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Executive Summary 

Over several years, significant studies have been performed to measure the pavement texture. FTM 

is a recently developed portable laser-based device which measures the surface texture of the 

pavement in terms of mean profile depth (MPD). The precision assessment of the Florida Texture 

Meter (FTM) designed by Florida Department of Transportation (FDOT) is assessed in this 

research. To evaluate the precision of FTM, twelve recently paved Hot Mix Asphalt sites were 

considered and their textures were measured using FTM. The precision analysis was conducted 

using the collected data in accordance with standard practice ASTM C802. Three common mixes 

and two types of aggregates were considered to select test sites. Furthermore, the correlation 

between FTM and Circular Track Meter (CTM) measurements was performed to validate the FTM 

results. According to the results from the precision analysis, the repeatability and reproducibility 

of FTM test method were 0.18 and 0.22 mm, respectively. There was a strong correlation between 

these two texture meter devices. 

Furthermore, in this study, the validity of using FTM measurements for detection of gradation 

segregation was investigated. In each test site, 25 segregated and non-segregated spots were 

identified by visual inspection and their textures were measured by FTM.  Results were classified 

using 2-sigma method, based on the visual inspection output. In order to minimize the probability 

of identifying non-segregated pavement as segregated, the threshold between segregated and non-

segregated measurements was determined using the only non-segregated measurements. The 

results indicated that FTM can detect segregated areas with a reasonable degree of certainty. 

Guidelines were developed for use by field personnel to take the measurement, establish the 

tolerance and determine segregated areas. 
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1 CHAPTER 1: Introduction 

1.1 Objective 
Recently, the Florida Department of Transportation (FDOT) developed a laser texture meter called 

the Florida Texture Meter (FTM) to evaluate the surface condition of pavements. The current 

research aims to evaluate the variability and precision of the FTM. Although a level of uncertainty 

is always inherent to any measurement process, it must be appropriately quantified or assessed.  

The objectives of this study are:   

1. Evaluate texture data variability and set acceptance limits to assess the validity and 

appropriateness of using FTM for identifying segregation. A large amount of data representing 

various materials and geographic locations was collected. The data was used to establish a 

standard deviation that sets acceptable limits. The data was then analyzed, using established 

statistical methods. ANOVA (analysis of variance) and the Student t-test were used to compare 

the variability within each cell to other grouping variables. This analysis established whether 

acceptance limits need to be specifically set for each cell, each material type, or across the 

board. 

2. Evaluate test method precision (repeatability and reproducibility). ASTM C802 outlines a 

process that identifies the between-lab and inter-lab variability in conjunction with ASTM 

C670. This standard deploys statistical tools, such as critical values in h and k statistics to 

determine and eliminate outliers. Once outliers are removed, then a process is used to compute 

the repeatability (within the same device) and reproducibility (inter-device). To use this 

method, multiple readings by the same device (three replicates) and multiple devices (three 

devices) were taken at the same location.  

1.2 Overview 
The first step in achieving this research objectives is a comprehensive literature review of this 

work, as presented in Chapter 1. In Chapter 2, the designed experimental plan to collect data and 

the followed procedure is described. The different analyses which were conducted on the collected 

data are then discussed in Chapter 3, and the summarized findings of this study are detailed in 

Chapter 4. Finally, a guideline for pavement texture measurement using FTM according to the 

achievements of this study is presented in Chapter 5. 

1.3 Background 
Pavement quality control is an important endeavor for transportation agencies. It involves ongoing 

research for new methodologies in pavement surfacing. One of the main issues affecting the 

performance of asphalt pavement is segregation. Segregation is defined as “a lack of homogeneity 

in the hot mix asphalt constituents of the in-place mat of such a magnitude that there is a reasonable 

expectation of accelerated pavement distress” (Stroup-Gardiner and Brown 2000). Detection of 

the segregation has always been challenging. In practice, segregated areas are often primarily 

detected by visual inspection and examined using core density. Another way to identify 

segregation is measuring the texture of the pavement’s surface. One of the ways to measure the 
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texture of pavement is the use of laser technology. FTM is a texture measurement device designed 

to measure and assess the pavement surface condition. 

1.3.1 Segregation 

Strength, durability, and flexibility under different climates are expected from the Hot Mixed 

Asphalt (HMA). To reach high performance, the HMA must have the same gradation as the lab 

design, and it must be mixed, transported, and placed uniformly. The mixture is subject to potential 

segregation in each part of the manufacturing process, as follows stockpiling, mixing, storing, 

truck loading, and placement (Association 1997). Segregation can be considered in a mixture when 

there is a concentration of coarse materials in some parts of the pavement and a concentration of 

finer materials in other parts. Segregation produces a non-uniform mixture that is different from 

the original mix formula in asphalt content. Segregated pavement has a poor structural 

characteristic, poor durability and performance, a higher maintenance cost, and a shorter life 

expectancy (Association 1997, Stroup-Gardiner 2015). There are five types of mix segregation 

that occur on the road. Table 1 and Figures 1 to 5 present the types of segregation in a plan layout. 
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Table 1. Different types of segregation (Association 1997, Stroup-Gardiner 2015) 

Segregation type Cause Figure 

Figure 1: Truck 

End Segregation 

(End of Load 

Segregation) 

Due to inappropriate truck loading, silo 

segregation, improper truck unloading, or 

running an empty hopper between loads 

Figure 2: 

Centerline 

Segregation 

Mainly attributable to coarse aggregate as 

it is discharged from the conveyor system 

into the auger area 

Figure 3: 

Joint/Edge 

Segregation 

Commonly occurs from the augers not 

being run at sufficient speeds on the paver, 

allowing the coarse aggregate to roll to the 

outside of the mat 

Figure 4: Truck 

End 

Segregation/One 

Side 

Results from the improper loading of the 

batcher on the hot storage bin 

Figure 5: Random 

Segregation 

Mostly occurs when inappropriate mixing 

is taking place either in the batch plant or 

the drum mixer 
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Thermal segregation is another type of segregation, which is known as temperature differential 

damage (TDD), that occurs when placing cool material over a prepared surface before compaction 

(Fernández Cerdas, Watson et al. 2013). This phenomenon happens due to the lack of uniformity 

in compaction temperature on the mat, which reduces workability and consistency. Henault and 

Larsen (2006) defined thermal segregation as “isolated areas of the mat that differ significantly 

from the main body of the mat in temperature.” In pavements, there are areas with differing 
temperatures called “cold areas.” These areas have a lower temperature than the surrounding mat. 

Cold areas are created by reducing the temperature of HMA during hauling and paving. A ten-

minute stop during paving can produce a temperature differential higher than 50oC (Fernández 

Cerdas, Watson et al. 2013).The use of material transfer or remixing devices (MTD/RMD) can 

reduce thermal segregation. Gilbert (2005) from the Colorado Department of Transportation 

analyzed two types of transfer devices: the Material Transfer Device (MTD) to pick up and remix 

the material, and the Windrow Elevator, which only picks up windrowed mix and conveys it to the 

paver hopper. He concluded that the use of these devices reduced the presence of cold areas. Based 

on Gilbert’s results, coarser mixes cool down more quickly than finer mixes, so pavements made 

with coarser mixes are more likely to be segregated than pavements made with finer mixes.  

Some organizations have published criteria that determine levels of thermal segregation that can 

be used for quality control and quality assurance purposes. Stroup-Gardiner and Brown (2000) 

performed a study under the National Cooperative Highway Research Program (NCHRP). They 

proposed different levels of thermal segregation as a function of differential temperature between 

the coldest and hottest areas. Table 2 demonstrates different thermal segregation levels. 

Table 2. Levels of thermal segregation (Stroup-Gardiner and Brown 2000) 

Segregation Level Occurs in 

Not Segregated Areas with temperature differential less than 10oC 

Low level segregation Discreet areas with the average temperature between 11oC and 

16oC cooler than surrounding mat 

Medium level 

segregation 

Discreet areas with the average temperature between 17oC and 

21oC cooler than surrounding mat 

High level segregation Discreet areas with the average temperature more than 21oC 

cooler than surrounding mat 

A simpler specification was proposed by the Texas Department of Transportation (Specifications 

2008). Table 3 shows two different thermal levels that are presented in this specification. 
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Table 3. Levels of thermal segregation (Specifications 2008) 

Segregation Level Occurs in 

Moderate thermal segregation Areas with the maximum temperature differential more 

than 25oC and less than 28oC 

Severe thermal segregation Areas with the maximum temperature differential more 

than 28oC 

To qualify HMA segregation, three different methods that can be used to detect segregation in 

pavement are the visual identification method, density-based method, and texture measurement 

method. These methods are described in further details below. 

1.3.2 Visual Identification Method 

In this method, an inspector determines the segregation, based on visual information only (Brock, 

May et al. 1986). In most cases, application of this method leads to disagreement between the 

agency and the contractor (Jumikis, Hettiarachchi et al. 2005). Also, in many cases, such as surface 

mix, it is hard to find segregation areas because they appear only several months after the road is 

opened to traffic. The inability to detect segregation below the surface is the weakness of this 

method (Association 1997). Different projects in Kansas were considered by Cross, Hainin et al. 

(1998) to detect segregation. They concluded that when mixtures have larger maximum size 

aggregates and coarser gradations, visual observation is considered a useful method. However, it 

is difficult to identify segregation for mixtures with finer gradations and smaller sized aggregates. 

1.3.3 Density-based Methods 

Density-based methods can be categorized as non-destructive or destructive tests. These methods 

are described in further details below. 

1.3.3.1 Nuclear Density Gauges (Non-destructive) 

This non-destructive method works by profiling the longitudinal density of the pavement to 

identify segregated sections (Jumikis, Hettiarachchi et al. 2005). Nuclear gauges use the effect of 

photoelectric absorption of gamma photons and Compton scattering to read the in-place density of 

an HMA mixture. After penetration of gamma photons from the radioactive source to the 

pavement, some portions of the photons scatter back to the detectors, hence, the energy transfer is 

not complete. This reflection process and gamma ray absorption is known as the Compton effect. 

Since the level of scattering and absorption is a function of the number of electrons in a particular 

material, the number of gamma photons penetrating the gauge detector is related to density 

(Choubane, Upshaw et al. 1999). 

The direct transmission mode and the back-scatter mode are two different ways of operating 

nuclear gauges. In the direct transmission mode, the source rod should be placed at the desired 

depth, in a predrilled hole in the pavement; however, in the back-scatter mode, both detector and 

source rod should be placed on the pavement surface. The back-scatter mode is used to measure 

asphalt pavement densities (Choubane, Upshaw et al. 1999). Areas with a variation of more than 

80 kg/m3 (highest to lowest) or 40 kg/m3 (drop from average to lowest) are considered to be 

segregated areas (Association 1997). 
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This method is considered a successful method of detecting truck-end segregation (Segregation: 

Causes and Cures for Hot-mix Asphalt, 1997); however, based on the report of Burati and Elzoghbi 

(1987), it has some limitations. Limestone is a common aggregate source and increases texture 

variability, while gravel has a lesser effect on variability. In the case of a mixture of coarse 

limestone and fine gravel, the results vary in coarse aggregate-rich and fine aggregate-rich 

sections, and it is hard to measure segregation. Choubane et al. (1999) compared the densities 

recorded by different nuclear gauges with core densities in different projects in Florida, and 

concluded that the precision and consistency of nuclear gauges were very low. They reported that 

the results variability was different from gauge to gauge. Also, the results variation from location 

to location within each gauge was different. Figure 6 shows the nuclear density gauge. 

1.3.3.2 Core Density Measurement Methods (Destructive) 

Choubane, Upshaw et al. (1999) applied three different core density methods in their research, as 

follows: 

● Florida Test Method FM 1-T 166 

● ASTM D1188 
● Direct measurement of weight and volume 

All of these methods are used to determine bulk specific gravity (Gmb) Based on the Florida 

DOT’s (2016) “Standard specifications for road and bridge construction. Section 330 Hot Mix 
Asphalt – General Construction Requirements,” when Gmb is less than 89.5% of Gmm, the area 

should be considered a segregated area. Figures 7 and 8 show the core sampling and measurement 

of bulk specific gravity, respectively. Figure 9 shows the density-based methods and unsatisfactory 

range of each area. 

Figure 6: Nuclear moisture-density gauge (Williams, 

Duncan Jr et al. 1996) 
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Figure 7. Obtaining core samples 

(http://federalengineeringandtesting.com 

Figure 8. Measurement of bulk specific gravity 

(http://www.pavementinteractive.org) 

http://www.pavementinteractive.org
http://federalengineeringandtesting.com
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Figure 9. Density-based methods to detect segregation (Segregation: Causes and Cures for Hot-mix Asphalt, 1997, Choubane et al. 

1999, Florida, D. O. T. (2016). Standard specifications for road and bridge construction. Section 330 Hot Mix Asphalt – General 

Construction Requirements) 

Average percent of Gmm<89.5 
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1.3.4 Pavement Texture Measurement 

Pavement texture illustrates the condition of the pavement surface, and it has a direct relationship 

with road user costs (fuel consumption), comfort when driving (noise), traffic safety (friction), and 

construction quality (segregation, bleeding). Pavement texture can be categorized as Microtexture 

with wavelengths from 0 millimeters to 0.5 millimeters, Macrotexture with wavelengths from 0.5 

millimeters to 50 millimeters, and Megatexture with wavelengths from 50 millimeters to 500 

millimeters (Randle 1992). There are several techniques that are used to measure pavement texture. 

It is possible to find segregation areas by measuring the texture. These methods can be categorized 

as traditional and innovative methods. Figure 10 demonstrates these methods. A brief description 

of each technique is presented in the following sections. 

1.3.4.1 Sand Patch Method 

The procedure used for the Sand Patch Method is described in ASTM E965, 2006. In this method, 

the volumetric approach is used to measure pavement macrotexture. In this test, a volume of glass 

beads is spread over the pavement surface to form a circle, and voids in the surface are filled with 

glass beads. Then, the diameter of the circle is measured on four axes. The average of these four 

measurements is used to calculate the mean texture depth (MTD) (Hanson and Prowell 2004). 

Figure 10. Pavement texture measurement methods (Jumikis, Hettiarachchi et al. 2005, 

Sansoni, Trebeschi et al. 2009, Lee, Upshaw et al. 2014) 
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Based on ASTM E965, the precision of this test is about 2% between-operator variation and about 

1% of the measured depth in millimeters. Also, there is good agreement between the results of 

sand patch tests and visual observations of nonuniform surface macrotexture sections. Figures 11 

and 12 show the Sand Patch Method. 

Figure 12. Sand Patch Test (Jumikis, Hettiarachchi et al. 2005) 

1.3.4.2 3-D Digitizing 

Application of 3-D digitizing allows researchers to measure objects of different sizes and scales 

(Blais 2004). Two approaches can be used. The first is image-based systems that generate 3-D 

models, and the second is range-based systems that use scanning devices (Sansoni, Trebeschi et 

al. 2009). Based on the report of Bitelli, Simone et al. (2012), three-dimensional parameters are 

less affected by the presence of singularities because they are representative of a portion of the 

road pavement. 

Abbas, Kutay et al. (2007) examined the effectiveness of different methods to describe the three-

dimensional surface texture of pavements made of Portland cement concrete (PCC). They 

extracted several cores from the concrete and used X-ray Computed Tomography (CT) to scan the 

Figure 11. Sand Patch Test (Hanson and 

Prowell 2004) 
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tops of the cores. Then, image processing was used to reconstruct three-dimensional surface 

topography. The reconstructed three-dimensional surfaces were converted to two-dimensional 

“map of heights” images. 

Four different mathematical methods were used by Abbas, Kutay et al. (2007) to analyze the “map 
of heights” images. These methods were the Fast Fourier Transform (FFT), the Hessian model, 

the power spectral density (PSD), and the wavelet analysis. They compared the results of these 

methods to the mean profile depth (MPD) computed according to ASTM E1845. Abbas, Kutay et 

al. (2007) concluded that the Coefficient of Determination, R2, for PSD ranged from 0.71 to 0.89, 

and the MPD and Hessian model showed the highest correlation. Also, the R2 values for the 

wavelength energy index were from 0.57 to 0.59, and the lowest correlation was obtained between 

the MPD and the FFT. 

Vilaça, Fonseca et al. (2010) developed a scanning machine that can obtain 3-D data from the 

surface, and then categorize the road texture by using two algorithms. The first algorithm calculates 

the Estimated Texture Depth (ETD), and the second calculates the Texture Profile Level (TPL). 

Vilaca et al. collected data from nine road samples and then validated their algorithms. The results 

showed good agreement between the traditional Sand Patch Method and the 3-D scanning 

prototype equipment. 

1.3.4.3 Circular Texture Meter (CTM) 

The Circular Texture Meter (CTM) method is presented in ASTM E2157, 2009 and ASTM 1845. 

This method uses a laser to measure the texture profile of a circle (11.2 inches or 35 inches in 

diameter). The profile is divided into eight segments. For each segment, the average mean profile 

depth (MPD) is determined, and the average of all eight segments is representative of the MPD 

(Hanson and Prowell 2004). 

1.3.4.4 Florida Texture Meter (FTM) 

The Florida Texture Meter (FTM) is a portable device that was built based on ASTM E2157, 

ASTM 1845, and Lab VIEW programming software. This meter works like a CTM. The circular 

Figure 13. CTM (www.dot.state.fl.us) 

https://www.dot.state.fl.us
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profile is divided into eight segments and the MPD is determined for each segment. The weight of 

this meter with the battery is approximately 30 pounds (www.dot.state.fl.us). 

Figure 14. FTM 

1.3.4.5 Surface Macrotexture Laser 

Jumikis, Hettiarachchi et al. (2005) used a laser-based technology system to quantify segregation 

that occurs during construction of hot mix asphalt concrete pavement. A control section and two 

segregated sections were tested to estimate the applicability of the laser texture method. Laser 

texture data were collected from three sites. Visual surveys were performed to validate the 

measurements. In addition, Sand Patch and nuclear density tests were performed at 25-foot 

intervals on the three sites. 

The basic concept of the laser device used by Jumikis, Hettiarachchi et al. (2005) is presented in 

Figure 15. In this technology, a rapidly-pulsing semiconductor laser is used to produce an infrared 

light that projects onto the pavement surface. The light is received by a lens, after scattering off 

the surface, and then the lens focuses the light onto the linear array of photodiodes. The photodiode 

receiving the most light can be used to calculate the distance to the surface, using mathematical 

algorithms (Jumikis, Hettiarachchi et al. 2005). 

The results show that the nuclear density test can be used as a validation test, but it cannot be used 

to detect segregation. The test results from the control section were used to establish a correlation 

between laser texture data and the Sand Patch test. 

https://www.dot.state.fl.us
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Figure 15. Surface macrotexture laser (Jumikis, Hettiarachchi et al. 2005) 

Jumikis, Hettiarachchi et al. (2005) concluded that the laser technology worked well in detecting 

the segregation of HMA pavements. Since the New Jersey Department of Transportation (NJDOT) 

owns the Automatic Road Analyzer (ARAN), this equipment was selected as the field texture 

measuring device, and the development work was applied to the output from the laser sensors of 

the ARAN. Due to the poor correlation between the MTD from the Sand Patch Method and the 

nuclear density test, Jumikis, Hettiarachchi et al. (2005) suggested that it is better to avoid the 

nuclear density test as a quantitative method. ARAN, which was used by Jumikis, Hettiarachchi 

et al. (2005), is a vehicle-mounted piece of equipment that is used to predict segregation. Based 

Figure 16. ARAN vehicle 

(http://pavemaintenance.wikispaces.com) 

http://pavemaintenance.wikispaces.com
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on the report of Jumikis, Hettiarachchi et al. (2005), there are other types of equipment similar to 

ARAN. Six of these types are listed below: 

● Dynatest Road Surface Profiler (RSP): This equipment includes 1-21 laser sensors, and is 

considered a vehicle-mounted device. 

● Greenwood Profilograph System: This equipment has up to 25 laser sensors, and is considered 

a standard vehicle. 

● WDM-HSTM (High Speed Texture System): This equipment has up to 3 laser sensors, and is 

considered a two-wheeled trailer. 

● ARRB-MLP (Multi Laser Profiler): This equipment includes 13 laser sensors, and is considered 

a vehicle-mounted device. 

● ROSAN (Road Surface Analyzer): This equipment includes 1-3 laser sensors, and is considered 

a vehicle-mounted device. 

1.3.4.6 Walking Texturemeter (TM2) 

There are different types of walking texture meters. The working methods of most of these meters 

are almost the same. In this paper, the TM2 is presented. This device is compatible with the ISO 

13473 and has the ability to calculate average texture and depth and create a road profile with a 

width of 100 mm. The TM2 repeats the MPD measurements every 2mm, with an average walking 

rate of 3.5 kph. 

1.3.4.7 Accuracy and Precision of Texture Meter 

Hanson and Prowell (2004) compared the CT meter and the Sand Patch test and concluded that 

the variability of results in the CT meter is greater than that of the Sand Patch test. However, less 

technical knowledge is required for the CT meter. The between-laboratory coefficient of variation 

is 4.2%, and the within-laboratory coefficient of variation is 2.3% for the CT meter. Prowell and 

Hanson also mentioned that the CT meter produces results comparable to the ASTM E965. They 

used the ANOVA test and regression on their data and concluded that there is no significant 

deviation between the CT meter and the Sand Patch test results. Figure 18 illustrates the 

relationship between the CT meter MPD and the Sand Patch MTD. 

Figure 17. TM2 (Lee, Upshaw et 

al. 2014) 
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Figure 18. Relationship between CT meter MPD and Sand Patch MTD (Hanson and Prowell 

2004) 

Lee, Upshaw et al. (2014) used the Circular Texture Meter (CTM), the Walking Texturemeter 

(TM2), and the Florida Texture Meter (FTM) as portable texture devices to detect segregation. 

The primary objective of their research was to assess the feasibility of using portable laser texture 

meters to identify both end-of-load and thermal segregation. Using the proposed methodology, the 

texture threshold for segregation can be determined in terms of the Mean Profile Depth (MPD) 

based on the representative texture value, and its deviation from that of the areas without 

segregation. For this purpose, the typical texture characteristics of each surface mixture were 

considered, and the potential errors that may arise from the empirical estimation of the volumetric 

texture (i.e., MTD) were minimized.  

The proposed methodology utilized the concept of Estimated Texture Depth (ETD), which is an 

estimate of the volumetric MTD obtained from a linear transformation of the MPD. In essence, 

the ratio between the ETD estimated from the MPD and the ETD predicted from various gradation 

parameters (such as percent passing 4.75 mm sieve, maximum aggregate size, etc.) was used to 

determine the presence and severity of segregation. The MPD values obtained directly from the 

texture meter were used to detect segregation without any transformations (Lee, Upshaw et al. 

2014). 

To validate the proposed approach, a total of five field sections with in-place dense-graded asphalt 

mixtures exhibiting both end-of-load and thermal segregation were tested. Texture measurements 

were made at locations with and without segregation. To be consistent with FDOT’s procedure 
outlined in the segregation specification, three texture measurements were taken per location. Also, 

cores were retrieved from the texture measurement locations, and the percent Gmm values were 

obtained. The Walking Texturemeter, TM2, was used in only one of the five sections tested since 

it was not acquired on time (Lee, Upshaw et al. 2014). 

Lee, Upshaw et al. (2014) concluded that segregation estimates obtained from the different texture 

meters were consistent. This means that any of the portable texture meters considered in their 

research can be used for predicting segregation. However, they recommended that a certain texture 

meter should be used consistently for establishing the threshold and detecting segregation. 
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1.4 Radiation-based Method: Thermal Imaging 
Thermal imaging technology is based on radiation. This method indicates that every object emits 

infrared radiation in the form of heat. The infrared scanner detects the heat and draws a thermal 

image. In the segregated area, this method indicates high air voids, as the thermal capacity of air 

is low, relative to that of asphalt, cement and aggregates. Thermal imaging can be used to detect 

segregation, assuming that high segregation causes high air voids content (Howard 1996). The 

essential components of the thermal imaging system are a video camera, a display monitor, storage, 

and a computer with appropriate software for data acquisition. However, the main component of 

this system, which is used to detect infrared radiation from the object, is an optical scanner (Maser 

and Roddis 1990). 

This method also has some disadvantages that limit its applicability. The first disadvantage is 

related to the detection of defects. In this method, only defects that are near the surface or on the 

surface can be detected. Also, the precision of this method is doubtful for old, hot mixed asphalts, 

and finally, either temperature or gradation will appear as cold areas. A secondary confirmation 

will be required to detect segregation (Howard 1996). 

1.5 Permittivity-based Method: Ground Penetrating Radar (GPR) 
Measurement of the dielectric constant (permittivity) is the basis of the Ground Penetrating Radar 

(GPR). Based on the report of Jumikis, Hettiarachchi et al. (2005), knowing that the electrical 

permittivity of air and asphalt cement and aggregate are different, it is possible to use the travel 

time of an electromagnetic pulse to compute the layer’s thickness. Rmeili and Scullion (1997) 

figured out that evaluating density and moisture content anomalies in the reflected waveforms can 

be used. Saarenketo and Scullion (2000) used this method to detect underlying moisture-damaged 

sections successfully in some projects. 

1.6 Precision Statement 
ASTM C802 (2014) presented a standard practice for conducting an interlaboratory study to 

determine the precision of a test method. There are some unavoidable random errors in every test 

procedure. Also, there are some not in full control factors that may influence the outcomes of the 

test. For better data analysis, these variables should be taken into account (ASTM C802, 2014). 

There are many different factors that may influence the variability, such as: 

1. the operator; 

2. the equipment; 

3. the calibration of the equipment, and 

4. the environment (such as humidity, air pollution, and temperature). 

Usually, the variability of the results from the tests with different operators or different equipment 

is greater than the variability of the results from the test with the same equipment and a single 

operator. Also, the variability of the outcome of the test from a single operator over a long period 

of time is greater than the variability of the test result with the same operator, but over a short 
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period of time. This occurs because some factors, like the environment, may change over a long 

period of time and affect the results (ASTM C802, 2014). 

“Accuracy” is the closeness of the results to the true or accepted value. To determine the accuracy 
from the bias and precision points of view, a standard procedure should be considered. Two types 

of measurement concepts in test methods express precision: repeatability and reproducibility 

(ASTM C802, 2014). The repeatability can be achieved by excluding factors 1 to 4 as variables. 

This kind of control study is not recommended as part of an interlaboratory study. The 

reproducibility includes factors 1 to 4 as the source of variability and shows what precision might 

be expected when random parts of the homogenous sample are sent to in-control laboratories. 

Determining the number of laboratories to perform a successful study, aside from the number of 

test results per laboratory, is effective for the confidence of precision statements of the study 

(ASTM C802, 2014). 

Also, two statistical values are used to show the consistency of the data resulting from an 

interlaboratory study. The “k-value” tests the consistency of the within-laboratory precision from 

laboratory to laboratory, and the “h-value” tests the consistency of the test results from laboratory 

to laboratory (ASTM C802, 2014). 

In this research project, the precision of the measurement of the FTM is determined by the 

statistical method presented in ASTM 802, in conjunction with C670. Repeatability and 

reproducibility statistics are computed based on ASTM C802. 

1.7 Quality Control/Quality Assurance Methods to Limit HMA Segregation 
Segregation can occur at each point of the manufacturing process. Table 4 demonstrates the 

methods that should be considered to minimize the segregation. 

Table 4. Quality control methods (Association 1997, Stroup-Gardiner 2015) 

Manufacturing 

step 

Cause of segregation or 

situations with a potential for 

segregation 
To minimize segregation 

Mix design ● Using gap-graded mixes 

● Use mix additives (fiber or 

polymer). 

● Pay extra attention. 

● Slightly increase the asphalt 
content (0.2 percent). 

● Avoid mixes with low asphalt 
content. 

● High stockpiles for single 
aggregate blends 

● Stockpile different sized materials 

separately. 
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Stockpiling ● The method used to remove 

material from the stockpile 

● Always remove aggregate in a 
direction perpendicular to the 

aggregate flow. 

Asphalt 

Plant 

● Several sizes of aggregate 
material  in the cold feed bins 

●Use a self-relieving bottom. 

● The presence of ultra-fine 

material (in hot bins) 

● Install a baffle to force the dust to 
slide to the center of the bin where 

it is uniformly mixed with the 

coarse materials. 

● The presence of gap-graded 

mixes in a drum mixer 

● Obtain better coating by 
increasing the mixing time. 

To increase mixing time: 

- Extend the asphalt line farther 

up into the drum mixer. 

- Decrease the drum slope. 

● Large sizes of surge and storage 
bins 

● Use bin loading batcher at the top 
of the bin. 

● Use rotating type chute in the top 
of the bin. 

● Land out from surge or storage 

bins 

● Fill the surge or storage bin 
uniformly 

Truck 

loading and 

unloading 

● A single drop load ● Load the truck in three different 

drops. 
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Paver ● Inappropriate operation of a 

paver 

● Do not completely empty the 

hopper between each truck load. 

● Fold hopper wings only as 

required to level the material load in 

the hopper. 

● Dump the truck so as to flood the 

hopper. 

● Open hopper gates high enough to 
supply needed material to the paver. 

● Run the paver as continuously as 
possible. 

● Run augers continuously. 

Material 

Transfer 

Vehicle 

(MTV) 

● An accumulation of coarse 
material and dumping of the wings ● Reblend the mix with augers. 

2 CHAPTER 2: Data Collection 

2.1 Introduction 
The purpose of collecting data in this research is to gather enough information to evaluate the 

variability and repeatability of measured MPD using FTM equipment. The data is collected 

methodically so that it is high-quality and has a high level of accuracy. Many different factors 
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contributed to collecting the data, such as operator, equipment, calibration of the equipment, and 

environment, all of which were the variability sources in data collection and were considered in 

the precision analysis. However, to ensure the consistency of collecting data and having the same 

condition for collecting data from different test sites, the procedure represented in ASTM C802 

for collecting the data was followed. In this procedure, the operator should have enough experience 

and knowledge to work with the equipment. The following experimental plan was proposed in the 

original scope of the project and was slightly modified based on input from the project’s panel. 

2.2 Experimental Design 
In this study, two kinds of data were needed: repeatability and variability. The repeatability data 

was used to perform precision analysis, and the variability data was used to determine the validity 

of measured MPD with FTM in identifying segregated areas in asphalt pavement. Therefore, these 

two kinds of data, which were necessary for data analysis, were gathered simultaneously at each 

test site. The data collection procedure in Practice C802-14 was considered to reduce the 

probability of occurring errors in data collecting. The following factors were considered in the 

experimental design: 

1. Mix Type. Various mix types have different gradations. There are 6 mix types commonly 

used: SP 9.5, SP 12.5, SP 19, FC 9.5, FC 12.5 and FC 5. Further, SP mixes can be fine- or 

coarse-graded, and can vary according to traffic level (TL A thru E). The Nominal 

Maximum Aggregate Size is a key variable impacting mix gradation and can potentially 

impact pavement texture. Specifically, whether the mix is fine or coarse can impact the 

gradation and potentially impact the pavement texture. FDOT, however, does not allow 

coarse mixes for Traffic Levels A-C. This leaves Traffic Levels D and E, which can be 

constructed as coarse mixes. However, given the current practice, few mixes are 

constructed as coarse mixes.  As such, this factor can be eliminated from the experimental 

design. 

Since the FDOT specification restricts SP 19 mixes from being placed on the surface, this 

mix type can be excluded from the analysis. Furthermore, since SP 9.5 and FC 9.5 mixes 

have similar gradation and nominal maximum aggregate size, they were combined in the 

same cell. The same is true for SP 12.5 and FC 12.5. It was then agreed that Mix Type 

could be varied at the following three levels: 

1. FC 9.5 or SP 9.5, 

2. FC 12.5 or SP 12.5, and 

3. FC 5 

2. Aggregate Type. Two main types of aggregates are used in Florida: Limestone and 

Granite. Granite has a smoother texture than limestone and can potentially impact the 

pavement texture.  The experimental design considers both types of aggregates. 

3. Pavement Age. It is expected that pavement surface texture can change as pavement ages. 

This is due to abrasion, fine particles and dirt on the pavement surface, etc. The FIU team 

suggests that if the ultimate goal is to use texture measurements for the purpose of 

accepting new construction, then this study should focus on new construction only.  

Supplemental studies can be pursued later to quantify how pavement texture changes with 

age, traffic, climate, etc.  
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4. Level of Segregation. The database used to set a texture target value and tolerance for 

acceptance should include a large set of random and current data representing the spectrum 

of readings currently achieved. It is assumed that the data is normally distributed, where 

the frequency of unacceptable results is much smaller than that of good and acceptable 

values. A 90% confidence level (Z=1.645 standard deviations) was suggested by 

AASHTO (AASHTO 1996, AASHTO 1997) and NCHRP (Russell, Hanna et al. 2001) and 

FDOT (Sholar, Page et al. 2005) in setting the acceptability limits. The FIU team suggests 

that a minimum of 15 texture measurements from non-segregated areas of pavement be 

taken randomly from each project. In addition, 5 measurements of segregated areas should 

also be taken. The segregated readings cannot be used for determining the standard 

deviation for tolerance, but are used to verify that the proposed tolerance in fact identifies 

segregation. The proposed experimental design shown in Table 5 is based on the above 

information. 

Table 5. Experimental Design 

3 factors 12 Cells 

Segregation 

Level 

Age 

(New 

versus 

existing 

Mix) 

Aggregate 

type * 

(Partial 

Factorial 

is OK) 

Mix 

Type 

Cell 

# 

Number 

of 

Projects 

Per Cell 

Number of 

measurements 

per project 

Non-

Segregated 
New Limestone 

FC/SP 

9.5 1 2 15 
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(Used to 

develop 

acceptance 

range) 

FC/SP 

12.5 2 2 15 

FC-5 3 2 15 

Granite 

FC/SP 

9.5 4 2 15 

FC/SP 

12.5 5 2 15 

FC-5 6 2 15 

High Level 

of 

Segregation 

(used to 

verify that 

the set 

tolerance 

screens out 

segregation) New 

Limestone 

FC/SP 

9.5 7 2 5 

FC/SP 

12.5 8 2 5 

FC-5 9 2 5 

Granite 

FC/SP 

9.5 10 2 5 

FC/SP 

12.5 11 2 5 

FC-5 12 2 5 

Data collection started on September 10, 2015 and ended on October 14, 2015. The research team 

coordinated the effort with the State Materials Office, District 2 Materials Office and Districts 4 

and 6 Materials Office. A representative from the District Materials Office guided the research 

team in determining the segregated areas. In addition, the District 2 Materials Office cut cores at 

areas where texture measurements were taken. Cores were taken at some locations only due to 

time limitations. In District 2, the State Materials Office collected texture data using the Circular 

Track Meter at the same locations where the research team collected texture data using FTM. Table 

6 links the experimental design shown in Table 5 with data collection specifics, project location 

and date. 
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Table 6. Data collection 

Segregation 

Level 

Aggregate 

type 

Mix 

Type 
Cell # 

Number 

of 

Projects 

Per Cell 

Number of 

measurements 

per project 

Date of 

data 

collection 

Project(s) 

name 

Location of the project 

Random 

measurement 

(Used to develop 

acceptance 

range) 

Limestone 

FC/SP 

9.5 
1 2 20 

9/29/2015 US1 RICHARD Richard Ln, Intersection of Highland Dr & US1,northbound, Vero beach 

10/8/2015 Hialeah 25st Intersection of 25th st & 5th Ave, eastbound, Hialeah 

FC/SP 

12.5 
2 2 20 

10/6/2015 I95 GLADES Intersection of Glades Rd & I-95, southbound, Boca Raton 

10/6/2015 Palmetto 8st Intersection of Palmetto Highway & 8th st, northbound, Miami 

FC 5 3 2 20 
9/29/2015 US1 VERO Intersection of Highland Dr SE & US1,northbound, Vero beach 

10/14/2015 CR880 SR 80:From SR-15 (US-441) to CR880 (Twenty Mile Bend) 

Granite 

FC/SP 

9.5 
4 2 20 

9/10/2015 SR207 SR 207 intersect with CR-305, middle of project, St.Johns County 

9/11/2015 US301 US 301 Between Baldwin and Callahan in Duval and Nassau County 

FC/SP 

12.5 
5 2 20 

9/10/2015 SR23 Intersection of SR 23 and SR 228 in Duval County 

9/11/2015 A1A Trail adjacent to SR A1A in Duval County near Fort George Island 

FC 5 6 2 20 
9/10/2015 UF TRACK 

Intersection of Mowry Rd and Gale Lemerand Drive, University of 

Florida 

9/11/2015 US1 US-1 in Nassau County, 2 miles south of Callahan 

High Level of 

Segregation 

(used to verify 

that the set 

tolerance 

screens out 

segregation) 

Limestone 

FC/SP 

9.5 
7 2 5 

9/29/2015 US1 RICHARD Richard Ln, Intersection of Highland Dr & US1, northbound, Vero beach 

10/8/2015 Hialeah 25st Intersection of 25th st & 5th Ave, eastbound, Hialeah 

FC/SP 

12.5 
8 2 5 

10/6/2015 I95 GLADES Intersection of Glades Rd & I-95, southbound, Boca Raton 

10/6/2015 Palmetto 8st Intersection of Palmetto Highway & 8th st, northbound, Miami 

FC 5 9 2 5 
9/29/2015 US1 VERO Intersection of Highland Dr SE & US1,northbound, Vero beach 

10/14/2015 CR880 SR 80:From SR-15 (US-441) to CR880 (Twenty Mile Bend) 

Granite 

FC/SP 

9.5 
10 2 5 

9/10/2015 SR207 SR 207 intersect with CR305, middle of project, St.Johns County 

9/11/2015 US301 US 301 Between Baldwin and Callahan in Duval and Nassau County 

FC/SP 

12.5 
11 2 5 

9/10/2015 SR23 Intersection of SR 23 and SR 228 in Duval County 

9/11/2015 A1A Trail adjacent to SR A1A in Duval County near Fort George Island 

FC 5 12 2 5 
9/10/2015 UF TRACK 

Intersection of Mowry Rd and Gale Lemerand Drive, University of 

Florida 

9/11/2015 US1 US1 in Nassau County, 2 miles south of Callahan 
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As shown, there were 2 projects in each cell, which means there were 12 test sites, as shown in 

Table 7. The two types of repeatability and variability data were gathered separately from each 

test site. It should be noted that Table 5 shows that 15 non-segregated spot locations were 

considered to be measured, while Table 6 shows 20 spot locations that were measured. These 

additional 5 spot location measurements were performed to remove faulty measured data.  

Table 7. Test sites ID 

Mix 

Type 

Aggregate 

Type 

Test Site 

ID 

FC 5 

Limestone 
7 

12 

Granite 
1 

4 

FC/SP 
9.5 

Limestone 
8 

11 

Granite 
2 

5 

FC/SP 
12.5 

Limestone 
9 

10 

Granite 
3 

6 

2.2.1 Collecting Repeatability Data 

Three spot locations were considered in each test site to gather repeatability data. Two of them 

were non-segregated, and the other one was segregated. Spot locations were selected by visual 

inspection, and clean and dry surfaces were selected randomly. These surfaces were free of loose 

particles, and the surfaces were cleaned of the residue with a brush. The segregated and non-

segregated areas were chosen and marked by FDOT experts. The texture of pavement surface was 

then measured using FTM. It was noted, when placing the FTM on the marked area, the FTM 

direction must point to the direction of travel. 

These three spots were named A, B, and C, all of which are presented in Table 8 as the data 

collected for test site 1, and the other test sites’ data is presented in Appendix A. Also, as shown 

in Table 8, there were three devices at each test site. Each device had a specific operator. Different 

operators and devices were used in order to analyze the impact of a different operator and devices 

in the precision analysis of FTM. Each operator measured the spot location texture with three 

replicates readings. These triplicates were implemented to calculate the within device or 

repeatability precision. 
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Table 8. Collected data for test site 1 

Device Replicate 
Spot 

A B C 

(1) 

a 1.9912 1.8737 2.1416 

b 1.7917 2.0840 2.2672 

c 1.9852 1.9928 1.9882 

(2) 

a 1.8192 1.8564 2.1943 

b 1.6959 1.8724 1.8811 

c 1.6466 1.6903 1.9774 

(3) 

a 1.6474 1.8471 2.1368 

b 1.7091 1.8175 1.9877 

c 1.7325 1.8099 2.0477 

In gathering the data with different devices, it was important that the FTM equipment be placed 

exactly in the designated position. In fact, placing the device in a location with a little shift in 

comparison with the designated position can lead to a measurement of a different location MPD. 

This relocation of the device could increase the precision number of the device. To avoid this 

relocation and placement of device in the designated location, the devices’ edges were marked 

with chalk, as shown in Figure 19. Similarly, the replicate measurements were conducted in a 

laboratory, so that the device was also lifted up and once again placed in the indicated position. 

This lifting up and placement was conducted to have the same condition for collecting all of the 

data within a device or between devices. 

Figure 19. Marked position of FTM 

2.2.2 Collecting Variability Data 

Another objective of this research was to investigate the validity of FTM in identifying segregated 

areas in HMA pavement. In collecting the data to explore this validity, the procedure mentioned 

in the repeatability data collection was followed, unlike that of the 25 spot locations that were 

designated in each test site. Five spot locations were segregated, and the others were non-

segregated. FDOT’s experts identified segregated and non-segregated spots with the visual 
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inspection method. For each spot location, two replicate readings were conducted by the same 

device with the same operator. In this analysis, the average of these two replicate measurements 

was used as the MPD of the spot location because the averaging of several determinations can 

decrease the impact of the local variation of property in the material (ASTM C802-14). Moreover, 

the difference of these two replicates was compared with the precision value to remove the out-of-

range data. Indeed, the purpose of conducting precision analysis was to define the maximum 

acceptance range of difference in two conducted tests by the same laboratory, operator, and 

equipment. Thus, after defining the precision value of FTM, it was possible to evaluate the data 

gathered for variability analysis. The measured spot location MPD was omitted if the range of 

replicate measurements were larger than the calculated precision value. It should be noted that 20 

spot locations textures were measured in each test site to investigate the variability and tolerance 

of non-segregated data, while it was proposed that 15 spot locations were needed. These five 

additional measurements were collected to omit the out-of-range data. FDOT’s CTM also 

measured the first six test sites’ spot location textures. This measurement was conducted by FDOT 

staff and then compared with FTM measurements in order to define the correlation between FTM 

and CTM devices. 

2.3 Capturing Image 
In order to have enough information about the surface condition of measured spot locations texture, 

the images of spots were captured. Since the type and resolution of the camera may affect the 

results, all of the pictures were taken by the same camera and same operator (and same quality) 

from the same elevation. The setup shown in Figure 20 was used to capture the photos. In the 

center of the table, there was a hole where the camera was placed to take the picture. 

Figure 20. Image capturing table 

The pavement surface was flat, and the size of the table was approximately 45*45 centimeters, 

which was small enough so that the pavement slope had no effect on the pictures. Then, the camera 

was placed on the table and the picture was taken so that it faced the direction of the pavement. 
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3 CHAPTER THREE: Data Analysis 

1.1 Introduction 
In this section, the collected data is analyzed. In the preliminary step of data analysis, the precision 

analysis of gathered data is conducted and the precision statement of the Florida Texture Meter 

(FTM) is determined. This statement defines the maximum acceptable range of data differences 

with the FTM using the same and different equipment, which in turn can be used in practical 

experience to remove out-of-range data. Next, the gathered data with the FTM and Circular Track 

Meter (CTM) is compared, and the correlation of these two devices is defined. Finally, the validity 

and appropriateness of FTM in detecting the segregated areas is investigated. In this analysis, 

different types of statistical analyses are performed to classify the pavement surface texture, and 

the best practical method is identified. 

3.1 Precision Analysis 
In this section, the Florida Texture Meter (FTM) precision is assessed. The FTM is a portable 

laser-based device designed according to ASTM E 1845 (Lee, Upshaw et al. 2014). This device 

measures the pavement surface macrotexture in terms of Mean Profile Depth (MPD). The 

precision of this device is evaluated based on an inter-laboratory study based on ASTM C802-14. 

This standard practice is used in conjunction with ASTM C670, which describes the standard 

language and statistics used in precision statements. This method evaluates data consistency before 

conducting precision analysis, and then determines the single-device and multi-device precision 

statement of FTM. A single-device precision statement defines the range of difference in data 

collected with the same device and operator. A multi-device precision statement indicates the 

difference in the range of data collected with different operators and different devices. This 

analysis is performed to determine the acceptable range of differences (difference limits (d2s)) 

between two readings with FTM, based on ASTM C670. It should be noted that the terminology 

used in this standard uses the word “inter-laboratory.” Since pavement texture measurements are 
not produced in a laboratory, but rather produced using field equipment, the words “device” and 

“laboratory” are used interchangeably in this report. 

In the first step of data analysis, a raw data table that provides the measured MPD of pavement 

surface was used for each test site. An example of data analysis for test site 1 is shown in Table 8. 

For each test site, there are 27 readings, and the distribution and variation of collected MPD in 

each test site data is shown in Figure 21. 
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Figure 21: Distribution of measured MPD 

As shown in Figure 21, test site 7 has a significantly higher MPD range, in comparison with the 

other test sites. In addition, test sites 1, 4, 7, and 12 have a MPD median higher than the other test 

sites. These test sites have the FC-5 mix type. This higher MPD median is due to open gradation 

of the FC-5 mix. The FC-5 asphalt mixture is an open-graded friction course with the nominal 

maximum aggregate size of ½-inch, which is designed to improve the hydroplaning resistance of 

pavement surface (Birgisson, Roque et al. 2006). 

This trend is expected, since the FTM measures the pavement surface macrotexture, which 

indicates changes in pavement surface elevation. Since the FC-5 mix is open-graded and has coarse 

aggregates, the change in pavement surface elevation is larger than that of dense-graded mixes. 

This type of change can result in a greater MPD median for the FC-5 asphalt mix. 

The data used in the precision analysis should be consistent. Hence, the consistency of data must 

be examined before its use for precision analysis. The procedure presented in ASTM C802 was 

followed to determine the consistency of collected data. In this method, two statistical values are 

used to evaluate the data consistency: the h-value, and the k-value. The h-value is based on the 

Student’s t-test, which determines whether the average of each device data is consistent with the 
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other devices. The k-value evaluates the dispersion of collected data by a single operator and is 

based on the F-ratio. The calculated h and k values for each device are compared with the critical 

values of h and k to eliminate the inconsistent data. If the calculated h and k values are beyond the 

critical values, then the data is deemed inconsistent, and must be removed. ASTM C802 provides 

the critical values based on the number of laboratories and replicates with each device. Hence, it 

is possible to define the precision value of the test method based on consistency-checked data. The 

h and k statistics were computed for each device in each test site to give an idea of the variability 

of measured MPD with each device. These statistics were used to pinpoint suspect measurements 

that should be investigated. The calculated h and k values for each device in each test site as well 

as the omitted measurements due to having outlier calculated h and k values are presented in 

Appendix A. 

In this study, there were 12 test sites where the precision analysis was conducted separately based 

on consistency-checked data. To perform precision analysis, the standard deviation was computed 

for each test site for each device. Then, the pooled standard deviation of all three devices was 

reported as the standard deviation of each test site, shown in Table 9. Table 9 lists the terms of the 

standard deviation and coefficient of variation (COV). The standard deviation shows the dispersion 

of data around the mean. The COV is the normalized variance in data, which is the ratio of standard 

deviation to the mean of test sets in percentage. 
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Table 9: Statistics for FTM for all test sites 

Mix Type 
Aggregate 

Type 
Test 
Site 

Mean 
Within device Between device 

Variance SD1 COV2 (%) Variance SD1 COV2 (%) 

Open 
Graded 
Mixes 

FC 5 

Granite 
1 1.907 0.0106 0.103 5.396 0.0165 0.128 6.737 

4 1.314 0.0051 0.071 5.424 0.0084 0.092 6.985 

Limestone 
7 2.054 0.0072 0.085 4.132 0.0128 0.113 5.509 

12 1.729 0.0088 0.094 5.422 0.0097 0.098 5.691 

Pooled Statistics - 0.0079 0.089 - 0.0119 0.109 - 

Dense 
Graded 
Mixes 

FC/SP 
9.5 

Granite 
2 0.755 0.0027 0.052 6.950 0.0028 0.053 7.056 

5 0.886 0.0021 0.046 5.175 0.0034 0.059 6.603 

Limestone 
8 0.684 0.0028 0.053 5.998 0.0042 0.065 8.553 

11 0.737 0.0025 0.050 6.764 0.0041 0.064 8.663 

FC/SP 
12.5 

Granite 
3 0.745 0.0019 0.044 5.920 0.0031 0.056 7.530 

6 0.439 0.0003 0.018 3.996 0.0045 0.067 15.205 

Limestone 
9 0.352 0.0010 0.032 9.162 0.0015 0.039 11.029 

10 0.673 0.0025 0.050 7.448 0.0029 0.053 7.944 

Pooled Statistics - 0.0020 0.045 - 0.0033 0.058 - 

Overall Pooled Statistics - 0.0040 0.063 - 0.0062 0.078 - 
1 SD: Standard Deviation,   2 COV: Coefficient of Variation 
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As shown in Table 9, the standard deviation of the FC-5 mix is higher than that of the other mixes. 

This large standard deviation can be caused by the variation in aggregate size since the FC-5 

asphalt mix is open-graded. Also, it can be seen that test sites 2, and 10 have almost identical 

standard deviation values for within-device and between-device. These identical values occur 

when the variance of device differences fluctuates around zero and indicates that the devices are 

in excellent agreement (ASTM C802). Moreover, test sites 6 and 9 have the highest COV values 

for the between devices MPDs, which means that the variation of the MPD was high relative to 

the mean of measured texture in these sites. 

The pooled standard deviation is also shown in Table 9 for each mix type, and it can be seen that 

the standard deviation for open-graded mixes is higher than that of dense-graded mixes. 

Furthermore, the maximum acceptable range of differences in two properly measured 

macrotextures using FTM is presented Table 10. This range is calculated based on ASTM C670. 

For example, for the open-graded mix and single device precision, the maximum acceptable range 

of difference in two measured MPDs conducted properly with the same device and operator at the 

same time should not exceed 0.25 mm. However, for the multi-device precision and open-graded 

asphalt mix, the maximum acceptable range of differences in two measured MPDs conducted 

properly with different devices and operator should not exceed 0.31 mm. It should be noted that 

the data used to develop the precision analysis were obtained using the millimeter as the unit of 

measurement. 

Also, it can be seen that for dense-graded mixes, the standard deviation measured with the single 

device is 0.045. This value is higher than the reported precision by ASTM for CTM, which is 0.03 

mm (ASTM E2157-15). This difference is due to the various surfaces and materials used in this 

project. Precision statistics reported by others above were computed with only dense-graded 

mixes. Also, FDOT reported a standard deviation of 0.084 and 0.103 mm for single device and 

multi-device precision of CTM, which is higher than FTM equipment (Jackson, Choubane et al. 

2009). This study indicates that the accuracy of FTM is better than that of CTM in measuring the 

pavement surface macrotexture. 
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Table 10. Precision Statistics of FTM 

Mix Type Test Index 

Standard 

Deviation 

(mm) 

Acceptable Range of 

Two Test Results, d2s 

(mm) 

Open-

Graded 

Mixes 

Single device 

precision 
0.089 0.25 

Multi-device 

precision 
0.109 0.31 

Dense-

Graded 

Mixes 

Single device 

precision 
0.045 0.13 

Multi-device 

precision 
0.058 0.16 

To identify the factors that explain the variability of measured data, the data was analyzed using 

the Analysis of Variance. This analysis was performed using the general linear model at a 5% 

significance level. The results are summarized in Table 11. Factors with a P-value (significance 

level) of 0.05 or less are considered significant. As expected, the test site, aggregate type, and 

asphalt mix type are significant factors. The practical implication of this observation is that the 

texture variability is site-dependent, and no universal acceptance MPD values can be used to 

determine segregation. Rather, segregation can be determined using site-specific data, as shown 

in subsequent sections. 

Table 11 shows that device and replicate measurements are insignificant sources of variability. 

This indicates that each device measurements conducted for the same spot location are in 

agreement with one another. Furthermore, the triplicate readings with the same device in the same 

spot location are in ample accord. 

Table 11. Analysis of variance 

Source Sum of Squares 
Degree of 

Freedom 
F-Value P-Value 

Test Site 95.960 11 91.630 .000 

Device .054 2 .283 .754 

Replicate .028 2 .144 .866 

Mix Type 84.440 2 331.166 .000 

Aggregate Type 0.267 1 3.782 .039 
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3.1.1 Precision Statement of FTM 

According to the precision analysis conducted based on ASTM C802-14 and C670, the pooled 

precision statement of the FTM test method is shown in Table 12. 

Table 12: Pooled precision statement of FTM 

Test Index Standard Deviation 

(mm) 

Acceptable Range of Two 

Test Results, d2s (mm) 

Single device precisiona 0.063 0.18 

Multi-device precision b 0.078 0.22 

aSingle device Precision: The pooled single-operator standard deviation is 

found to be 0.063 mm. Therefore, the results of two properly conducted 

tests by the same operator on the same material are not expected to differ 

by more than 0.18 mm. 

bMulti-device Precision: The multi-device standard deviation is found to be 

0.078 mm. Therefore, results of the two properly conducted tests by two 

different laboratories on specimens of the same material are not expected to 

differ by more than 0.22 mm. 

Note: These precision statements are based on an inter-laboratory study that 

involved 12 test sites, three devices, and three replicate tests per operator. 

Note: The data used to develop the precision statements were obtained 

using the millimeter as the unit of measurement. 

3.1.2 FTM Correlation with CTM 

The linear regression model is used to determine the correlation between the FDOT CTM and 

FDOT FTM device. This model is a statistical method that defines the relationship between two 

independent variables. CTM is another portable laser-based device that evaluates pavement texture 

surface in terms of MPD. It is anticipated that these two types of equipment have a good correlation 

because they are designed based on the same standard practice. 

In the first six test sites, the texture of asphalt is measured with a CTM and FTM to define the 

correlation between these two devices. In this case, there were 25 MPD spot locations in each test 

site. Each spot location was measured with one of the FTM devices with twice replicate. The 

average of replicate measurements with each device was reported as the texture of spot location. 

The results of the linear regression analysis for these three devices are shown in Figure 22. It can 

be seen that the R2 is over 0.95, which reveals that the data collected with the FTM and CTM are 

highly correlated. Indeed, it is possible to convert the macrotexture measured by the FTM and 

CTM to one another through the equation shown in Figure 22. 
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(a): Device 1 

(b) Device 2 

(c) Device 3 

Figure 22. FTM and CTM Correlation 

FTM = 0.9635*CTM + 0.0707 
R² = 0.968 
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Furthermore, to compare the mean of these data measured by FTM and CTM, the statistical pair 

t-test was conducted. A sample paired t-test is a statistical method that compares two population 

means that are paired and highly correlated to each other. The first step in conducting this analysis 

was assuming the null hypothesis, which considered the mean of these two samples measured by 

FTM and CTM to be equal. The next step was selecting the level of significance (error), which 

was considered to be 5%. The paired t-test was then conducted; the results are displayed in Table 

13. 

Table 13. Pair t-test 

FTM MPD 

(mm) 

CTM MPD 

(mm) 

Device 1 

Mean 1.07 1.10 

Variance 0.51 0.49 

Hypothesized Mean Difference 0 

P 0.11 

Device 2 

Mean 0.94 0.94 

Variance 0.37 0.40 

Hypothesized Mean Difference 0 

P 0.92 

Device 3 

Mean 0.97 0.99 

Variance 0.22 0.25 

Hypothesized Mean Difference 0 

P 0.34 

As shown in Table 13, the p-value for each device data is greater than the significance level; 

therefore, the null hypothesis is not rejected, which is an indication that the mean of collected data 

by the CTM and FTM is statistically equivalent. 

3.2 Validity of FTM for Detecting Segregation 
Different methods have been used to assess the thermal and physical segregation of hot mix 

asphalt. Historically, this assessment is conducted by visual inspection and verified by a core 

density test (Stroup-Gardiner and Brown 2000). In the core density test, bulk specific gravity 

(Gmb) and theoretical maximum specific gravity (Gmm) are determined. The pavement is then 

considered segregated when the Gmb is less than 89.5% of Gmm. Since this method needs a core 

sample, it is considered destructive and time-consuming. Another method that can be used to 
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determine pavement segregation is pavement surface macrotexture. This method measures 

pavement macrotexture, and then the pavement is classified as segregated and non-segregated with 

the use of measured macrotexture. Different methods and instruments can be used to measure 

macrotexture. One volumetric method that is commonly used is the Sand Patch Method (Abe, 

Tamai et al. 2001). Recently, new laser-based instruments were developed to measure pavement 

surface macrotexture such as CTM, dynamic friction tester, and FTM (Lee, Upshaw et al. 2014). 

In this section, the feasibility of using measured macrotexture with FTM in detecting segregation 

is investigated. Twenty-five spot locations in each of the 12 test sites were randomly selected, and 

the FTM measured the MPD of each spot location to explore this validity. In measuring the MPD 

in each spot location, two readings were conducted by the same device and operator, and the 

average of these two readings was used as the MPD of the spot location. Indeed, this averaging 

can reduce the localized variability of material in the spot location (ASTM C802). Also, it is 

possible to remove outlier measurements by comparing the difference between the two readings 

to a defined maximum acceptable difference between two readings with the same device in the 

precision analysis. For example, consider two replicate measurements with the same device from 

a dense mix asphalt mix. When the different between these two replicates is more than 0.13 mm, 

this spot location texture data must be omitted or the measurement should be conducted again 

(Table 10). This variation is higher than the maximum variation allowed with the test method 

according to the precision analysis. The verified data were then used to define the validity of 

segregation detection using FTM measurements. 

FDOT experts used the visual inspection method to define the level of segregation for each 

measured texture. The macrotexture measurements for each test site were analyzed using the 2-

Sigma methodology to determine the level of segregation. This method is suggested by the 

AASHTO, NCHRP, and implemented by FDOT to determine HMA acceptance limits (Sholar, 

Page et al. 2005). This method is described comprehensively in the following sections. 

3.2.1 Variability of Collected Data 

The raw data are presented in the following figures to derive a vision about the gathered data in 

each project. Each test site contains 20 non-segregated and 5 segregated spots, and their textures 

were measured using FTM. FDOT identified the level of segregation using the visual inspection 

method presented in Figures 23, 24, and 25. 
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Figure 23. Collected data for FC-5 asphalt mix type 
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Figure 24. Collected data for FC/SP 9.5 asphalt mix type 
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Figure 25. Collected data for FC/SP 12.5 asphalt mix type 

As shown in Figures 23, 24 and 25, some test sites have an obvious threshold between segregated 

and non-segregated measured MPD, while other test site data have some overlap between 

segregated and non-segregated data. For instance, in Figure 24 for test site 08, there is an obvious 

threshold between the segregated and non-segregated areas. On the contrary, for test site 01, there 

is a large overlap of MPD values, and there is no obvious threshold between segregated and non-

segregated textures. Furthermore, it is expected that the segregated areas have a larger MPD when 

compared with non-segregated areas because there are more changes in the surface elevation of 

the pavement in the segregated area than in the non-segregated area (Hanson and Prowell 2004). 

This trend was observed in this study data. 
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3.2.2 Classification Using 2-Sigma Methodology 

The 2-Sigma methodology was suggested by AASHTO and NCHRP, and was implemented by the 

FDOT to determine HMA acceptance limits (Sholar, Page et al. 2005). In this methodology, the 

mean and standard deviations of non-segregated data MPD are calculated to define the 

specification limit (Lee, Upshaw et al. 2014). The specification limit is the total of the mean and 

twice the standard deviation. This specification limit is defined as the threshold that separates 

segregated and non-segregated data. The data beyond the specification limit can be considered 

segregated. This study follows this trend, and the specification limit is defined for each test site 

data separately. This classification is then compared with the visual inspection assessment that was 

conducted by FDOT experts, and the success percentage is defined. The success percentage is the 

amount of data classified correctly according to visual assessment. 

The advantage of using this method is the reduction of the percentage of non-segregated spots that 

can be erroneously classified as segregated. In other words, using twice the standard deviation in 

defining the specification limit means that at least 95% (95.4%) of non-segregated textures are 

determined non-segregated. To minimize the potential of a false alarm that is erroneously judging 

a non-segregated area as segregated, the number of standard deviations added to the mean to 

determine the threshold MPD value can be increased beyond 2. Conversely, if the number of 

standard deviations is reduced below 2, then the potential of a false alarm will increase, but the 

potential for missing a segregated area will decrease. 

The data used in the 2-Sigma methodology should be normally distributed because this method is 

established for normally distributed data. The two statistical methods that investigate the normality 

of data are the Kolmogorov-Smirnov Test, and the Shapiro-Wilk Test (Montgomery 2007). It is 

recommended that the Shapiro-Wilk Test is used for smaller size samples, usually less than 50 

samples. The normality test was conducted with these two methods using non-segregated data with 

a 95% confidence level. This analysis was conducted for each project with non-segregated data; 

the results are presented in Table 14. 
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Table 14. Normality test 

Test Site 

Kolmogorov-Smirnova Shapiro-Wilk 

Statistic df Sig. Statistic df Sig. 

1.00 .150 18 .200* .958 18 .560 

2.00 .121 19 .200* .931 19 .180 

3.00 .183 20 .079 .906 20 .054 

4.00 .119 20 .200* .962 20 .590 

5.00 .281 20 .000 .761 20 .000 

6.00 .087 20 .200* .973 20 .811 

7.00 .108 20 .200* .959 20 .534 

8.00 .139 20 .200* .930 20 .153 

9.00 .153 19 .200* .902 19 .054 

10.00 .177 20 .100 .951 20 .375 

11.00 .126 20 .200* .943 20 .274 

12.00 .156 20 .200* .967 20 .692 

The significance level for each project for two different normality test methods is presented in 

Table 14. If the significance level is more than 0.05, it shows that the data is normally distributed. 

It can be seen that test site 5 is the only project with data that is not normally distributed, and for 

the other projects, the data are normally distributed. This abnormality may occur because there is 

not enough data to be used in the normality test. The recommendation is that the data size should 

include the use of about 30 readings in the normality test; however, these projects contained only 

20 readings (Montgomery 2007). However, for the other 11 test sites, the data are normally 

distributed. Therefore, it is possible to use the 2-Sigma method to determine a specification limit 

to separate segregated and non-segregated data. Moreover, column df of Table 14 represents test 

sites 1, 2, and 9, which are missing some data because they have less than 20 df. These 

measurements were removed because the differences between the two replicate measurements 

were beyond the 0.18 mm based on precision analysis (Table 12). 

The 2-Sigma methodology was applied to each test site data; the results are displayed in Table 15. 

In this table, the Mean, Standard Deviation (SD), and specification limits are calculated for each 

test site. The specification limit is the threshold that separates segregated and non-segregated data 

in such a way that the data that is beyond this cutoff line can be considered segregated data (Figure 
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22, 23, and 24). In the table, the percentage of data in the segregated and non-segregated groups is 

also presented. The percentage of non-segregated data, which is considered the non-segregated 

area, is more than 95%, with the exception of test site 5. This abnormal observation occurred 

because the data for this project is not normally distributed. However, the percentage of non-

segregated that was determined as segregated is very low, which is an advantage of using this 

method in the classification of data. 

In concept, the higher the sigma multiplier, the higher the chance of missing segregated areas 

and the lower the chance of erroneously classifying a non-segregated area as segregated (false 

alarm).  The 2 multiplier seems to present a good balance of limiting disputes resulting from 

false alarms (97%), while still detecting the majority of segregation (57%). 
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Table 15. Specification limits for each test site 

Mix 

Type 

Aggregate 

type 

Test 

Site 
Mean 

Average 

SD 

Specification 

limit=Mean+2*SD 

%Non-

segregated 

Determined 

Non-

segregated 

%Non-

segregated 

Determined 

segregated 

%Segregated 

Determined 

Segregated 

%Segregated 

Determined 

Non-

Segregated 

FC-5 

Limestone 
P07 1.7774 0.2457 2.2687 100 0 80 20 

P12 1.8027 0.2269 2.2565 100 0 20 80 

Granite 
P01 2.2119 0.3267 2.8654 95 5 20 80 

P04 1.3791 0.1126 1.6044 100 0 20 80 

FC/SP 

9.5 

Limestone 
P08 0.3962 0.0761 0.5484 95 5 100 0 

P11 0.4851 0.1215 0.7281 100 0 100 0 

Granite 
P02 0.6914 0.0692 0.8298 95 5 80 20 

P05 0.6673 0.2455 1.1583 90 10 40 60 

FC/SP 

12.5 

Limestone 
P09 0.3258 0.0799 0.4855 95 5 20 80 

P10 0.3959 0.0872 0.5704 100 0 100 0 

Granite 
P03 0.5839 0.1614 0.9068 95 5 40 60 

P06 0.3667 0.0906 0.5480 100 0 60 40 

Total Success Percentage 97 - 57 - 
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4 CHAPTER FOUR: Conclusions and Findings 

The current research was conducted to evaluate the consistency of the Florida Texture Meter 

(FTM) results and its validity and appropriateness in detecting segregation in newly paved hot mix 

asphalt. The statistical method of ASTM C802-14 was used to perform precision analysis and 

assess the consistency of FTM results. Moreover, the different classification methods, 2-sigma 

methodology, linear discriminate analysis, and the use of the coupled core density test results and 

MPD, were implemented to determine the best method to classify segregated and non-segregated 

pavement. In detecting segregation areas, the visual inspection assessment was used to verify the 

segregation classifications. A summary of findings and conclusions are listed below.  

▪ Since the FC-5 mix is open-graded and has coarse aggregates, the FC-5 asphalt mix has a 

greater MPD range. 

▪ The standard deviation of the FC-5 mix was higher than that of the other mixes. This 

large standard deviation can be caused by the variation in aggregate size since the FC-5 

asphalt mix is open-graded. 

▪ The repeatability and reproducibility of FTM were 0.18 and 0.22 mm, respectively. 

▪ Laboratory and replicate measurements were insignificant sources of variability. This 

indicates that laboratory measurements that were conducted by different equipment and 

operators for the same spot locations are in agreement with one another. 

▪ FTM has a better precision compared to the CTM precision reported in previous work.  

▪ The data collected with FTM and CTM were highly correlated. Indeed, it is possible to 

convert the macrotexture measured by FTM and CTM to one another. 

▪ The 2 Standard deviations from the Mean method were accurate in detecting segregation 

in all mixes. The method correctly classified non-segregated areas as non-segregated 97% 

of the time.  It correctly identified segregated areas as segregated 57% of the time.  It is 

noted that this statement is based on agreement with visual observation. 

▪ In concept, the higher the sigma multiplier, the higher the chance of missing segregated 

areas and the lower the chance of erroneously classifying a non-segregated area as 

segregated (false alarm).  The 2 multiplier seems to present a good balance of limiting 

disputes resulting from false alarms, while still detecting the majority of segregation. 

▪ A method was developed to determine segregation based on the 2 Standard deviation 

method.  This method is presented in Chapter 5. 

▪ Statistical analysis showed that mix type and aggregate type are significant factors 

impacting the MPD. Thus, the precision statistics were reported for each mix/aggregate 

type. No universal acceptance MPD values can be used to determine segregation. 

▪ The test site was a significant factor impacting MPD. Thus, mean and SD should be 

computed for each project/lot separately. 



46 

5 CHAPTER FIVE: Implementation Plan 

5.1 Introduction 

Although using FTM to measure the surface texture of pavement is very user-friendly and is not 

related to operator experience, a standard procedure needs to be followed to obtain consistent 

results. The FTM equipment consists of a displacement sensor that measures texture MPD 

controlled by a portable computer. The computer software can initiate the texture measuring, and 

process, save, and represent the texture MPD. In measuring the surface texture of a location, the 

FTM displacement sensor is mounted around a 284-mm diameter circle and the elevation changes 

on the surface are measured. The circle is then divided into eight segments, and the texture MPD 

is reported as the average of the eight segments’ elevation changes in terms of MPD. The mean 

profile depth of each segment is also saved in the data file. 

5.2 Pre-Setup Test 
Before using this device, it should be tested in the field to determine whether FTM works properly 

and connects to the notebook computer. After setting up the device, the FTM should be placed on 

a clean, flat, dry and homogenous surface without local cracks or loose sand. Then, the texture 

measurement is initiated with a notebook. The profile is measured in 360 degrees, which is the 

circumference of the circle. If the device does not properly connect to the notebook, it may not 

display this graph. Thus, the connections and device should be checked until it works properly and 

displays a diagram similar to the one below. When it does, the device is ready to take pavement 

texture measurements. 

5.3 FTM Calibration 
Prior to use, calibrate the equipment in accordance with Manufacturer Recommendation. 

5.4 Texture Measurement Procedure 
The following procedure shall be followed when using the FTM device. 

1. Select the location where the texture is to be measured. The chosen pavement surface shall 

be clean and dry, without any debris. If there is any residue, remove it using a brush. 

2. The instrument shall be placed on the pavement in the direction of travel. The direction 

vector sign, which is displayed on the instrument, shall point to the direction of travel.  

3. If the pavement texture is being measured with different equipment and devices, the 

location and edges of FTM shall be marked on the pavement surface. 

4. Initiate the FTM measurement by selecting the “compute” option in the notebook software 

and record and save the readings in the notebook. 

5. In recording and saving the readings in the notebook, a proper name should be chosen for 

the computed MPD. This name can consist of the project number, location number, date, 

time, replicate number, etc. Other naming conventions can be used to identify the file 

containing the data. 

6. At least two texture replicate measurements shall be taken. The average of these readings 

can be used as the MPD of the area. The mean of several readings can reduce the 

measurement error. Moreover, the difference between replicates within the same device 
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must not exceed the d2s values represented in the Table 16. If it exceeds these values, the 

measurement shall be repeated. 

Table 16. Precision Statistics of FTM 

Mix Type Test Index 

Standard 

Deviation 

(mm) 

Acceptable Range of 

Two Test Results, d2s 

(mm) 

Open-

Graded 

Mixes 

Single device 

precision 
0.089 0.25 

Multi-device 

precision 
0.109 0.31 

Dense-

Graded 

Mixes 

Single device 

precision 
0.045 0.13 

Multi-device 

precision 
0.058 0.16 

5.5 Segregation Detection Procedure using FTM 
This procedure defines the instructions that shall be followed to detect segregation using the 

measurement of the macrotexture of pavement with FTM. To measure the pavement texture, the 

Texture Measurement Procedure shall be followed. Before defining the segregated area in a 

project, the threshold, which separates segregated and non-segregated areas, should be defined. 

The following steps shall be followed to determine this threshold. 

1. Divide the project into lots and define the specification limit for each lot separately. 

Each lot should be 500 feet long. 

2. Ten non-segregated textures shall be selected within the lot. The locations of the 10 

measurements shall be selected randomly in a matter similar to the random core 

location. A two-dimensional random number generator should be used to determine 

the station and the offset of each test location. For instance, the random number 

generator shall be programed to select two numbers; the first is the distance (in feet) 

in the longitudinal direction measured from the lot’s start line. This should be a 

number between 1 and 499. The second number represents the offset (transverse 

distance from the edge of the lane) to take the measurement. This should be a number 

between 1 and 11 feet (assuming a 12-foot lane). 

3. Visually inspect the randomly located spot (Figure 26). If the spot is not segregated, 

then take a texture measurement. If the spot is segregated, then skip the location and 

locate a non-segregated spot within a 5-foot radius of the randomly located spot. 
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Figure 26: Segregated and non-segregated textures 

4. Measure the pavement texture using the Texture Measurement Procedure, as 

described in Section 9.4. 

5. Calculate the mean (Average MPD) and standard deviation (SD) of the ten texture 

measurements. 

6. Calculate the threshold value using the equation below. 

Threshold = (Average MPD of the 10 measured textures) + (2*SD of measured textures) 

7. Any area with an MPD greater than the threshold value is considered segregated.  No 

density tests are needed to verify the results. 

5.5.1 Streamlining the Measurement 

To avoid taking measurements in lots with no suspected areas of segregation, this procedure can 

be performed in a reverse order, starting with areas suspected of segregation. 

1. Visually identify areas suspected of segregation. 

2. Sketch the location of such areas. 

3. Define the 500-foot lots in a manner that maximizes productivity. For instance, if two or 

more areas suspected of segregation are within 500 feet of each other, then the lot can be 

defined as the 500-foot lane segment that encompasses all suspected areas. That way, the 

10 random readings and the MPD threshold can be used for all measurements. 
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7 APPENDIX A: Collected Data 

Table 17: Repeatability data collected for test site 1 

Device Replicate 
Spot 

A B C 

(1) 

a 1.9912 1.8737 2.1416 

b 1.7917 2.0840 2.2672 

c 1.9852 1.9928 1.9882 

(2) 

a 1.8192 1.8564 2.1943 

b 1.6959 1.8724 1.8811 

c 1.6466 1.6903 1.9774 

(3) 

a 1.6474 1.8471 2.1368 

b 1.7091 1.8175 1.9877 

c 1.7325 1.8099 2.0477 

Table 18: Repeatability data collected for test site 2 

Device Replicate 
Spot 

A B C 

(1) 

a 0.6629 0.7261 0.9216 

b 0.6607 0.7183 0.9048 

c 0.6488 0.6731 0.8782 

(2) 

a 0.6694 0.6846 1.0397 

b 0.6221 0.6407 0.8308 

c 0.6107 0.6575 0.9445 

(3) 

a 0.7680 0.7196 0.8729 

b 0.6093 0.6519 0.9583 

c 0.6412 0.7223 0.9579 
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Table 19; Repeatability data collected for test site 3 

Device Replicate 
Spot 

A B C 

(1) 

a 0.5387 0.5589 1.0796 

b 0.5445 0.5824 1.1166 

c 0.5380 0.4885 1.1294 

(2) 

a 0.6169 0.5858 1.0032 

b 0.6044 0.5983 1.0095 

c 0.4673 0.6042 1.0456 

(3) 

a 0.5866 0.6126 1.1684 

b 0.6012 0.5848 1.1944 

c 0.6046 0.6101 1.0424 

Table 20: Repeatability data collected for test site 4 

Device Replicate 
Spot 

A B C 

(1) 

a 1.4464 1.4545 1.2546 

b 1.5411 1.2052 1.1202 

c 1.4543 1.4306 1.2539 

(2) 

a 1.3794 1.2238 1.1362 

b 1.4851 1.1467 1.1457 

c 1.2561 1.1804 1.2111 

(3) 

a 1.4439 1.3765 1.2384 

b 1.4988 1.3753 1.2383 

c 1.4432 1.3381 1.2083 
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Table 21: Repeatability data collected for test site 5 

Device Replicate 
Spot 

A B C 

(1) 

a 0.5991 0.6617 1.4542 

b 0.5842 0.6281 1.5027 

c 0.5704 0.6782 1.5538 

(2) 

a 0.6548 0.6453 1.4305 

b 0.5980 0.6521 1.2255 

c 0.5578 0.6254 1.4039 

(3) 

a 0.5487 0.6529 1.4186 

b 0.5578 0.6521 1.4185 

c 0.5911 0.6394 1.4296 

Table 22: Repeatability data collected for test site 6 

Device Replicate 
Spot 

A B C 

(1) 

a 0.3348 0.2500 0.6112 

b 0.3472 0.2469 0.6087 

c 0.3593 0.2731 0.5908 

(2) 

a 0.2825 0.2843 0.8150 

b 0.2630 0.2836 0.8236 

c 0.2830 0.2636 0.7503 

(3) 

a 0.2990 0.3182 0.7731 

b 0.3219 0.3017 0.7654 

c 0.3329 0.3004 0.7659 
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Table 23: Repeatability data collected for test site 7 

Device Replicate 
Spot 

A B C 

(1) 

a 1.5405 1.7930 2.9658 

b 1.2897 1.9277 2.7948 

c 1.2854 1.7425 3.0894 

(2) 

a 1.6089 1.5226 2.9970 

b 1.7049 1.4783 3.0890 

c 1.5882 1.4643 2.8254 

(3) 

a 1.6554 1.5502 3.2807 

b 1.6018 1.5256 3.1535 

c 1.5145 1.4758 2.7739 

Table 24: Repeatability data collected for test site 8 

Device Replicate 
Spot 

A B C 

(1) 

a 0.4229 0.4910 1.0383 

b 0.4917 0.5401 0.9627 

c 0.5418 0.5907 0.9271 

(2) 

a 0.4175 0.5321 1.1076 

b 0.4678 0.4905 1.1001 

c 0.4862 0.5631 1.1576 

(3) 

a 0.5877 0.4749 1.0077 

b 0.4921 0.4702 0.9666 

c 0.4784 0.5248 1.1336 
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Table 25: Repeatability data collected for test site 9 

Device Replicate 
Spot 

A B C 

(1) 

a 0.2809 0.2713 0.4611 

b 0.2329 0.2879 0.4504 

c 0.2253 0.2718 0.5304 

(2) 

a 0.2898 0.2634 0.5684 

b 0.2828 0.2845 0.5020 

c 0.2488 0.2544 0.4778 

(3) 

a 0.2996 0.5025 0.7511 

b 0.3676 0.2709 0.7837 

c 0.3152 0.2926 0.5195 

Table 26: Repeatability data collected for test site 10 

Device Replicate 
Spot 

A B C 

(1) 

a 0.5576 0.5584 0.8857 

b 0.5039 0.5500 0.9336 

c 0.5287 0.5565 0.9782 

(2) 

a 0.6031 0.4506 0.8707 

b 0.5744 0.4606 0.9597 

c 0.5155 0.6397 0.9773 

(3) 

a 0.7811 0.4420 1.0387 

b 0.4700 0.5062 0.9836 

c 0.8134 0.6207 0.9797 
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Table 27: Repeatability data collected for test site 11 

Device Replicate 
Spot 

A B C 

(1) 

a 0.5318 0.7586 0.9032 

b 0.5910 0.6852 0.9194 

c 0.5525 0.6983 0.8878 

(2) 

a 0.6507 0.5626 0.8841 

b 0.6219 0.9431 1.0665 

c 0.6935 1.1055 0.9754 

(3) 

a 0.6612 0.6727 0.9718 

b 0.5568 0.6267 0.9048 

c 0.5232 0.5862 0.9627 

Table 28: Repeatability data collected for test site 12 

Device Replicate 
Spot 

A B C 

(1) 

a 1.4599 1.4549 2.3297 

b 1.6878 1.2425 2.3516 

c 1.3895 1.2837 2.2828 

(2) 

a 1.4406 1.5252 1.9120 

b 1.5812 1.5038 1.8880 

c 1.3967 1.3715 1.8953 

(3) 

a 1.5064 1.2503 2.3209 

b 1.5993 1.2319 2.0924 

c 1.5779 1.4669 2.2426 



58 

Table 29: Calculated h and k values for test site 1 

Device 

Spot 

A B C 

h k h k h k 

1 1.15 1.30 1.15 1.24 1.09 1.07 

2 -0.48 1.02 -0.67 1.19 -0.88 1.23 

3 -0.67 0.51 -0.48 0.23 -0.20 0.58 

Table 30: Calculated h and k values for test site 2 

Device 

Spot 

A B C 

h k h k h k 

1 0.14 0.15 0.73 0.92 -1.13 0.32 

2 -1.06 0.60 -1.14 0.71 0.79 1.54 

3 0.92 1.62 0.40 1.28 0.34 0.72 

Table 31: Calculated h and k values for test site 3 

Device 

Spot 

A B C 

h k h k h k 

1 -0.92 0.07 -1.15 1.63 0.34 0.51 

2 -0.14 1.72 0.48 0.31 -1.13 0.45 

3 1.06 0.20 0.67 0.51 0.78 1.59 

Table 32: Calculated h and k values for test site 4 

Device 

Spot 

A B C 

h k h k h k 

1 0.73 0.70 0.58 1.65 0.27 1.50 

2 -1.14 1.53 -1.15 0.46 -1.11 0.79 

3 0.41 0.43 0.58 0.26 0.84 0.34 
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Table 33: Calculated h and k values for test site 5 

Device 

Spot 

A B C 

h k h k h k 

1 -0.01 0.45 1.01 1.47 1.03 0.71 

2 1.00 1.52 -0.98 0.80 -1.04 1.58 

3 -1.00 0.70 -0.03 0.44 -0.05 0.09 

Table 34: Calculated h and k values for test site 6 

Device 

Spot 

A B C 

h k h k h k 

1 0.94 0.88 -0.93 1.18 -1.14 0.46 

2 -1.05 0.82 -0.12 0.97 0.71 1.66 

3 0.12 1.24 1.05 0.82 0.44 0.18 

Table 35: Calculated h and k values for test site 7 

Device 

Spot 

A B C 

h k h k h k 

1 Omitted Omitted -0.64 1.17 

2 0.71 0.93 -0.71 0.88 -0.51 1.06 

3 -0.71 1.06 0.71 1.10 1.15 0.71 

Table 36: Calculated h and k values for test site 8 

Device 

Spot 

A B C 

h k h k h k 

1 -0.06 1.13 0.79 1.26 -0.94 0.91 

2 -0.97 0.67 0.33 0.92 1.05 0.50 

3 1.03 1.13 -1.12 0.76 -0.12 1.39 
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Table 37: Calculated h and k values for test site 9 

Device 

Spot 

A B C 

h k h k h k 

1 -0.88 1.01 0.33 0.69 -0.71 0.96 

2 -0.21 0.74 -0.97 1.13 0.71 1.04 

3 1.09 1.20 0.97 1.12 Omitted 

Table 38: Calculated h and k values for test site 10 

Device 

Spot 

A B C 

h k h k h k 

1 -0.71 0.73 0.86 0.08 -0.62 0.99 

2 0.71 1.21 -1.10 0.13 -0.53 1.23 

3 Omitted -1.02 0.68 1.15 0.71 

Table 39: Calculated h and k values for test site 11 

Device 

Spot 

A B C 

h k h k h k 

1 -0.78 0.61 0.71 0.95 -1.06 0.27 

2 1.13 0.73 Omitted 0.93 1.59 

3 -0.35 1.45 -0.71 1.05 0.13 0.63 

Table 40: Calculated h and k values for test site 12 

Device 

Spot 

A B C 

h k h k h k 

1 -0.07 1.42 -0.51 1.02 0.71 0.76 

2 -0.96 0.88 1.15 0.75 Omitted 

3 1.03 0.44 -0.64 1.18 -0.71 1.19 
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Table 41: Variability data collected for test site 1 

Spot Replicate 
Texture 
(MPD) 

Average 
Texture 
(MPD) 

Spot Replicate 
Texture 
(MPD) 

Average 
Texture 
(MPD) 

1 
1 1.991 

1.891 14 
1 2.222 

2.184 
2 1.792 2 2.146 

2 
1 1.959 

1.980 15 
1 1.874 

1.979 
2 2.000 2 2.084 

3 
1 1.962 

1.969 16 
1 2.016 

2.173 
2 1.977 2 2.330 

4 
1 2.431 

2.192 17 
1 2.810 

2.813 
2 1.954 2 2.816 

5 
1 2.424 

2.320 18 
1 2.503 

2.504 
2 2.216 2 2.504 

6 
1 2.483 

2.463 19 
1 1.698 

1.684 
2 2.443 2 1.670 

7 
1 2.473 

2.451 20 
1 2.311 

2.306 
2 2.428 2 2.300 

8 
1 

Omitted Omitted 21 
1 2.142 

2.204 
2 2 2.267 

9 
1 2.030 

1.971 22 
1 2.183 

2.111 
2 1.911 2 2.038 

10 
1 1.788 

1.810 23 
1 1.942 

1.945 
2 1.831 2 1.949 

11 
1 3.060 

2.887 24 
1 2.795 

2.964 
2 2.715 2 3.132 

12 
1 

Omitted Omitted 25 
1 2.585 

2.590 
2 2 2.596 

13 
1 2.279 

2.239 
2 2.199 
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Table 42: Variability data collected for test site 2 

Spot Replicate 
Texture 
(MPD) 

Average 
Texture 
(MPD) 

Spot Replicate 
Texture 
(MPD) 

Average 
Texture 
(MPD) 

1 
1 0.663 

0.662 14 
1 0.708 

0.705 
2 0.661 2 0.702 

2 
1 0.655 

0.632 15 
1 0.726 

0.722 
2 0.608 2 0.718 

3 
1 0.653 

0.612 16 
1 0.700 

0.701 
2 0.572 2 0.703 

4 
1 0.696 

0.622 17 
1 0.761 

0.745 
2 0.547 2 0.730 

5 
1 0.714 

0.720 18 
1 0.755 

0.737 
2 0.725 2 0.718 

6 
1 0.914 

0.886 19 
1 0.673 

0.681 
2 0.859 2 0.688 

7 
1 0.665 

0.670 20 
1 0.756 

0.756 
2 0.676 2 0.757 

8 
1 0.613 

0.615 21 
1 0.922 

0.913 
2 0.617 2 0.905 

9 
1 0.692 

0.699 22 
1 1.520 

1.418 
2 0.706 2 1.317 

10 
1 

Omitted Omitted 23 
1 0.970 

1.048 
2 2 1.126 

11 
1 0.550 

0.579 24 
1 0.800 

0.813 
2 0.608 2 0.826 

12 
1 0.728 

0.731 25 
1 1.129 

1.133 
2 0.733 2 1.137 

13 
1 0.670 

0.661 
2 0.653 
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Table 43: Variability data collected for test site 3 

Spot Replicate 
Texture 
(MPD) 

Average 
Texture 
(MPD) 

Spot Replicate 
Texture 
(MPD) 

Average 
Texture 
(MPD) 

1 
1 0.539 

0.542 14 
1 0.803 

0.799 
2 0.544 2 0.794 

2 
1 0.340 

0.347 15 
1 0.559 

0.571 
2 0.353 2 0.582 

3 
1 0.570 

0.606 16 
1 1.065 

1.023 
2 0.643 2 0.982 

4 
1 0.445 

0.445 17 
1 0.550 

0.522 
2 0.445 2 0.494 

5 
1 0.580 

0.564 18 
1 0.474 

0.471 
2 0.548 2 0.468 

6 
1 0.681 

0.665 19 
1 0.765 

0.773 
2 0.648 2 0.781 

7 
1 0.475 

0.491 20 
1 0.789 

0.798 
2 0.506 2 0.807 

8 
1 0.633 

0.635 21 
1 1.080 

1.098 
2 0.636 2 1.117 

9 
1 0.440 

0.451 22 
1 0.874 

0.842 
2 0.461 2 0.811 

10 
1 0.435 

0.444 23 
1 0.819 

0.821 
2 0.452 2 0.822 

11 
1 0.555 

0.560 24 
1 0.833 

0.836 
2 0.566 2 0.839 

12 
1 0.539 

0.534 25 
1 1.049 

1.038 
2 0.529 2 1.027 

13 
1 0.432 

0.438 
2 0.443 
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Table 44: Variability data collected for test site 4 

Spot Replicate 
Texture 
(MPD) 

Average 
Texture 
(MPD) 

Spot Replicate 
Texture 
(MPD) 

Average 
Texture 
(MPD) 

1 
1 1.446 

1.494 14 
1 1.326 

1.366 
2 1.541 2 1.406 

2 
1 1.311 

1.322 15 
1 1.454 

1.330 
2 1.333 2 1.205 

3 
1 1.246 

1.292 16 
1 1.525 

1.494 
2 1.338 2 1.463 

4 
1 1.223 

1.232 17 
1 1.544 

1.544 
2 1.240 2 1.544 

5 
1 1.105 

1.112 18 
1 1.489 

1.501 
2 1.119 2 1.513 

6 
1 1.295 

1.316 19 
1 1.380 

1.420 
2 1.336 2 1.461 

7 
1 1.507 

1.478 20 
1 1.400 

1.401 
2 1.450 2 1.401 

8 
1 1.270 

1.283 21 
1 1.255 

1.187 
2 1.296 2 1.120 

9 
1 1.290 

1.304 22 
1 1.421 

1.409 
2 1.319 2 1.397 

10 
1 1.524 

1.418 23 
1 1.396 

1.375 
2 1.312 2 1.354 

11 
1 1.416 

1.392 24 
1 1.138 

1.138 
2 1.368 2 1.139 

12 
1 1.315 

1.330 25 
1 1.690 

1.688 
2 1.344 2 1.685 

13 
1 1.565 

1.556 
2 1.546 
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Table 45: Variability data collected for test site 5 

Spot Replicate 
Texture 
(MPD) 

Average 
Texture 
(MPD) 

Spot Replicate 
Texture 
(MPD) 

Average 
Texture 
(MPD) 

1 
1 0.599 

0.592 14 
1 0.624 

0.614 
2 0.584 2 0.604 

2 
1 0.504 

0.506 15 
1 0.662 

0.645 
2 0.507 2 0.628 

3 
1 0.604 

0.621 16 
1 1.224 

1.242 
2 0.638 2 1.259 

4 
1 0.611 

0.600 17 
1 1.354 

1.342 
2 0.589 2 1.330 

5 
1 0.569 

0.503 18 
1 0.969 

0.971 
2 0.438 2 0.973 

6 
1 0.491 

0.514 19 
1 0.762 

0.745 
2 0.537 2 0.729 

7 
1 0.562 

0.559 20 
1 0.611 

0.615 
2 0.555 2 0.619 

8 
1 0.418 

0.413 21 
1 1.454 

1.478 
2 0.408 2 1.503 

9 
1 0.579 

0.612 22 
1 0.845 

0.858 
2 0.644 2 0.871 

10 
1 0.451 

0.463 23 
1 0.768 

0.854 
2 0.476 2 0.941 

11 
1 0.438 

0.453 24 
1 0.813 

0.816 
2 0.468 2 0.819 

12 
1 0.665 

0.679 25 
1 1.504 

1.499 
2 0.693 2 1.495 

13 
1 0.684 

0.658 
2 0.632 
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Table 46: Variability data collected for test site 6 

Spot Replicate 
Texture 
(MPD) 

Average 
Texture 
(MPD) 

Spot Replicate 
Texture 
(MPD) 

Average 
Texture 
(MPD) 

1 
1 0.335 

0.341 14 
1 0.261 

0.239 
2 0.347 2 0.216 

2 
1 0.263 

0.263 15 
1 0.250 

0.248 
2 0.263 2 0.247 

3 
1 0.220 

0.212 16 
1 0.338 

0.351 
2 0.204 2 0.364 

4 
1 0.384 

0.398 17 
1 0.311 

0.313 
2 0.413 2 0.316 

5 
1 0.488 

0.481 18 
1 0.302 

0.286 
2 0.475 2 0.270 

6 
1 0.408 

0.406 19 
1 0.293 

0.362 
2 0.405 2 0.432 

7 
1 0.589 

0.531 20 
1 0.441 

0.436 
2 0.472 2 0.432 

8 
1 0.441 

0.465 21 
1 0.611 

0.610 
2 0.490 2 0.609 

9 
1 0.418 

0.420 22 
1 0.729 

0.752 
2 0.423 2 0.775 

10 
1 0.527 

0.481 23 
1 0.580 

0.595 
2 0.434 2 0.610 

11 
1 0.319 

0.313 24 
1 0.443 

0.403 
2 0.307 2 0.364 

12 
1 0.412 

0.436 25 
1 0.517 

0.485 
2 0.459 2 0.454 

13 
1 0.313 

0.350 
2 0.386 
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Table 47: Variability data collected for test site 7 

Spot Replicate 
Texture 
(MPD) 

Average 
Texture 
(MPD) 

Spot Replicate 
Texture 
(MPD) 

Average 
Texture 
(MPD) 

1 
1 1.541 

1.415 14 
1 1.943 

1.861 
2 1.290 2 1.779 

2 
1 1.548 

1.545 15 
1 1.793 

1.860 
2 1.543 2 1.928 

3 
1 1.921 

1.917 16 
1 2.195 

2.220 
2 1.914 2 2.244 

4 
1 1.968 

1.963 17 
1 1.573 

1.585 
2 1.959 2 1.596 

5 
1 2.172 

2.136 18 
1 2.047 

2.055 
2 2.100 2 2.062 

6 
1 1.910 

1.845 19 
1 2.043 

2.044 
2 1.780 2 2.044 

7 
1 1.988 

1.945 20 
1 1.601 

1.611 
2 1.903 2 1.622 

8 
1 1.754 

1.755 21 
1 2.966 

2.880 
2 1.755 2 2.795 

9 
1 1.446 

1.543 22 
1 2.283 

2.324 
2 1.640 2 2.366 

10 
1 1.809 

1.679 23 
1 2.144 

2.053 
2 1.550 2 1.963 

11 
1 1.729 

1.727 24 
1 2.505 

2.492 
2 1.726 2 2.478 

12 
1 1.406 

1.411 25 
1 2.386 

2.379 
2 1.416 2 2.372 

13 
1 1.374 

1.428 
2 1.482 
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Table 48: Variability data collected for test site 8 

Spot Replicate 
Texture 
(MPD) 

Average 
Texture 
(MPD) 

Spot Replicate 
Texture 
(MPD) 

Average 
Texture 
(MPD) 

1 
1 0.423 

0.457 14 
1 0.357 

0.348 
2 0.492 2 0.338 

2 
1 0.557 

0.559 15 
1 0.491 

0.516 
2 0.561 2 0.540 

3 
1 0.514 

0.513 16 
1 0.366 

0.368 
2 0.513 2 0.370 

4 
1 0.515 

0.441 17 
1 0.408 

0.405 
2 0.367 2 0.403 

5 
1 0.468 

0.475 18 
1 0.324 

0.325 
2 0.483 2 0.326 

6 
1 0.350 

0.332 19 
1 0.332 

0.335 
2 0.313 2 0.338 

7 
1 0.325 

0.319 20 
1 0.330 

0.338 
2 0.313 2 0.346 

8 
1 0.417 

0.424 21 
1 1.038 

1.000 
2 0.430 2 0.963 

9 
1 0.294 

0.292 22 
1 1.015 

1.014 
2 0.290 2 1.013 

10 
1 0.328 

0.384 23 
1 1.016 

1.017 
2 0.439 2 1.018 

11 
1 0.402 

0.401 24 
1 1.847 

1.908 
2 0.400 2 1.969 

12 
1 0.335 

0.320 25 
1 1.040 

1.047 
2 0.306 2 1.053 

13 
1 0.363 

0.373 
2 0.382 
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Table 49: Variability data collected for test site 9 

Spot Replicate 
Texture 
(MPD) 

Average 
Texture 
(MPD) 

Spot Replicate 
Texture 
(MPD) 

Average 
Texture 
(MPD) 

1 
1 0.281 

0.257 1 
1 0.281 

0.257 
2 0.233 2 0.233 

2 
1 0.291 

0.273 2 
1 0.291 

0.273 
2 0.255 2 0.255 

3 
1 0.381 

0.427 3 
1 0.381 

0.427 
2 0.472 2 0.472 

4 
1 0.224 

0.331 4 
1 0.224 

0.331 
2 0.438 2 0.438 

5 
1 0.255 

0.246 5 
1 0.255 

0.246 
2 0.237 2 0.237 

6 
1 0.281 

0.275 6 
1 0.281 

0.275 
2 0.268 2 0.268 

7 
1 0.411 

0.366 7 
1 0.411 

0.366 
2 0.320 2 0.320 

8 
1 0.437 

0.416 8 
1 0.437 

0.416 
2 0.395 2 0.395 

9 
1 0.268 

0.304 9 
1 0.268 

0.304 
2 0.340 2 0.340 

10 
1 0.239 

0.245 10 
1 0.239 

0.245 
2 0.250 2 0.250 

11 
1 0.290 

0.255 11 
1 0.290 

0.255 
2 0.219 2 0.219 

12 
1 0.306 

0.285 12 
1 0.306 

0.285 
2 0.264 2 0.264 

13 
1 0.416 

0.390 13 
1 0.416 

0.390 
2 0.363 2 0.363 
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Table 50: Variability data collected for test site 10 

Spot Replicate 
Texture 
(MPD) 

Average 
Texture 
(MPD) 

Spot Replicate 
Texture 
(MPD) 

Average 
Texture 
(MPD) 

1 
1 0.558 

0.531 14 
1 0.414 

0.412 
2 0.504 2 0.410 

2 
1 0.395 

0.392 15 
1 0.558 

0.554 
2 0.389 2 0.550 

3 
1 0.285 

0.303 16 
1 0.334 

0.329 
2 0.321 2 0.324 

4 
1 0.247 

0.246 17 
1 0.431 

0.441 
2 0.245 2 0.451 

5 
1 0.485 

0.486 18 
1 0.290 

0.293 
2 0.488 2 0.296 

6 
1 0.426 

0.428 19 
1 0.289 

0.259 
2 0.430 2 0.230 

7 
1 0.432 

0.425 20 
1 0.429 

0.428 
2 0.418 2 0.426 

8 
1 0.460 

0.458 21 
1 0.886 

0.910 
2 0.456 2 0.934 

9 
1 0.400 

0.391 22 
1 1.744 

1.709 
2 0.382 2 1.675 

10 
1 0.281 

0.274 23 
1 0.722 

0.734 
2 0.266 2 0.745 

11 
1 0.457 

0.457 24 
1 0.688 

0.679 
2 0.456 2 0.670 

12 
1 0.391 

0.392 25 
1 0.767 

0.741 
2 0.393 2 0.715 

13 
1 0.420 

0.420 
2 0.420 
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Table 51: Variability data collected for test site 11 

Spot Replicate 
Texture 
(MPD) 

Average 
Texture 
(MPD) 

Spot Replicate 
Texture 
(MPD) 

Average 
Texture 
(MPD) 

1 
1 0.532 

0.561 14 
1 0.501 

0.504 
2 0.591 2 0.506 

2 
1 0.474 

0.583 15 
1 0.759 

0.722 
2 0.692 2 0.685 

3 
1 0.719 

0.719 16 
1 0.305 

0.306 
2 0.718 2 0.307 

4 
1 0.589 

0.591 17 
1 0.372 

0.386 
2 0.594 2 0.400 

5 
1 0.480 

0.471 18 
1 0.439 

0.415 
2 0.462 2 0.390 

6 
1 0.591 

0.585 19 
1 0.559 

0.555 
2 0.579 2 0.552 

7 
1 0.444 

0.446 20 
1 0.408 

0.409 
2 0.448 2 0.409 

8 
1 0.569 

0.565 21 
1 0.903 

0.911 
2 0.561 2 0.919 

9 
1 0.439 

0.437 22 
1 1.035 

1.040 
2 0.434 2 1.045 

10 
1 0.424 

0.414 23 
1 1.072 

1.076 
2 0.405 2 1.079 

11 
1 0.344 

0.332 24 
1 0.807 

0.807 
2 0.320 2 0.806 

12 
1 0.352 

0.358 25 
1 0.965 

0.972 
2 0.365 2 0.979 

13 
1 0.338 

0.343 
2 0.349 
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Table 52: Variability data collected for test site 12 

Spot Replicate 
Texture 
(MPD) 

Average 
Texture 
(MPD) 

Spot Replicate 
Texture 
(MPD) 

Average 
Texture 
(MPD) 

1 
1 1.460 

1.574 14 
1 1.646 

1.649 
2 1.688 2 1.651 

2 
1 1.542 

1.534 15 
1 1.455 

1.349 
2 1.527 2 1.242 

3 
1 1.627 

1.611 16 
1 1.888 

1.897 
2 1.595 2 1.905 

4 
1 2.081 

2.060 17 
1 2.021 

2.018 
2 2.040 2 2.015 

5 
1 1.897 

1.919 18 
1 1.761 

1.771 
2 1.940 2 1.781 

6 
1 1.619 

1.676 19 
1 2.049 

2.045 
2 1.733 2 2.041 

7 
1 1.751 

1.745 20 
1 1.766 

1.766 
2 1.739 2 1.765 

8 
1 2.231 

2.233 21 
1 2.330 

2.341 
2 2.236 2 2.352 

9 
1 1.692 

1.685 22 
1 1.816 

1.796 
2 1.678 2 1.776 

10 
1 2.025 

2.035 23 
1 2.157 

2.161 
2 2.046 2 2.165 

11 
1 1.745 

1.739 24 
1 2.125 

2.140 
2 1.732 2 2.155 

12 
1 2.090 

2.103 25 
1 1.925 

1.920 
2 2.115 2 1.914 

13 
1 1.641 

1.645 
2 1.649 
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Table 53: Critical Values of h and k at the o.5% significance level (ASTM C802-14) 


