safety Design Model 269 

(Figure 4a). Each of these models were calibrated based on speed data collected on American two-270 

lane rural roads. The primary reason for using these models is that the highways considered in this 271 

study have similar characteristics to those used in the calibration of these models regarding 272 

geometric features, road functionality, and traffic conditions. 273 

The inertial operating speed profile was calculated for every road segment based on its operating 274 

speed profile for both forward and backward direction (Figure 4a). According to Llopis-Castelló 275 

et al. (2018), the inertial operating speed is defined for each point of the alignment as the weighted 276 

average operating speed of the preceding 15 seconds considering a linear weighting distribution: 277 

𝑉𝑖,𝑘 =
∑ 𝑤𝑗 ∙ 𝑉85, 𝑗

∑ 𝑤𝑗
 (11) 

Vi,k: inertial operating speed (km/h) at point k 278 

V85, j: operating speed at point j 279 

wj: weighting factor at point j (ranges linearly from 0 for the furthest point to 1 for the 280 

closest one - carried out for time intervals (j) of 0.1 s) 281 

4. Results 282 

The analysis of this study was focused on the comparison of the defined methods to estimate the 283 
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number of predicted crashes on entire road segments. Regarding the application of the HSM 284 

predicted method and those jurisdiction-specific SPFs proposed by Srinivasan and Carter (2011) 285 

and Smith et al. (2017), the predicted number of crashes on a certain homogeneous road segment 286 

was calculated as the sum of the predicted number of crashes for all road elements (tangents and 287 

horizontal curves) along that segment. The SPF calibrated by Llopis-Castelló et al. (2019b) can 288 

directly estimate the number of fatal-and-injury crashes on an entire road segment. 289 

 This comparison was carried out considering the following parameters of goodness of fit, 290 

which aim to assess how predicted and observed crashes fit: 291 

• Mean Absolute Deviation (MAD): 292 

𝑀𝐴𝐷 =
1

𝑛
∑|𝑦�̂� − 𝑦𝑖|

𝑛

𝑖=1

 (12) 

• Root Mean Square Error (RMSE): 293 

𝑅𝑀𝑆𝐸 = √
1

𝑛
∑|𝑦�̂� − 𝑦𝑖|2

𝑛

𝑖=1

 (13) 

• Cumulative Residuals (CURE) Plots: This method consists of plotting the cumulative 294 

residuals for each independent variable to graphically observe how well the function fits 295 

the data set. The CURE method has the advantage of not being dependent on the number 296 

of observations, as are many other traditional statistical procedures. In general, a good 297 

cumulative residuals plot is one that oscillates around 0 and where the residuals do not 298 

stray beyond the ±2σ* boundaries. The residuals are calculated as the difference between 299 

the observed and predicted number of crashes and are ordered from lowest to highest value. 300 
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𝜎∗ = √𝜎𝑖
2 · (1 −

𝜎𝑖
2

𝜎𝑇
2) (14) 

𝜎∗: limit of the cumulative residuals  301 

𝜎𝑖
2: variance of the cumulative residuals until the element i 302 

𝜎𝑇
2: total variance of the cumulative residuals.  303 

Table 3 shows these parameters of goodness of fit and the relationship between the predicted and 304 

observed fatal-and-injury crashes for each procedure considering the 59 homogeneous road 305 

segments. 306 

Overall, all methods performed relatively similarly with respect to the MAD and RMSE 307 

evaluations.  However, the CURE plots provide useful information about the differences and 308 

potential shortcomings of each method.  Although the use of the SPF proposed by Smith et al. 309 

(2017) resulted in the best values of MAD and RMSE, this procedure showed a poor performance 310 

regarding the CURE plots. The SPFs calibrated by Srinivasan and Carter (2011) provided the worst 311 

parameters of goodness of fit and showed a large percentage of points out of the limits of the 312 

CURE plots. 313 

The HSM predictive method provided an appropriate estimation of the number of fatal-and-injury 314 

crashes, but the SPF calibrated by Llopis-Castelló et al. (2019b), which is based on risk exposure 315 

and a consistency parameter, resulted in the most accurate results. 316 

The CURE plots obtained for each procedure can help explain the study’s conclusions (Figure 5 317 

and Table 3). In this regard, both SPFs developed by Srinivasan and Carter (2011) overestimate 318 

the predicted number of fatal-and-injury crashes. In addition, the SPF calibrated by Smith et al. 319 

(2017) underestimated the number of fatal-and-injury crashes. Specifically, this procedure showed 320 
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an inaccurate performance relative to the length of the road segment. This can be explained by the 321 

functional form of the SPF. This considers a regression coefficient equal to 1 for the L. However, 322 

the relationship between the length of the road segment and crash rate is not directly proportional. 323 

Overall, the SPF proposed by Llopis-Castelló et al. (2019b) showed the most accurate CURE plots 324 

because this resulted in the lowest percentage of points out of the limits (11.86% and 10.17% 325 

considering AADT and L, respectively). Therefore, this SPF provides a more reliable estimation of 326 

the number of fatal-and-injury crashes and, consequently, a better road safety assessment. 327 

5. Discussion 328 

Multiple jurisdiction-specific SPFs have been compared to the HSM predictive method. Among 329 

these SPFs, that proposed by Llopis-Castelló et al. (2019b) showed a more accurate estimation of 330 

the number of fatal-and-injury crashes. Specifically, this SPF is based on risk exposure and adds a 331 

parameter C that represents geometric design consistency. 332 

The consistency parameter C can be estimated by applying operating speed models. Therefore, 333 

this SPF does not require a field data collection as the application of the HSM predictive method 334 

and the use of the SPFs developed by Srinivasan and Carter (2011) and Smith et al. (2017) 335 

suggests, which can be a substantial advantage. In addition, the consistency parameter C proposed 336 

by Llopis-Castelló et al. (2019b) considers the interaction between infrastructure and human 337 

behavior, which is considered the primary causal factor for crash occurrence. 338 

Furthermore, these results reveal the crucial role of the identification of the homogeneous road 339 

segments. The HSM predictive method and the SPFs proposed by Srinivasan and Carter (2011) 340 

and Smith et al. (2017) were calibrated based on road elements instead of homogeneous road 341 

segments. However, from a drivers’ point of view, the likelihood of crash occurrence on a certain 342 
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road element does not only depend on its local characteristics, but also on the global geometric 343 

behavior. This finding reinforces previous work by Findley et al. (2012) which quantified the 344 

importance of the influence of adjacent roadway elements.  Therefore, the fact that the SPF 345 

proposed by Llopis-Castelló et al. (2019b) was calibrated for the assessment of road safety on an 346 

entire homogeneous road segment might explain why this model provided more reliable results. 347 

To more closely examine the source of resulting analytical differences, a disaggregated analysis 348 

was developed to study the strength of the SPFs developed by Srinivasan and Carter (2011) and 349 

Smith et al. (2017). This analysis was based on the comparison between the observed and predicted 350 

number of fatal-and-injury crashes on individual road elements: horizontal curves and tangents. 351 

Figure 6 and Figure 7 show the CURE plots obtained for these SPFs considering both the traffic 352 

volume and the length of each horizontal curve and tangent, respectively. 353 

Although the SPFs calibrated by Srinivasan and Carter (2011) resulted in a reasonable estimation 354 

of the number of fatal-and-injury crashes on horizontal curves (Figure 6a and 6b), these SPFs 355 

provided a large overestimation of the number of crashes on tangents (Figure 7a and 7b). The 356 

overestimation of crashes on tangents generally results in a broader overestimation of the number 357 

of crashes on an entire homogeneous road segment. Conversely, although the SPFs proposed by 358 

Smith et al. (2017) resulted in an accurate estimation of the predicted number of fatal-and-injury 359 

crashes on an entire homogeneous road segment, the disaggregated analysis showed that these 360 

models are not reliable at individual road elements. The number of crashes on horizontal curves 361 

was underestimated (Figure 6c), whereas the number of crashes on tangents was overestimated 362 

(Figure 7c). Therefore, this SPF may not provide results that are reliable enough to be applied to 363 

assess road safety. 364 
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Therefore, the calibration of SPFs based on consistency has two important strengths concerning 365 

the application of the HSM predictive method and jurisdiction-specific SPF based on local 366 

geometric conditions: (i)  SPFs based on consistency include the interaction between the 367 

infrastructure and human factors, so they better represent the studied phenomenon and provide a 368 

more accurate assessment of road safety; and (ii) SPFs based on consistency do not necessarily 369 

require field data collection, so their application is easier and more practical for highway engineers, 370 

particularly in financially and resource-constrained environments. 371 

6. Conclusions and further research 372 

This research analyzes different procedures to estimate the number of fatal-and-injury crashes on 373 

entire homogeneous road segments in North Carolina. Specifically, the predicted number of 374 

crashes was calculated considering the HSM predictive method, the jurisdiction-specific SPFs 375 

proposed by Srinivasan and Carter (2011) and Smith et al. (2017), and the SPF based on 376 

consistency calibrated by Llopis-Castelló et al. (2019b). 377 

The strength of these procedures was assessed comparing the predicted number of fatal-and-injury 378 

crashes with the reported crashes between 2012 and 2016 through the following parameters of 379 

goodness of fit: (i) Mean Absolute Deviarion (MAD); (ii) Root Mean Square Error (RMSE); (iii) 380 

Cumulative Residuals (CURE) plots. 381 

The results of this study found that the SPFs proposed by Srinivasan and Carter (2011) 382 

overestimated the number of fatal-and-injury crashes, whereas the SPFs calibrated by Smith et al. 383 

(2017) provided a reasonable aggregate estimation of the number of crashes for an entire road 384 

segment, but underestimated the number of crashes on horizontal curves and overestimated the 385 

number of crashes on tangents. These limitations are primarily due to the functional form of these 386 

SPFs. The influence of risk exposure on crash rate is different for homogeneous road segments, 387 
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horizontal curves, and tangents. The number of crashes is not directly proportional to road segment 388 

length or traffic volume as the HSM predictive method assumes. This supports the need to calibrate 389 

different models depending on the type of road element. 390 

Although the application of the HSM predictive method based on calibration factors for each type 391 

of road segment (tangents and horizontal curves) provided an appropriate estimation of the number 392 

of fatal-and-injury crashes, the SPF calibrated by Llopis-Castelló et al. (2019b), which is based on 393 

risk exposure and a consistency parameter, resulted in the most accurate results. 394 

In addition, the use of SPFs based on consistency has important advantages concerning the use of 395 

the HSM predictive method and jurisdiction-specific SPFs based on local geometric conditions. 396 

The first one is that a SPF based on consistency includes the interaction between drivers’ 397 

expectancies and road behavior, which is the most important factor for crash occurrence. The 398 

second is that the application of this type of SPFs does not require a field data collection. This 399 

procedure can be applied using operating speed models which is a practical and simple 400 

improvement relative to other methods with respect to the assessment of road safety for highway 401 

engineers. Likewise, these SPFs are usually calibrated considering homogeneous road segment, 402 

i.e., they better represent the phenomenon studied, since the likelihood of crash occurrence at a 403 

certain road element do not only depend on the features of this road element, but also on the global 404 

conditions. 405 

Therefore, the use of SPFs based on consistency allow practitioners and highway engineers to 406 

incorporate human factor on road safety assessment as well as an easier and more practical 407 

estimation of the number of fatal-and-injury crashes. 408 

As this study is mainly focused on the estimation of fatal-and-injury crashes, further research is 409 
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needed to extend the obtained findings to other crash types and severities. Additionally, a temporal 410 

analysis considering more years of crash data is proposed to be done so as to strengthen the results 411 

of this research. This analysis will be focused on the study of the variability of crash estimation 412 

considering different time windows. 413 
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Table 1.  Features of the homogeneous road segments. 517 
(a) HSM 

Road feature 

Horizontal curves Tangents 

Min. Max. Mean Median St. Dev. Min. Max. Mean Median 
St. 

Dev. 

Radius (m) 37.17 9,787.37 833.46 412.68 1,371.58 na na na na na 

Lane width 

(m) 
2.44 3.66 3.03 3.05 0.32 2.44 3.66 3.04 3.05 0.32 

Shoulder 

width (m) 
2.44 3.66 3.03 3.05 0.32 0.61 1.83 0.96 0.91 0.38 

Roadside 

Hazard Rating 
2 6 3.106 3 1.210 3 5 3.795 3 0.975 

DD 

(driveways per 

km) 

0.00 39.33 6.96 5.59 7.39 0.00 115.4 11.31 6.03 15.22 

(b) Global consistency model 

Road feature Min. Max. Mean Median St. Dev. 

Length (km) 0.57 7.30 2.49 2.29 1.30 

AADT (vpd) 538 7,700 2,077 1,417 1,722 

CCR (gon/km) 0 490.11 84.25 42.04 96.51 

Crashes (2012-2016) 0 22 3.78 2 4.37 

NOTES: 

Min=Minimum; Max=Maximum; St. Dev.=Standard deviation; AADT=Annual Average Daily Traffic; DD=Driveway 

Density; CCR=Curvature Change Rate; na=not applicable; Crashes=Number of crashes with injuries 

1 mi = 1,609.34 m, 1 ft = 0.3048 m. 

1 gon/km = 1.448 °/mi 

518 
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Table 2. Statistical summary of the CMFs. 519 

CMF Description 

Type of road segment 

Horizontal Curves Tangents 

Min. Max. Mean St. Dev. Min. Max. Mean St. Dev. 

CMF1r Lane width 1 1.1173 1.044 0.02789 1 1.1173 1.044 0.028 

CMF2r 
Shoulder width and 

type 
1.031 1.1321 1.066 0.02789 1.024 1.1321 1.066 0.02821 

CMF3r Horizontal curves 1 10.059 1.795 1.36664 1 1 1 0 

CMF4r Superelevation 1 1 1 0 1 1 1 0 

CMF5r Grades 1 1 1 0 1 1 1 0 

CMF6r Driveway density 1 2.8943 1.271 0.36885 1 7.526 1.693 3.76648 

CMF7r 
Centerline rumble 

strips 
1 1 1 0 1 1 1 0 

CMF8r Passing lanes 1 1 1 0 1 1 1 0 

CMF9r 
Two-way left-turn 

lanes 
1 1 1 0 1 1 1 0 

CMF10r Roadside design 1 1.1429 1.059 0.07002 1 1.1429 1.057 0.06964 

CMF11r Lighting 1 1 1 0 1 1 1 0 

CMF12r 
Automated speed 

enforcement 
1 1 1 0 1 1 1 0 

520 
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Table 3. Parameters of goodness of fit. 521 

Procedure MAD RMSE 
CURE plots Observed crashes Vs. Predicted 

crashes AADT* L** 

HSM 

Equation 1 and 2 and the 

calibration factors proposed 

by Llopis-Castelló et al. 

(2019b): 

• Ccurves = 1.57 

• Ctangents = 1.15 

1.683 2.490 16.95% 8.47% 

 

SPFLlopis-Castelló et al. 

Equation 3 
1.678 2.458 11.86% 10.17% 

 

SPFSrinivasan and Carter, Type 1 

Equation 5 
1.958 2.668 16.95% 27.12% 

 

SPFSrinivasan and Carter, Type 2 

Equation 6 
1.990 2.695 18.64% 25.42% 

 

SPFSmith et al. 

Equation 7, 8, and 9 
1.642 2.346 16.95% 28.81% 

 
*Percentage of CURE plot out of the limits for traffic volume 

** Percentage of CURE plot out of the limits for road segment length 
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 523 
Figure 1. Methodology. 524 
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 525 
Figure 2. Location of the studied road segments.526 
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 527 
Figure 3. Road segmentation: (a) Road section; (b) Segmentation according AADT and cross-528 

section; (c) Segmentation according to geometric layout. 529 
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(a) Inertial operating speed profile and operating speed profile. 

 
(b) Difference between inertial operating speed profile (Vi) and operating speed profile (V85). 

Figure 4. Speed profiles. 530 
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 531 
Figure 5. CURE Plots. 532 



  32 

 

 533 
Figure 6. CURE Plots: Disaggregated analysis – Horizontal Curves. 534 
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 535 
Figure 7. CURE Plots: Disaggregated analysis – Tangents. 536 
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