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Executive Summary 

The increasing use of pervious concrete (PC) pavement (PCP) in the Pacific Northwest 

region (PNW) requiring effective winter maintenance operations to ensure the safety and 

mobility of drivers and pedestrians. To improve such effective practices, a porosity-based 

characterization method for PCP was proposed in this study so that the skid resistance of PC with 

various porosity and ice formation patterns in the pores can be characterized in the future. In a 

previous PacTrans project, 27 PC slabs were cast with three targeted porosity levels—15 percent, 

25 percent, and 35 percent. Then, using an eight-megapixel, consumer-grade digital camera, the 

slabs’ surfaces were photographed and reviewed with an image processing technique (figure. A). 

This method quantified the porosity as the ratio of voids area to the total surface area of the slab. 

The proposed image-based method provides an easy method to characterize the clogging and ice 

formation of PCP by using ubiquitous cell phone or digital cameras. 

 

 

Figure A. Image binarization to obtain the area of voids (black areas in the binarized image) 

 

A regression model was developed to correlate image-based porosity with the porosity 

measured according to ASTM C1754 with the submersion method. The latter method is 

commonly used on core specimens. Use of the submersion method, however, would require 
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destructive coring of the pavement. Therefore, a correlation between the results of the 

submersion method and the image-based method developed in this study could eliminate the 

need for coring.  Note that PC from one mixture design made with angular-shaped aggregates in 

a specific particle size distribution was used to develop the image-based porosity method. 

Testing of mixtures with aggregates of other shapes and other mix designs would expand the 

database and increase the application of the developed method. Once expanded, the method 

could be used in an application software so that users could instantly quantify the conditions of 

the pavement surface by using their cell phone camera. 

For validation, a representative slab from each porosity level was cored, and the cores 

were used for X-ray computed tomography (X-ray CT) analysis. For each core, around 1600 

two-dimensional images (2D slices) of the cores’ cross-section along the vertical direction were 

acquired with X-ray CT. From the 2D slices, the exact porosity and porosity distribution along 

the depth of each slab were obtained. The porosity results from the X-ray CT analysis and the 

submersion porosity (ASTM C1754) were in good agreement. The results of the porosity 

distribution along the depth of the slabs indicated that for low-porosity specimens, the variation 

of porosity along the depth was lower than that of the specimens with high porosity (see figure 

B). This was due to the high compaction applied to the fresh PC during casting of the low-

porosity specimens. In contrast, specimens with high targeted porosity received less compaction, 

which resulted in high porosity at the surface and lower porosity at the mid-depth region. The X-

ray CT results confirmed that image-based porosity was always higher than the overall porosity 

(measured on the basis of ASTM C1754).  
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Figure B. Porosity distribution along the depth of the cores 

 

The effect of porosity on the infiltration rate of PCP was investigated, and a correlation 

between porosity and infiltration rate was established. Moreover, field test results of the skid 

resistance of PCP using the British Pendulum Tester (BPT) did not show a statistically 

significant correlation with porosity. Further research is needed to identify other tests that can be 

used to quantify the in-situ skid resistance of PCP to reflect the effect of the pores. In addition, a 

theoretical model developed in past studies was proposed to determine the critical temperature at 

which ice will form in PCP and when maintenance such as the application of deicers is needed. 

This model, along with the image-based porosity method, can serve as a decision support tool for 

PCP maintenance during winter conditions.  
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CHAPTER 1. Introduction 

1.1. Winter Maintenance of Permeable Pavements 

Pervious concrete (PC) pavement (PCP) is increasingly used by the municipalities in the 

Pacific Northwest (PNW) region. The cities of Puyallup, Tacoma, Spokane, Pullman, and others 

have experimented with this class of permeable pavements as arterial roads, parking lots, 

sidewalks, pathways, and other applications (City of Tacoma, no date; Palmer, 2016). Permeable 

pavements are in-situ stormwater drainage systems that can reduce the overall cost of road 

construction projects by eliminating the need for stormwater ponds, piping, and drainage 

systems. While this class of pavements offers great ecological advantages, it is crucial to ensure 

that these pavements are safe for drivers and pedestrians, given the adverse winter conditions of 

the PNW. 

Because of the porous nature of PC, this class of pavement can exhibit different icing 

patterns than traditional, non-permeable pavements. One study by Wetland Studies and 

Solutions, Inc. showed that PC tends to ice more quickly than neighboring non-permeable 

pavements, as seen in figure 1.1 (Wetland Studies and Solutions Inc., 2013). The icing patterns 

of PC need to be understood so that proper ice and snow control treatments can be applied in a 

timely manner. 
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Figure 1.1. PCP versus traditional asphalt and concrete pavement during winter conditions 

(Wetland Studies and Solutions Inc., 2013) 
 

Ice and snow control operations used to ensure safety and mobility on PCP during winter 

conditions are diverse and often selected on the basis of observation and experience, and they 

can contradict each other in different locations. The Urban Drainage and Flood Control District 

(UDFCD) recommended that liquid/solid deicers not be applied to PCP and that only mechanical 

snow removal be used (UDFCD, 2010). However, researchers reported that the removal of 

bonded ice layers from the PCP surface with plowing was more difficult than on traditional 

concrete because of the strong bond between the surface structure and the ice (Edens and Adams, 

2001).  In addition, stockpiling snow on PCP should be avoided, per the recommendations of the 

Washington State Stormwater Center for permeable pavements maintenance (Washington 

Stormwater Center, 2015).  

Clogging of the air voids with debris can reduce the permeability of PCP and result in 

standing stormwater that forms an ice layer on the pavement surface and can cause safety 
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hazards during PNW winters (see figure 1.2). In addition, one of the main advantages of PCP 

over conventional concrete is skid resistance due to a rougher surface. Clogging of voids may 

also affect PCP skid resistance, which is significantly needed during icy conditions (Rodin III et 

al., 2019). When PCP voids are clogged, vacuum- sweeping of PCP installations is typically 

carried out to restore permeability. However, vacuum-sweeping typically requires third-party 

contractors and also requires roadway closure. Therefore, a simple method is required to classify 

the levels of clogging and the in-situ volumetric porosity of PCP to determine at which level and 

how frequent vacuum-sweeping is required.  

 

 

Figure 1.2  A PC sidewalk with clogged voids  
 

A PC’s performance (e.g., infiltration rate) is largely dependent on its porosity. The skid 

resistance of PC can also depend directly or indirectly on porosity and ice formation rate. 

However, a simple and non-destructive method to determine the in-situ porosity of PC currently 

Clogging of voids in PC 
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does not exist. The current submersion method (ASTM C1754) (ASTM, 2012) requires 

extraction of a core specimen from the pavement, which is destructive and costly and requires 

road closure. 

1.2. Scope of Work 

A literature review was performed to find available image-based methods applicable to 

PC for porosity characterization. Then, a non-destructive image-based method was developed to 

quantify the porosity of 27 laboratory-cast slabs cast at low, medium and high levels of porosity. 

In this method, the surface pores detected by image processing photographs taken with 

consumer-grade digital cameras were used to quantify the slabs’ porosity. The results were 

corelated with the porosity results from the ASTM C1754 method commonly used on laboratory 

and field cores. For validation, cores were extracted from the slabs and scanned with X-ray 

computed tomography. The distribution of pores throughout the depth was quantified with image 

analysis of the X-ray CT images. These results were then compared to those obtained with the 

surface imaging method to study the impact of vertical distribution of pores on the results of the 

developed method. Furthermore, the infiltration rate of all the PC slabs was obtained, and a 

relationship between the porosity and infiltration rate of PC was developed.  

To evaluate the effect of in-situ conditions such as clogging on the skid resistance of PC, 

the British Pendulum Tester (BPT) was used at several PC sites on the Washington State 

University (WSU) Pullman campus. Experimental testing of laboratory-cast PC slabs was 

conducted to correlate the surface pores and skid resistance of PCP with porosity so that in-situ 

porosity can be estimated on the basis of the developed correlations.  

An essential step in establishing a winter maintenance protocol for PCP is to understand 

the icing pattern of the pavement, which requires an ice formation model based on ambient 
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temperature and pore size distribution in PCP. In this study, a validated model used in previous 

studies on conventional concrete was proposed to predict the temperature at which ice formation 

starts in PC. The potential applications of this model on PC require further research. 
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CHAPTER 2. Literature Review on Pervious Concrete Porosity Characterization 

The pore structure of PC can be effectively analyzed by using image analysis techniques. 

One of the powerful imaging tools is X-ray computed tomography (X-ray CT). With the X-ray 

CT approach, an X-ray beam is sent to infiltrate the PC sample from different angles and the data 

are collected in a flat-panel scintillator detector. After that, image analysis software is used to 

reconstruct a three-dimensional (3D) image from the multiple 2D images, as seen in figure 2.1 

(Bordelon and Roesler, 2014).  

 

 
Figure 2.1 X-ray CT imaging procedure.  

Recreated from Ying et al. (2013) and Bordelon and Roesler (2014) 
 

Chandrappa and Biligri (2018) used X-ray microcomputed tomography (micro CT) to 

study the pore structure of pervious concrete. VGStudio MAX software was used to reconstruct 

three-dimensional (3D) images for all PC samples from 2D images captured by X-ray CT. Image 

X-ray source Detector 

Rotating base 

Sample  

Stack of 2D images 

Image processing Reconstructed 3D volume 
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histograms were also used to isolate voids from solids and measure planner porosity. The 

resulting porosity from X-ray CT matched well with the volumetric porosity obtained from the 

ASTMC1754 (ASTM, 2012) test on pervious concrete samples, as shown in figure 2.2.  

 

 
Figure 2.2 Comparison between porosity from X-Ray CT and ASTM C1754  

(Chandrappa and Biligiri, 2018) 
 

To investigate the effects of clogging on PC permeability, Kayhanian et al. (2012) used 

X-ray CT to analyze PC cores (extracted from different parking lots in California) and construct 

their porosity profiles using a stack of 2D images. Vertical and horizontal slices of 2D images 

were also taken from the processed 3D image to build porosity profiles of the PC cores. The 2D 

images were processed in MATLAB and ImagePro Plus to separate voids from solid particles 

and obtain the void ratio. The authors found that clogging mostly occurred near the top surface 

of PC pavement. Furthermore, the overall porosity of the cores determined by image analysis did 

not correlate well with the porosity obtained by the gravimetric method (similar to the ASTM 

C1754 method). 

In a study by Neithalath, Sumanasooriya and Deo (2010), PC cylinders were cut into four 

sections, and the top and bottom surfaces of each section were scanned to obtain 2D images. The 
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images were used to obtain the void area fraction for comparison with the specimen’s volumetric 

porosity. The surfaces of PC sections were painted in white to easily separate voids from solids 

in the image processing software. Then the 2D images were cropped and transformed into binary 

images with ImageJ software. Using a threshold gray value, the voids were separated from 

solids, and the ratio of voids area to the total area was obtained for each sample. The 

relationships between the void area fraction of a 2D planner and the volumetric porosity of the 

PC samples from different mixtures are shown in figure 2.3. The variations between the void 

area fraction and volumetric porosity might have resulted from the fact that isolated voids were 

included in the calculation of porosity in the image analysis while the volumetric porosity 

represented only interconnected voids (Neithalath, Sumanasooriya and Deo, 2010).  

 
Figure 2.3 Comparison between porosity and void area fraction of PC samples from different 

mixture designs 
 

As part of their study of water flow through PC, Zhang et al. (2018) compared the 

porosities of twelve 100-mm PC cubes obtained with the water displacement method (similar to 

the ASTM C1754 method) and X-ray CT. The twelve cubes were divided into four groups in 
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which each group had different porosity levels of 10, 15, 20, and 25 percent. 2D slices were 

obtained at each 0.1 mm along the vertical of each specimen. The PC reconstructed model 

(100x100 mm - 1000x1000 pixels) was cropped into 40x40-mm cubes to reduce the 

computational analysis time. The 3D pore structure of PC was obtained with the watershed 

segmentation algorithm, as seen in figure 2.4. After that, the ratio of the volume of voids to the 

total volume could be calculated. The connected voids that allow for water infiltration could also 

be calculated from the 3D model as the effective porosity. Another method to obtain porosity is 

to use the 2D slices from CT imaging to calculate the area fraction of voids. Because the area 

fraction of voids can change along the vertical direction of the sample, the average planner 

porosity of 21 slices for each sample at equal spacing was reported for each sample. Zhang et al. 

(2018) presented a comparison between the target, experimental, planner, 3D, and effective 

porosity of the four groups of PC, as shown in figure 2.5.  

 

 
Figure 2.4 3D pore network of specimens from four porosity levels: a) 10 percent; b) 15 percent; 

c) 20 percent; d) 25 percent  (Zhang et al., 2018)  
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Figure 2.5 Comparision of PC porosity measured with various methods. 

 

Pore size can also be determined from 2D CT images by using ImageJ software. Zhang et 

al. (2018) used the equivalent elliptical fitting method to describe pore size. The process started 

with segmentation using a specific threshold value in ImageJ to extract the actual pore shapes. 

After that, elliptical shapes were fitted to obtain the size and number of voids in each slice.  

In all the reviewed literature, the volumetric porosity of in-situ PC could not be 

determined unless cores were extracted and tested in the laboratory. This research proposed a 

new method to estimate the volumetric porosity via simple photography and image processing 

techniques.  
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CHAPTER 3. Materials and Methods 

In a previous PacTrans project by the Principal Investigator (PI), 27 PC slabs measuring 

10×10×3.5 inches were cast at three porosity levels: low (15 percent), medium (25 percent), and 

high (35 percent). For each porosity level, nine slabs were cast. The PC slabs were made with 

crushed basalt aggregates commonly used in eastern Washington state. The particle size 

distribution of the aggregate and the PC mix design are shown in figure 3.1 and table 3.1.  

 

 

Figure 3.1. Particle size distribution of the coarse aggregates used in the PC mixture 
 

Table 3.1 PC mixture design 
 

Material Proportion 
Coarse aggregate (lb/yd3) 2,319 
Cement Type I/II (lb/yd3) 697  

Water content (lb/yd3) 189 
Water/cement 0.30 

VMAR (water reducer) (oz/100 lb of binder) 8.0 
Recover (hydration retarder and stabilizer) (oz/100 lb of binder) 7.9 
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Figure 3.2. The WSU team casting slabs for the PacTrans project 

 

3.1. Measuring Porosity with the Submersion Method 

The porosity of the PC specimens was measured experimentally following the procedure 

described in ASTM C1754 (ASTM, 2012). This method is commonly used for laboratory-cast 

specimens or field cores. So it was important to correlate this test’s results with the results 

obtained from the non-destructive, image-based method in this study.  

First, specimens’ dimensions were recorded to calculate the volume (V). Specimens’ 

diameter and height were taken as the average value of two caliper measurements. Then, the dry 

weight of each specimen (Md) was measured. Next, each specimen was submerged in water for 

30 minutes and the submerged mass (MW) was recorded. Finally, porosity (P) was calculated by 

using Equation 1. See figure 3.3 for the test set-up. 

 

𝑃𝑃 = [1 − �𝑀𝑀𝑑𝑑−𝑀𝑀𝑤𝑤
𝜌𝜌𝑤𝑤∗𝑉𝑉

�] × 100     Eq. 1 
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Figure 3.3. Water bath for submerging specimens for porosity testing 

 

The porosity results of all the tested slabs are shown in figure 3.4. All the slabs achieved 

porosities close to the targeted porosity levels (15, 25, and 35 percent).  

 

 
Figure 3.4 Porosity results for all PC slabs (measured according to ASTM C1754)  
 

These results were then used, as described in the next section, to correlate with the 

porosities obtained with the non-destructive image-based method.  
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CHAPTER 4. Characterization of Porosity by Surface Photography 

In an attempt to obtain porosity with a simple, image-based method rather than the with 

the ASTM C1754 (2012) method described in the previous chapter, image analysis of the 

surfaces of all the slabs was performed. The top and bottom full faces of each slab were 

photographed with an 8-megapixel camera, and the photographs were converted into binary 

images. After that, image binarization was performed with the ImageJ software (Ferreira and 

Rasband 2012), in which a specific threshold was applied to isolate the background (air voids) 

from the foreground (solid part) in the image, as seen in figure 4.1. When a pixel value was 

higher than the threshold value, it was counted as the foreground and vice versa. The image-

based porosity was calculated as the ratio of the void area to the total surface area of the slab.  

 

 

Figure 4.1 Image binarization using ImageJ software 
 

The image-based porosity results of the top and bottom surfaces of all the slabs in each 

porosity level (low, medium, and high) were compared with the porosity obtained with ASTM 

C1754. Figure 4.2 shows that the image-based porosity was generally higher than the porosity 

obtained with the ASTM C1754 method. A difference between the results from the two methods 

was expected because the ASTM C1754 method only yields the open and connected pores that 

Pervious 
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allow the water to enter whereas the image-based method included all the pores (connected, 

isolated, and dead-end channels). Furthermore, the imaging was only conducted at the top and 

bottom, whereas the fractal area of the pores varied at intermediate depths, described as the 

tortuosity of the 3D interconnected pore system. The effect of the variation of pore distribution 

through the depth will be further discussed in Chapter 5. 

As shown in figure 4.2, for high-porosity slabs, the two methods showed closer 

agreement, as the image-based porosity was 14 percent higher than the submerged porosity. For 

low-porosity slabs, the image-based porosity was 119 percent higher than the submerged 

porosity. This observation may have been due to the high compaction energy applied to multiple 

layers of the fresh PC during the casting of low-porosity slabs, resulting in fewer voids at the 

intermediate depths than at the surface. Therefore, correlating image-based porosity with 

submersion-based porosity was found to be more effective for PCPs with high volumetric 

porosity.  

 

Figure 4.2 Comparing the image-based porosity of the top and bottom surfaces of PC slabs 
versus ASTM-C1754 porosity 
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To establish a correlation between image-based top porosity and ASTM-C1754 porosity, 

the average image-based porosity of the top surfaces of all PC slabs were plotted against the 

average slabs’ ASTM-C1754 porosity results as illustrated in figure 4.3. With a coefficient of 

determination value of 93 percent, the figure shows that a correlation between image-based 

porosity and ASTM-C1754 porosity existed. However, the surface porosity was always higher 

than the ASTM-C1754 porosity. 

 

 
Figure 4.3 Correlation between ASTM-C1754 porosity and image-based top porosity of PC 

slabs 
 

On the basis of the data from 27 slab, a regression-based model was derived to obtain the 

ASTM-C1754 porosity of PC slabs based on the image-based top porosity, as seen in Eq. 2 

(R2=86 percent).  

ASTM-C1754 porosity = 2.34 ∙ top surface porosity −  65.68  Eq. 2 

Therefore, the use of a consumer-grade camera and image processing software will allow the 

ASTM-C1754 porosity of in-situ PCP to be obtained by using the proposed model in Equation 1. 

In addition, the proposed approach can be used to monitor the clogging of voids in in-situ PCP 
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over time. Note that Equation 1 is applicable only to PC with basalt aggregates that have a 

particle size distribution similar to that shown in figure 3.1. Testing of more specimens with 

varied porosity, aggregate, and mix formulation will be required to increase the reliability and 

applicability of the developed approach. 
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CHAPTER 5. Porosity Characterization by X-ray Computed Tomography 

To further explore the pore structure of PC and to study the effect of vertical pore 

distribution on the developed method, X-ray computed tomography (X-ray CT) and image 

processing techniques were employed. X-ray CT, which offers valuable insight into the internal 

macrostructure of PC without destructing the specimen, was carried out on three PC cores 

extracted from the same slabs, with three porosity levels: low (14 percent), medium (20 percent), 

and high (33 percent). The specimens are shown in figure 5.1.  

 

 
Figure 5.1 PC cores with varying porosity levels 

 

An X-ray CT machine at the University of Washington was used to scan the three PC 

samples and obtain planner images (slices) at different positions along the vertical axis, as 

illustrated in figure 2.1 and figure 5.2. About 1600 images were acquired by X-ray CT scanning 

of each specimen.   

 

Low  
P = 14% 

Medium  
P = 20% 

High  
P = 33% 
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Figure 5.2 Imaging PC samples using X-ray CT  

 

The raw images were then cropped to 400×400-pixel square images to avoid edge effects 

during the analysis process. Using ImageJ software, the cropped images were binarized with the 

Otsu thresholding technique to isolate the voids from the solids on the basis of the pixel values. 

When the pixel value was lower than the assigned threshold, it was then counted as a void and 

changed to zero (black color) and vice versa. Moreover, the binarized slices were used to 

reconstruct a 3D image of the scanned PC sample (figure 5.2) with the MATLAB image 

processing toolbox, and the overall porosity was obtained. 

The porosity of the cores was also measured experimentally following the ASTM C1754 

submersion method, as discussed in Section 3.1. The test results indicated that the cores’ ASTM-

C1754 porosities varied from 14 percent to 33 percent. The porosity results obtained 

experimentally by ASTM C1754 and using X-ray CT images were in good agreement, as seen in 

figure 5.3. This agreement shows that most of the pores in these cores were reached by the water. 

 

Scanned PC core Accruing series of slices 3D reconstruction  
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Figure 5.3 Comparing porosities obtained experimentally (ASTM C1754 by submersion) and 

with image analysis of X-ray CT images 
 

Next, the image-based porosity (void area divided by the total area) of all the slices for 

each core was obtained by using ImageJ. For instance, at a depth of 1 inch, the binarized images 

and the image-based porosity (area fraction) of a slice at the cross-section of each specimen are 

illustrated in figure 5.4. It can be observed visually that the areas of voids (black areas) were 

larger for higher porosity samples.  
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Figure 5.4 Binarized images of X-ray CT slices obtained at 1-inch depth for each PC core 

 

This analysis was repeated for each slice. The image-based porosity results were plotted 

along the depth, as seen in figure 5.5 to study the porosity distribution for each PC core.  

 

Figure 5.5 Porosity variation along the depth of each specimen base on X-ray CT scans.  
The ASTM-C1754 porosity (P) is provided in the legend for each specimen 

 

y = -0.0012x2 - 0.0933x + 5.2075
R² = 0.5909

y = 0.0017x2 - 0.197x + 4.8219
R² = 0.764

y = 5E-05x2 - 0.2073x + 4.7308
R² = 0.8319

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

0 5 10 15 20 25 30 35 40 45

De
pt

h 
(in

ch
)

Porosity (%)

high (P=33%)

Medium (P=20%)

Low (P=14%)

Low (Areal P= 9.5%) Medium (Areal P= 24%) High (Areal P= 34%) 



 

5 

The results from figure 5.5 illustrate that porosities at the top and bottom surfaces (the 

first and last 0.5 inch) were higher than the porosity of the intermediate depths for all the PC 

cores. This explained the difference between the image-based and the ASTM C1754 porosity 

results. As previously seen in figure 4.2 and figure 4.3, the results from the photography method 

corresponding to the top and bottom surfaces of the PC slabs were always higher than the overall 

porosity obtained by the ASTM C1754 method. For cores with high and medium porosity, 

minimal compaction was applied to the fresh PC surface; hence, the image-based porosity was 

found to be similar to the ASTM-C1754 porosity, as discussed in Chapter 4. However, to achieve 

low porosity, fresh PC was placed in layers, and each layer was compacted. This procedure 

resulted in greater compaction to the intermediate layers than to the surface layer, which means 

higher porosity at the surface layers than at mid-depth layers (figure 5.5). Therefore, large 

discrepancy between image-based porosity and the ASTM-C1754 porosity was observed for 

slabs with low porosity (figure 4.2).  
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CHAPTER 6. Effect of Porosity on the Infiltration Rate of Pervious Concrete 

The infiltration rate of the slabs was measured following a modified version of the ASTM 

C1701 procedure (ASTM, 2017). An amount of 0.26 gallon (one liter) of water was poured into 

a 4-inch-diameter ring placed on the slab surface, and the bottom edge of the ring was sealed 

with plumber’s putty so that water flowed only through the PC slab. The water head was kept 

constant at 0.6 inch (15 mm), and the time it took the 0.26 gallon of water to infiltrate through 

the slab was measured. The test was repeated at four locations for each slab, with three trials at 

each location (only the last two repeats were recorded, while the first trial was for wetting the 

specimen). The average value of the four repeats was reported for each slab. The infiltration rate 

was calculated as shown in Eq. 3. 

𝐼𝐼 = 𝐾𝐾𝑀𝑀
𝐷𝐷2𝑡𝑡

      Eq. 3 

where I is the infiltration rate (inch/hour), M is the mass of water, D is the inner diameter of the 

ring, t is the time required for the water to infiltrate, and K is a conversion factor equal to 

126,870 inches. The infiltration results for all the slabs were plotted against the ASTM-C1754 

porosity, shown in figure 6.1.  
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Figure 6.1. Infiltration rate results for all PC slabs 

 

Figure 6.1 shows that the infiltration rate increased exponentially with an increase in 

porosity. A correlation between infiltration rate and ASTM C-1754 porosity can be obtained 

from the results in figure 6.1, as shown in Equation 4.  

𝑃𝑃 =
ln 𝐼𝐼
9.657

16.249
       Eq. 4 

where P is ASTM-C1754 porosity, and I is the infiltration rate in inch/hour. The correlation 

shown in Equation 3 is based on 23 samples with an R2 value of 0.83. The in-situ infiltration rate 

can be used in the field to estimate in-situ porosity.  
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CHAPTER 7. In-situ Skid Resistance Evaluation of Pervious Concrete Pavements 

In a previous PacTrans project by the PI, the skid resistance of laboratory-cast PC slabs 

was measured by using the British Pendulum Tester (BPT). In the current project, the BPT 

method was used to evaluate the in-situ skid resistance of five PCPs at Washington State 

University’s Pullman campus to study the effect of clogging and age. The type, age, and surface 

conditions of the tested PCPs are presented in table 7.1. The tested pavements included the 

following locations: 

1. PACCAR Environmental and Technology Building’s pervious concrete backyard  

2. Veterinary Hospital parking entrance 

3. Community Hall sidewalk 

4. Sloan Hall sidewalk  

5. Valley Playfield east sidewalks 

 

Table 7.1 Conditions of the tested PCPs on WSU’s Pullman campus 
 

Location Pavement 
Type 

Age at the time of 
testing Ravelling Clogging Polished 

Aggregate 
Pervious Concrete Pavement (PCP) 

1 Parking lot 4 years, 2 months No No low 

2 Driveway 
entrance unknown High High Moderate 

3 Sidewalk 4 years, 3 months Low No No 

4 Sidewalk unknown No High No 

5 Sidewalk 8 years, 11 months No No Moderate 

 

The BPT test was conducted on the tested PCPs in accordance with ASTM E303 (ASTM, 

2013) (figure 7.1). The BPT test was repeated four times at each test location to obtain 

representative results. Furthermore, two rubber sliders were used for each BPT test, a Pedestrian 

Slip Rubber (PSR) (CS-PEND-855/1070) and a Tire Slip Rubber (TSR) (CS-PEND-855/1060). 
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The tests were run at each test location under dry and wet conditions. The average BPN values of 

all the tested locations under dry and wet surface conditions are presented in figure 7.2. It can be 

observed that the skid resistance of PCP for pedestrian users (tested with the PSR slider) was not 

significantly affected by surface conditions (except for location 5, where the BPN of the wet 

condition was 33 only less than the BPN of the dry condition). However, the skid resistance of 

the PCP for vehicles (tested using the TSR slider) in wet conditions was, on average, 29 only less 

than that of the dry condition (Figure 7.2). This suggests that the infiltration capacity of PC 

should be always maintained to ensure that stormwater is fully infiltrating the pavement and that 

no water is ponding on the pavement surface.  

 

  
 

Figure 7.1 In-situ skid resistance testing of PCP using the BPT at location 1 
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Figure 7.2 In-situ average BPT test results under dry and wet surface conditions  

(Rodin III et al., 2019) 
 

In the previous PacTrans project by the PI, the skid resistance of lab-cast PC slabs with 

various porosity levels (16-36 percent) was measured with the BPT. Figure 7.3 illustrates the 

effect of porosity on the BPN values under different surface conditions. It was concluded that the 

effect of porosity on the skid resistance of PCP measured with a BPT was statistically 

insignificant (Rodin III et al., 2019). Therefore, further research is required to identify a different 

method to evaluate the in-situ porosity of PCPs.  

 

0
10
20
30
40
50
60
70
80
90

100

1 2 3 4 5

BP
N

Location

PSR-Dry TSR-Dry PSR-Wet TSR-Wet



 

12 

 
Figure 7.3 Effect of porosity on the skid resistance of PC (Rodin III et al., 2019) 
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CHAPTER 8. Application of a Frost Model for Pervious Concrete 

One of the most important goals of studying freezing effects on PC is to determine the 

temperature at which ice will start to form in the cement paste pores. Obtaining the ice-formation 

temperature will help transportation agencies to develop a winter maintenance protocol so that 

deicing treatments can be applied to the pavement only when the risk of freeze-thaw damage is 

anticipated. A well-known method for obtainin the ice formation temperature threshold is the 

thermodynamic-based Gibbs-Thompson model (Coussy and Monteiro, 2008; Liu et al., 2011; Ng 

and Dai, 2014; Gong et al., 2015):  

𝑇𝑇𝑚𝑚(𝐾𝐾𝐶𝐶𝐶𝐶) = 𝑇𝑇𝑚𝑚(0) − 𝛾𝛾𝐶𝐶𝐶𝐶𝐾𝐾𝐶𝐶𝐶𝐶
∆𝑆𝑆𝑓𝑓𝑓𝑓

     Eq 5 

where: 

𝑇𝑇𝑚𝑚: Threshold temperature for ice formation in a spherical pore with a radius = rp 

𝑇𝑇𝑚𝑚(0) : Melting point (273 K for ice) 

𝛾𝛾𝐶𝐶𝐶𝐶: Crystal-liquid interfacial energy (~ 0.0409 J/m2) 

𝐾𝐾𝐶𝐶𝐶𝐶: 2/(rp– dW) :Curvature of the crystal-liquid interface related to a spherical pore radius 

(rp) 

dW: Thickness of unfrozen water layer which is approximately 0.9 nm for water 

∆𝑆𝑆𝑓𝑓𝑓𝑓: Molar entropy of fusion, which equals (SL–SC)/vC where SL and SC are the molar 

entropies of the liquid and ice crystal and vC is the molar volume of the crystal. 

∆𝑆𝑆𝑓𝑓𝑓𝑓 for ice is ~1.2 MPa/K 

 

Several studies successfully applied the Gibbs-Thompson equation to model freeze-thaw 

damage in cement paste. Ng and Dai (2014) used the Gibbs-Thompson equation to develop and 
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validate a model for fracture of cement paste due to internal frost damage. The pore network of 

the cement paste was digitally reconstructed with scanning electron microscopy (SEM) and used 

as the geometry for a 3D cohesive zone fracture model. The internal pressure at the pore scale 

that was induced by ice formation was calculated on the basis of the Gibbs-Thompson equation 

and thermodynamic energy balance. The material response to the frost-induced pressure was 

modeled and validated with experimental results. In addition, Liu et al. (2014) developed a 

numerical model to predict frost damage in cement-based systems. As part of the developed 

model, the Gibbs-Thompson equation was used to calculate the temperature threshold at which 

pore water freezes. The model was successfully validated with experimental results. On the basis 

of the reviewed studies, application of the Gibbs-Thompson equation for PC frost development 

to determine the critical temperature at which maintenance (such as deicing chemical 

application) should be performed on PCP shows promise and should be studied.  
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CHAPTER 9. Conclusions 

This study aimed to develop a simple, image-based method to characterize the porosity of 

PC. Pervious concrete porosity was characterized with three methods: the submersion method 

based on ASTM 1754, surface imaging using photography and image processing tools, and X-

ray computed tomography (X-ray CT). In addition, the British Pendulum Tester (BPT) was used 

to test the in-situ skid resistance of five PCPs on Washington State University’s Pullman 

campus. On the basis of the results of this study, the following conclusions can be drawn: 

• The porosity results from the surface imaging showed a strong correlation with the 

porosity results from submersion using the 27 tested PC slabs at three porosity levels 

(nine slabs for each level): 15 percent, 25 percent, and 30 percent. The image-based 

method consistently provided a higher porosity, as expected. This may have been due to 

the tortuosity of the 3D pore network, which would result in a different fractal area of 

voids in intermediate slices. It may also have been due to the dead-end channels and 

isolated pores that did not allow the water to enter in the submersion method. Testing of 

more slabs could help strengthen the developed correlation and establish a margin of 

error to account for the inherent differences between the two methods. 

• Results from the analysis of X-ray CT images and the distribution of porosity along the 

depth of the slabs showed that the top and bottom 0.5-inch layers had higher porosities 

than the porosity at intermediate depths. Therefore, characterization of in-situ porosity 

using only images of the top surface was found to be unrealistic at this time. Imaging of 

more slabs in parallel with X-ray CT scans could help in developing models to describe 

the porosity distribution.  
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• The In-situ skid resistance of PCP, measured with the BPT, was found to be less in wet 

surface conditions than in dry conditions. Therefore, PCP should always be monitored to 

avoid clogging of voids and to ensure that the pavement is fully permeable and no 

stormwater is ponding on the surface in order to maintain high skid resistance.  

In addition to the above-mentioned points, the Gibbs-Thompson model was proposed to 

identify the temperature at which ice formation starts in PC. This model can be a useful tool, 

based on the porosity level of PCP, to determine the critical temperature at which to apply 

deicing chemicals during cold weather.  

In summary, the surface photography porosity method seems to have potential for 

characterizing permeable pavements. However, the top 0.5-inch of PC has a substantially higher 

porosity relative to the remaining depth. Therefore, surface imaging can result in unrealistic 

results for the overall porosity of the pavement. Here, the results of the method were discussed 

for use in winter maintenance. These porosity results could also be used to infer PC strength and 

mechanical performance, which is also difficult to characterize for in-situ pavement unless a core 

is extracted. The imaging method could also be used to quantify clogging and to apply sweeping 

on the pavement as needed. 
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Appendix A 

Table A-1. Area fraction (%) of X-ray CT slices along the depth of the cores 

Low Porosity Medium Porosity High Porosity 

Depth (inches) Area fraction 
of voids (%) Depth (inches) Area fraction 

of voids (%) Depth (inches) Area fraction 
of voids (%) 

0.004 23.1 0.004 42.4 0.004 40.9 

0.008 22.8 0.007 41.7 0.008 40.2 

0.012 22.5 0.011 41.2 0.011 39.4 

0.015 23.5 0.014 40.6 0.015 38.7 

0.019 23.3 0.018 40.1 0.019 38.1 

0.023 23.1 0.021 39.6 0.023 37.5 

0.027 22.9 0.025 39.2 0.026 36.8 

0.031 22.9 0.029 38.1 0.030 36.2 

0.035 22.8 0.032 37.7 0.034 35.8 

0.039 22.6 0.036 37.4 0.038 35.3 

0.043 22.5 0.039 37.1 0.042 34.8 

0.046 22.4 0.043 36.8 0.045 34.5 

0.050 22.3 0.046 36.5 0.049 34.0 

0.054 22.1 0.050 36.2 0.053 33.6 

0.058 21.9 0.054 36.0 0.057 33.1 

0.062 21.7 0.057 35.8 0.061 32.7 

0.066 21.5 0.061 35.5 0.064 32.4 

0.070 21.4 0.064 35.3 0.068 32.1 

0.073 21.2 0.068 36.0 0.072 31.9 

0.077 21.0 0.071 35.8 0.076 31.6 

0.081 20.9 0.075 35.6 0.079 32.3 

0.085 20.8 0.078 35.3 0.083 32.3 

0.089 20.5 0.082 35.2 0.087 32.1 

0.093 20.3 0.086 34.9 0.091 31.9 

0.097 20.1 0.089 34.8 0.095 31.7 

0.101 19.9 0.093 34.6 0.098 31.6 

0.104 19.7 0.096 34.4 0.102 31.4 

0.108 19.5 0.100 34.2 0.106 31.4 

0.112 19.3 0.103 33.9 0.110 31.2 

0.116 19.2 0.107 33.8 0.113 31.1 

0.120 19.1 0.111 33.5 0.117 31.0 

0.124 19.0 0.114 33.4 0.121 30.9 

0.128 19.0 0.118 33.2 0.125 30.8 

0.131 18.8 0.121 33.0 0.129 30.7 

0.135 19.8 0.125 32.7 0.132 30.8 
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0.139 19.7 0.128 32.4 0.136 30.8 

0.143 19.6 0.132 32.2 0.140 30.9 

0.147 19.5 0.136 32.0 0.144 30.9 

0.151 19.6 0.139 31.7 0.148 30.8 

0.155 19.5 0.143 31.5 0.151 30.8 

0.159 19.4 0.146 31.3 0.155 30.8 

0.162 19.5 0.150 31.1 0.159 30.8 

0.166 19.4 0.153 32.0 0.163 30.8 

0.170 19.6 0.157 31.9 0.166 30.8 

0.174 19.7 0.161 31.8 0.170 31.9 

0.178 19.7 0.164 31.7 0.174 32.0 

0.182 19.7 0.168 31.6 0.178 32.1 

0.186 19.7 0.171 31.5 0.182 32.1 

0.189 19.6 0.175 31.4 0.185 32.2 

0.193 19.5 0.178 31.5 0.189 32.2 

0.197 19.5 0.182 31.3 0.193 32.2 

0.201 19.4 0.186 31.2 0.197 32.2 

0.205 19.2 0.189 31.1 0.200 32.3 

0.209 19.2 0.193 31.0 0.204 32.2 

0.213 18.9 0.196 30.9 0.208 32.3 

0.217 18.7 0.200 30.9 0.212 32.3 

0.220 18.6 0.203 30.8 0.216 32.3 

0.224 18.3 0.207 30.7 0.219 32.4 

0.228 18.0 0.210 30.5 0.223 32.3 

0.232 17.7 0.214 30.3 0.227 32.3 

0.236 17.4 0.218 30.2 0.231 32.3 

0.240 17.2 0.221 30.1 0.235 32.3 

0.244 16.8 0.225 30.1 0.238 32.3 

0.247 16.5 0.228 29.9 0.242 32.3 

0.251 16.3 0.232 29.8 0.246 32.2 

0.255 16.1 0.235 29.7 0.250 32.1 

0.259 15.9 0.239 29.6 0.253 32.0 

0.263 15.8 0.243 29.5 0.257 31.8 

0.267 15.7 0.246 29.5 0.261 31.7 

0.271 15.6 0.250 29.5 0.265 31.6 

0.275 15.6 0.253 29.5 0.269 31.5 

0.278 15.6 0.257 29.5 0.272 31.4 

0.282 15.4 0.260 29.5 0.276 31.4 

0.286 15.3 0.264 29.5 0.280 31.2 

0.290 15.2 0.268 29.4 0.284 31.0 

0.294 15.3 0.271 29.2 0.287 31.0 



 

A-3 

0.298 15.3 0.275 29.1 0.291 30.8 

0.302 15.4 0.278 29.0 0.295 30.7 

0.305 15.4 0.282 28.9 0.299 30.7 

0.309 15.5 0.285 29.9 0.303 30.5 

0.313 15.6 0.289 29.8 0.306 30.4 

0.317 15.7 0.293 28.4 0.310 30.5 

0.321 15.7 0.296 29.5 0.314 30.5 

0.325 15.7 0.300 29.3 0.318 30.7 

0.329 15.6 0.303 29.1 0.322 30.8 

0.333 15.5 0.307 29.0 0.325 30.9 

0.336 15.4 0.310 28.8 0.329 31.0 

0.340 15.4 0.314 28.4 0.333 31.1 

0.344 15.3 0.318 28.0 0.337 31.1 

0.348 15.2 0.321 27.6 0.340 31.3 

0.352 15.1 0.325 27.2 0.344 31.3 

0.356 15.1 0.328 26.8 0.348 31.5 

0.360 15.2 0.332 26.5 0.352 31.7 

0.363 15.2 0.335 26.2 0.356 31.8 

0.367 15.3 0.339 25.8 0.359 31.8 

0.371 15.5 0.343 25.4 0.363 31.8 

0.375 15.6 0.346 25.2 0.367 31.9 

0.379 15.8 0.350 24.8 0.371 32.0 

0.383 16.0 0.353 24.5 0.374 31.9 

0.387 16.2 0.357 24.1 0.378 31.9 

0.391 16.3 0.360 23.9 0.382 31.9 

0.394 16.5 0.364 23.8 0.386 31.8 

0.398 16.6 0.367 23.5 0.390 31.8 

0.402 16.8 0.371 23.3 0.393 31.9 

0.406 16.9 0.375 23.0 0.397 32.0 

0.410 17.2 0.378 22.9 0.401 31.9 

0.414 17.4 0.382 22.8 0.405 31.8 

0.418 17.6 0.385 22.6 0.409 31.8 

0.421 17.7 0.389 22.4 0.412 31.7 

0.425 17.9 0.392 22.3 0.416 31.7 

0.429 18.2 0.396 22.3 0.420 31.8 

0.433 18.4 0.400 22.4 0.424 31.7 

0.437 18.7 0.403 22.4 0.427 31.8 

0.441 18.9 0.407 22.3 0.431 31.8 

0.445 19.1 0.410 22.1 0.435 31.8 

0.449 19.4 0.414 22.0 0.439 31.8 

0.452 19.4 0.417 21.8 0.443 31.8 



 

A-4 

0.456 19.6 0.421 21.8 0.446 31.6 

0.460 19.6 0.425 21.7 0.450 31.5 

0.464 19.8 0.428 21.8 0.454 31.5 

0.468 19.8 0.432 21.8 0.458 31.4 

0.472 19.8 0.435 21.6 0.461 31.1 

0.476 19.8 0.439 21.5 0.465 30.8 

0.479 19.7 0.442 21.5 0.469 30.7 

0.483 19.6 0.446 21.3 0.473 30.5 

0.487 19.7 0.450 21.2 0.477 30.4 

0.491 19.8 0.453 20.9 0.480 30.3 

0.495 19.7 0.457 20.8 0.484 30.3 

0.499 19.7 0.460 20.7 0.488 30.3 

0.503 19.8 0.464 20.6 0.492 30.3 

0.507 20.0 0.467 20.6 0.496 30.4 

0.510 20.1 0.471 20.6 0.499 30.4 

0.514 20.3 0.475 20.5 0.503 30.5 

0.518 20.4 0.478 20.5 0.507 30.5 

0.522 20.5 0.482 20.5 0.511 30.4 

0.526 20.6 0.485 20.5 0.514 30.5 

0.530 20.6 0.489 20.6 0.518 30.5 

0.534 20.8 0.492 20.6 0.522 30.6 

0.537 20.6 0.496 20.6 0.526 30.7 

0.541 20.6 0.499 20.8 0.530 30.6 

0.545 20.4 0.503 21.1 0.533 30.6 

0.549 20.3 0.507 21.3 0.537 30.5 

0.553 20.2 0.510 21.5 0.541 30.7 

0.557 20.2 0.514 21.5 0.545 30.7 

0.561 20.1 0.517 21.6 0.548 30.7 

0.565 20.0 0.521 21.7 0.552 30.7 

0.568 20.0 0.524 21.7 0.556 30.7 

0.572 20.0 0.528 21.7 0.560 30.6 

0.576 18.6 0.532 21.7 0.564 30.6 

0.580 18.6 0.535 21.7 0.567 30.6 

0.584 18.6 0.539 21.6 0.571 30.5 

0.588 18.7 0.542 21.6 0.575 30.5 

0.592 18.8 0.546 21.6 0.579 30.6 

0.595 18.7 0.549 21.6 0.583 30.6 

0.599 18.8 0.553 21.6 0.586 30.6 

0.603 18.9 0.557 21.6 0.590 30.6 

0.607 18.9 0.560 20.5 0.594 30.6 

0.611 18.9 0.564 21.5 0.598 30.6 



 

A-5 

0.615 18.8 0.567 21.6 0.601 30.7 

0.619 19.0 0.571 21.5 0.605 30.8 

0.623 19.0 0.574 21.5 0.609 30.8 

0.626 19.3 0.578 21.6 0.613 30.9 

0.630 19.4 0.582 21.7 0.617 30.9 

0.634 19.4 0.585 21.8 0.620 31.0 

0.638 19.6 0.589 22.0 0.624 31.0 

0.642 19.7 0.592 22.0 0.628 31.2 

0.646 19.9 0.596 22.2 0.632 31.3 

0.650 20.0 0.599 22.4 0.635 31.4 

0.653 20.2 0.603 22.6 0.639 31.6 

0.657 20.2 0.607 22.9 0.643 31.8 

0.661 20.3 0.610 23.2 0.647 32.0 

0.665 20.4 0.614 23.4 0.651 32.2 

0.669 20.5 0.617 23.9 0.654 32.6 

0.673 20.5 0.621 24.1 0.658 32.9 

0.677 20.6 0.624 24.6 0.662 33.2 

0.681 20.8 0.628 24.9 0.666 33.5 

0.684 20.9 0.631 25.1 0.670 33.7 

0.688 20.7 0.635 25.2 0.673 34.0 

0.692 20.9 0.639 25.4 0.677 34.2 

0.696 20.9 0.642 25.6 0.681 34.3 

0.700 21.0 0.646 25.7 0.685 34.6 

0.704 21.0 0.649 25.7 0.688 34.8 

0.708 21.0 0.653 25.7 0.692 35.1 

0.711 21.0 0.656 25.7 0.696 35.3 

0.715 21.0 0.660 25.8 0.700 35.4 

0.719 21.0 0.664 26.0 0.704 35.6 

0.723 21.0 0.667 26.1 0.707 35.8 

0.727 21.0 0.671 26.1 0.711 34.8 

0.731 20.9 0.674 26.1 0.715 36.1 

0.735 20.9 0.678 26.2 0.719 34.9 

0.739 20.9 0.681 26.2 0.722 35.0 

0.742 20.9 0.685 26.1 0.726 35.1 

0.746 21.0 0.689 26.0 0.730 36.3 

0.750 21.0 0.692 26.0 0.734 36.3 

0.754 21.1 0.696 26.0 0.738 36.1 

0.758 21.0 0.699 25.9 0.741 35.9 

0.762 21.0 0.703 24.3 0.745 35.6 

0.766 20.9 0.706 24.3 0.749 35.4 

0.769 20.8 0.710 24.2 0.753 35.2 



 

A-6 

0.773 20.8 0.714 24.1 0.757 34.9 

0.777 20.7 0.717 25.5 0.760 34.7 

0.781 20.9 0.721 25.7 0.764 34.5 

0.785 20.7 0.724 25.5 0.768 34.2 

0.789 20.6 0.728 23.9 0.772 33.9 

0.793 20.6 0.731 23.9 0.775 33.5 

0.797 20.8 0.735 23.8 0.779 33.2 

0.800 20.6 0.739 23.6 0.783 33.0 

0.804 20.6 0.742 23.5 0.787 32.7 

0.808 20.6 0.746 23.3 0.791 32.3 

0.812 20.6 0.749 23.4 0.794 31.9 

0.816 20.4 0.753 23.2 0.798 31.5 

0.820 20.4 0.756 23.1 0.802 31.2 

0.824 20.4 0.760 22.9 0.806 31.0 

0.827 20.5 0.764 22.7 0.809 30.6 

0.831 20.6 0.767 22.6 0.813 30.3 

0.835 20.6 0.771 22.6 0.817 30.1 

0.839 20.5 0.774 22.5 0.821 29.7 

0.843 20.5 0.778 22.4 0.825 29.4 

0.847 20.6 0.781 22.2 0.828 29.2 

0.851 20.7 0.785 22.0 0.832 27.8 

0.855 20.7 0.788 21.9 0.836 27.7 

0.858 20.6 0.792 21.8 0.840 27.7 

0.862 20.6 0.796 21.8 0.843 27.6 

0.866 19.4 0.799 21.9 0.847 27.7 

0.870 19.4 0.803 22.0 0.851 27.6 

0.874 19.5 0.806 22.0 0.855 27.6 

0.878 19.5 0.810 22.4 0.859 27.6 

0.882 19.5 0.813 22.7 0.862 27.8 

0.885 19.7 0.817 22.9 0.866 27.9 

0.889 19.7 0.821 22.9 0.870 28.0 

0.893 19.8 0.824 23.0 0.874 28.1 

0.897 19.8 0.828 23.1 0.878 28.3 

0.901 19.9 0.831 23.2 0.881 28.3 

0.905 20.0 0.835 23.3 0.885 28.4 

0.909 20.2 0.838 23.3 0.889 28.6 

0.913 20.2 0.842 23.4 0.893 28.8 

0.916 20.1 0.846 23.3 0.896 28.9 

0.920 21.6 0.849 23.4 0.900 28.9 

0.924 20.2 0.853 23.5 0.904 29.0 

0.928 20.2 0.856 23.4 0.908 29.2 



 

A-7 

0.932 20.2 0.860 23.5 0.912 29.4 

0.936 20.2 0.863 23.5 0.915 29.6 

0.940 20.2 0.867 23.7 0.919 29.7 

0.944 20.1 0.871 23.8 0.923 29.8 

0.947 20.2 0.874 24.0 0.927 30.0 

0.951 20.1 0.878 23.9 0.930 30.2 

0.955 20.0 0.881 24.0 0.934 30.4 

0.959 19.8 0.885 23.9 0.938 30.5 

0.963 19.7 0.888 23.8 0.942 30.7 

0.967 19.6 0.892 23.8 0.946 30.9 

0.971 19.4 0.896 23.8 0.949 31.0 

0.974 19.4 0.899 23.8 0.953 31.2 

0.978 19.3 0.903 23.9 0.957 31.4 

0.982 19.4 0.906 24.2 0.961 31.6 

0.986 19.2 0.910 24.4 0.965 31.9 

0.990 19.2 0.913 24.7 0.968 32.2 

0.994 19.1 0.917 24.9 0.972 32.4 

0.998 19.0 0.920 24.7 0.976 32.6 

1.002 18.9 0.924 24.6 0.980 32.8 

1.005 18.8 0.928 24.8 0.983 33.0 

1.009 18.6 0.931 24.8 0.987 33.3 

1.013 18.3 0.935 24.8 0.991 33.6 

1.017 18.2 0.938 24.7 0.995 33.7 

1.021 19.5 0.942 24.7 0.999 34.0 

1.025 19.2 0.945 24.7 1.002 34.3 

1.029 19.2 0.949 24.8 1.006 34.3 

1.032 19.1 0.953 24.7 1.010 34.2 

1.036 18.9 0.956 24.7 1.014 34.2 

1.040 18.9 0.960 24.7 1.017 34.1 

1.044 18.9 0.963 24.4 1.021 34.1 

1.048 18.8 0.967 24.4 1.025 34.0 

1.052 18.7 0.970 24.5 1.029 34.0 

1.056 18.8 0.974 24.4 1.033 33.9 

1.060 18.7 0.978 24.2 1.036 33.7 

1.063 18.7 0.981 24.2 1.040 33.7 

1.067 18.7 0.985 24.1 1.044 33.7 

1.071 18.9 0.988 24.2 1.048 33.9 

1.075 18.9 0.992 24.2 1.052 33.9 

1.079 18.8 0.995 24.1 1.055 34.0 

1.083 18.7 0.999 24.1 1.059 34.1 

1.087 18.9 1.003 24.0 1.063 34.3 



 

A-8 

1.090 18.9 1.006 24.1 1.067 34.4 

1.094 18.9 1.010 24.1 1.070 34.5 

1.098 18.9 1.013 24.0 1.074 34.5 

1.102 18.9 1.017 23.8 1.078 34.6 

1.106 17.6 1.020 23.6 1.082 34.8 

1.110 17.7 1.024 23.4 1.086 34.7 

1.114 19.1 1.028 23.4 1.089 34.8 

1.118 17.9 1.031 23.1 1.093 34.9 

1.121 19.3 1.035 22.8 1.097 35.1 

1.125 19.3 1.038 22.7 1.101 35.2 

1.129 19.3 1.042 22.6 1.104 35.3 

1.133 18.1 1.045 22.4 1.108 35.3 

1.137 18.1 1.049 22.2 1.112 35.4 

1.141 18.0 1.052 22.1 1.116 35.4 

1.145 19.3 1.056 22.1 1.120 35.3 

1.148 19.3 1.060 22.0 1.123 35.1 

1.152 19.5 1.063 21.9 1.127 35.2 

1.156 19.5 1.067 21.9 1.131 35.0 

1.160 19.5 1.070 21.6 1.135 35.0 

1.164 19.3 1.074 21.4 1.139 34.9 

1.168 19.3 1.077 21.3 1.142 34.8 

1.172 19.2 1.081 21.0 1.146 34.8 

1.176 19.1 1.085 20.8 1.150 34.8 

1.179 18.8 1.088 20.4 1.154 34.7 

1.183 18.6 1.092 20.0 1.157 34.7 

1.187 18.2 1.095 19.8 1.161 34.7 

1.191 18.0 1.099 19.3 1.165 34.7 

1.195 17.8 1.102 18.9 1.169 34.8 

1.199 17.7 1.106 18.5 1.173 34.7 

1.203 17.3 1.110 18.3 1.176 34.6 

1.206 17.3 1.113 18.3 1.180 34.6 

1.210 17.2 1.117 18.3 1.184 34.4 

1.214 17.0 1.120 18.3 1.188 34.3 

1.218 16.8 1.124 18.4 1.191 34.2 

1.222 16.8 1.127 18.3 1.195 34.0 

1.226 16.7 1.131 18.3 1.199 33.8 

1.230 16.7 1.135 18.3 1.203 33.6 

1.234 16.7 1.138 18.3 1.207 33.5 

1.237 16.7 1.142 18.3 1.210 33.5 

1.241 16.8 1.145 18.4 1.214 33.3 

1.245 16.8 1.149 18.3 1.218 33.3 



 

A-9 

1.249 16.6 1.152 18.2 1.222 32.9 

1.253 16.5 1.156 18.0 1.226 32.6 

1.257 16.3 1.160 18.0 1.229 32.3 

1.261 16.6 1.163 17.9 1.233 31.9 

1.264 16.5 1.167 18.1 1.237 31.5 

1.268 16.4 1.170 18.2 1.241 31.2 

1.272 16.4 1.174 18.3 1.244 31.0 

1.276 16.3 1.177 18.3 1.248 30.8 

1.280 16.2 1.181 18.5 1.252 30.4 

1.284 16.1 1.185 18.7 1.256 30.0 

1.288 16.0 1.188 18.8 1.260 29.7 

1.292 16.1 1.192 19.0 1.263 29.2 

1.295 15.9 1.195 19.2 1.267 28.8 

1.299 15.9 1.199 19.6 1.271 28.3 

1.303 15.8 1.202 19.8 1.275 27.8 

1.307 15.7 1.206 20.2 1.278 27.4 

1.311 15.8 1.209 20.7 1.282 27.1 

1.315 15.6 1.213 20.9 1.286 26.8 

1.319 15.6 1.217 21.2 1.290 26.6 

1.322 15.2 1.220 21.7 1.294 26.4 

1.326 15.3 1.224 22.1 1.297 26.2 

1.330 15.1 1.227 22.6 1.301 26.2 

1.334 14.8 1.231 22.9 1.305 25.9 

1.338 14.6 1.234 23.4 1.309 25.7 

1.342 14.6 1.238 22.1 1.313 25.6 

1.346 14.3 1.242 22.3 1.316 25.7 

1.350 14.2 1.245 22.5 1.320 25.6 

1.353 14.1 1.249 22.9 1.324 25.6 

1.357 14.1 1.252 23.1 1.328 25.4 

1.361 14.1 1.256 23.2 1.331 25.4 

1.365 13.9 1.259 23.2 1.335 25.2 

1.369 14.0 1.263 23.3 1.339 25.3 

1.373 14.1 1.267 23.5 1.343 25.3 

1.377 14.3 1.270 23.6 1.347 25.3 

1.380 14.2 1.274 23.6 1.350 25.4 

1.384 14.4 1.277 23.6 1.354 25.5 

1.388 14.7 1.281 23.6 1.358 25.5 

1.392 14.8 1.284 23.5 1.362 25.5 

1.396 15.1 1.288 23.4 1.365 25.6 

1.400 15.2 1.292 23.2 1.369 25.5 

1.404 15.2 1.295 23.0 1.373 25.6 



 

A-10 

1.408 15.3 1.299 22.7 1.377 25.5 

1.411 15.5 1.302 22.8 1.381 25.7 

1.415 15.7 1.306 22.7 1.384 25.6 

1.419 15.8 1.309 22.6 1.388 25.8 

1.423 15.9 1.313 22.3 1.392 25.8 

1.427 16.1 1.317 22.1 1.396 25.8 

1.431 16.3 1.320 22.1 1.400 26.0 

1.435 16.7 1.324 22.2 1.403 26.2 

1.438 16.8 1.327 22.0 1.407 26.4 

1.442 17.0 1.331 22.0 1.411 26.4 

1.446 17.3 1.334 21.9 1.415 26.5 

1.450 17.4 1.338 21.8 1.418 26.6 

1.454 17.4 1.341 21.7 1.422 26.8 

1.458 15.7 1.345 21.6 1.426 26.9 

1.462 15.8 1.349 21.5 1.430 26.9 

1.466 15.8 1.352 21.4 1.434 26.8 

1.469 15.8 1.356 21.4 1.437 26.9 

1.473 15.7 1.359 21.3 1.441 27.0 

1.477 15.7 1.363 22.9 1.445 27.1 

1.481 15.7 1.366 22.6 1.449 27.1 

1.485 15.8 1.370 22.3 1.452 27.1 

1.489 15.8 1.374 22.1 1.456 27.1 

1.493 15.9 1.377 22.1 1.460 27.0 

1.496 15.9 1.381 21.8 1.464 27.0 

1.500 16.0 1.384 21.4 1.468 26.8 

1.504 15.9 1.388 21.1 1.471 26.5 

1.508 15.9 1.391 20.9 1.475 26.2 

1.512 15.8 1.395 20.9 1.479 26.0 

1.516 17.6 1.399 20.7 1.483 25.7 

1.520 15.8 1.402 20.5 1.487 25.4 

1.524 15.8 1.406 20.3 1.490 25.3 

1.527 15.8 1.409 20.2 1.494 25.2 

1.531 15.9 1.413 20.1 1.498 25.0 

1.535 16.0 1.416 20.1 1.502 24.8 

1.539 16.2 1.420 20.1 1.505 24.6 

1.543 16.4 1.424 19.7 1.509 24.3 

1.547 16.5 1.427 19.6 1.513 24.0 

1.551 16.7 1.431 19.3 1.517 23.7 

1.554 16.7 1.434 19.2 1.521 23.5 

1.558 16.9 1.438 19.1 1.524 23.4 

1.562 17.2 1.441 18.9 1.528 23.4 



 

A-11 

1.566 17.4 1.445 18.7 1.532 23.3 

1.570 17.6 1.449 18.4 1.536 23.2 

1.574 17.8 1.452 18.1 1.539 23.1 

1.578 18.1 1.456 18.0 1.543 22.9 

1.582 18.4 1.459 17.9 1.547 22.8 

1.585 18.4 1.463 17.5 1.551 22.6 

1.589 18.5 1.466 17.5 1.555 24.0 

1.593 18.6 1.470 17.5 1.558 22.5 

1.597 18.4 1.473 17.3 1.562 22.3 

1.601 18.2 1.477 17.2 1.566 22.3 

1.605 18.2 1.481 17.2 1.570 22.4 

1.609 18.1 1.484 17.2 1.574 22.4 

1.612 18.0 1.488 17.1 1.577 22.5 

1.616 18.0 1.491 16.9 1.581 22.5 

1.620 17.9 1.495 17.1 1.585 22.8 

1.624 17.7 1.498 17.2 1.589 23.0 

1.628 17.6 1.502 17.5 1.592 23.3 

1.632 17.4 1.506 17.7 1.596 23.4 

1.636 17.1 1.509 17.9 1.600 23.6 

1.640 17.0 1.513 18.2 1.604 23.9 

1.643 16.7 1.516 18.4 1.608 25.6 

1.647 16.4 1.520 18.7 1.611 25.8 

1.651 16.3 1.523 18.9 1.615 25.9 

1.655 16.0 1.527 19.4 1.619 26.4 

1.659 15.8 1.531 19.8 1.623 26.6 

1.663 15.7 1.534 20.1 1.626 25.1 

1.667 15.4 1.538 20.3 1.630 25.2 

1.670 15.1 1.541 20.6 1.634 25.3 

1.674 15.0 1.545 21.0 1.638 25.5 

1.678 14.8 1.548 21.5 1.642 25.8 

1.682 14.5 1.552 22.1 1.645 26.0 

1.686 14.2 1.556 22.3 1.649 26.2 

1.690 14.0 1.559 22.7 1.653 26.5 

1.694 15.7 1.563 23.1 1.657 26.8 

1.698 15.6 1.566 23.4 1.661 27.0 

1.701 15.3 1.570 23.7 1.664 27.1 

1.705 15.1 1.573 24.0 1.668 27.5 

1.709 15.0 1.577 24.3 1.672 27.7 

1.713 14.8 1.581 24.7 1.676 27.9 

1.717 14.8 1.584 25.0 1.679 28.1 

1.721 14.8 1.588 23.0 1.683 28.5 



 

A-12 

1.725 14.4 1.591 23.2 1.687 28.7 

1.728 14.3 1.595 23.6 1.691 28.8 

1.732 14.1 1.598 23.8 1.695 28.8 

1.736 14.2 1.602 24.0 1.698 28.8 

1.740 14.2 1.606 24.1 1.702 28.7 

1.744 14.1 1.609 24.0 1.706 28.6 

1.748 12.2 1.613 24.1 1.710 28.7 

1.752 12.0 1.616 23.9 1.713 28.8 

1.756 12.0 1.620 24.1 1.717 28.9 

1.759 11.9 1.623 24.0 1.721 28.7 

1.763 12.0 1.627 23.9 1.725 28.6 

1.767 12.1 1.630 23.9 1.729 28.7 

1.771 12.2 1.634 23.9 1.732 28.7 

1.775 12.2 1.638 25.7 1.736 28.6 

1.779 12.3 1.641 25.7 1.740 28.5 

1.783 12.4 1.645 25.7 1.744 28.4 

1.786 12.4 1.648 25.6 1.748 28.3 

1.790 12.6 1.652 25.5 1.751 28.2 

1.794 12.6 1.655 25.3 1.755 28.3 

1.798 12.8 1.659 25.3 1.759 28.1 

1.802 12.9 1.663 25.2 1.763 28.0 

1.806 12.9 1.666 24.9 1.766 28.2 

1.810 12.9 1.670 24.6 1.770 28.3 

1.814 13.0 1.673 24.3 1.774 28.2 

1.817 13.1 1.677 24.1 1.778 28.3 

1.821 13.1 1.680 24.1 1.782 28.4 

1.825 13.0 1.684 24.0 1.785 28.6 

1.829 13.0 1.688 24.0 1.789 28.8 

1.833 14.9 1.691 23.8 1.793 29.0 

1.837 15.1 1.695 23.7 1.797 29.1 

1.841 15.1 1.698 23.5 1.800 29.3 

1.844 15.0 1.702 23.2 1.804 29.3 

1.848 15.2 1.705 20.7 1.808 29.4 

1.852 15.2 1.709 20.6 1.812 29.5 

1.856 15.1 1.713 20.4 1.816 29.6 

1.860 15.3 1.716 22.7 1.819 29.6 

1.864 15.5 1.720 22.7 1.823 29.7 

1.868 15.6 1.723 20.5 1.827 29.7 

1.872 15.3 1.727 20.3 1.831 29.6 

1.875 15.0 1.730 20.4 1.835 29.3 

1.879 15.3 1.734 20.4 1.838 29.3 



 

A-13 

1.883 15.4 1.738 20.4 1.842 29.1 

1.887 15.5 1.741 20.7 1.846 28.9 

1.891 15.3 1.745 20.6 1.850 28.8 

1.895 15.3 1.748 20.6 1.853 28.7 

1.899 15.4 1.752 20.6 1.857 28.5 

1.902 15.4 1.755 20.6 1.861 28.4 

1.906 15.2 1.759 20.5 1.865 28.3 

1.910 15.0 1.762 22.3 1.869 28.2 

1.914 14.9 1.766 22.0 1.872 28.0 

1.918 15.1 1.770 22.0 1.876 27.9 

1.922 14.9 1.773 22.0 1.880 28.1 

1.926 14.6 1.777 21.7 1.884 28.2 

1.930 14.5 1.780 21.4 1.887 28.1 

1.933 14.4 1.784 21.6 1.891 28.3 

1.937 14.4 1.787 21.4 1.895 28.4 

1.941 14.3 1.791 21.2 1.899 28.3 

1.945 14.4 1.795 21.1 1.903 28.3 

1.949 14.6 1.798 21.3 1.906 28.4 

1.953 14.3 1.802 21.3 1.910 28.5 

1.957 14.4 1.805 21.4 1.914 28.4 

1.960 14.5 1.809 21.5 1.918 28.3 

1.964 12.7 1.812 21.3 1.922 28.3 

1.968 12.8 1.816 21.3 1.925 28.1 

1.972 12.9 1.820 21.3 1.929 28.1 

1.976 12.9 1.823 21.2 1.933 28.1 

1.980 12.8 1.827 21.0 1.937 28.0 

1.984 12.7 1.830 21.0 1.940 28.1 

1.988 12.7 1.834 21.0 1.944 28.0 

1.991 12.9 1.837 21.0 1.948 28.2 

1.995 12.9 1.841 21.3 1.952 28.3 

1.999 12.9 1.845 21.2 1.956 28.6 

2.003 12.9 1.848 21.0 1.959 28.7 

2.007 13.1 1.852 21.1 1.963 28.8 

2.011 13.3 1.855 21.1 1.967 29.0 

2.015 13.4 1.859 21.2 1.971 29.0 

2.018 13.3 1.862 21.1 1.974 29.2 

2.022 13.2 1.866 21.1 1.978 29.4 

2.026 13.1 1.870 21.2 1.982 29.5 

2.030 14.6 1.873 21.0 1.986 29.6 

2.034 14.4 1.877 21.1 1.990 29.6 

2.038 14.5 1.880 21.1 1.993 29.7 



 

A-14 

2.042 14.6 1.884 21.0 1.997 29.7 

2.046 14.2 1.887 21.0 2.001 29.6 

2.049 14.1 1.891 21.1 2.005 29.5 

2.053 14.2 1.894 21.1 2.009 29.4 

2.057 14.1 1.898 21.1 2.012 29.4 

2.061 13.9 1.902 21.4 2.016 29.1 

2.065 13.8 1.905 21.4 2.020 29.0 

2.069 13.6 1.909 21.4 2.024 28.8 

2.073 13.6 1.912 21.7 2.027 28.7 

2.076 13.7 1.916 21.7 2.031 28.3 

2.080 13.6 1.919 21.5 2.035 28.1 

2.084 13.4 1.923 21.4 2.039 27.8 

2.088 13.3 1.927 21.6 2.043 27.6 

2.092 13.2 1.930 21.8 2.046 27.4 

2.096 15.5 1.934 21.7 2.050 27.1 

2.100 15.5 1.937 21.5 2.054 26.8 

2.104 12.4 1.941 21.1 2.058 26.6 

2.107 12.2 1.944 20.9 2.061 26.4 

2.111 12.1 1.948 21.1 2.065 26.1 

2.115 14.5 1.952 21.3 2.069 26.0 

2.119 14.6 1.955 21.1 2.073 25.9 

2.123 11.9 1.959 21.0 2.077 25.8 

2.127 11.4 1.962 21.1 2.080 25.8 

2.131 13.8 1.966 21.2 2.084 25.9 

2.134 13.9 1.969 21.2 2.088 26.0 

2.138 14.0 1.973 21.2 2.092 26.2 

2.142 11.6 1.977 21.1 2.096 26.2 

2.146 14.0 1.980 21.0 2.099 26.1 

2.150 11.6 1.984 20.6 2.103 26.2 

2.154 14.2 1.987 20.3 2.107 26.1 

2.158 12.0 1.991 20.1 2.111 26.1 

2.162 12.1 1.994 20.1 2.114 26.1 

2.165 11.9 1.998 20.0 2.118 26.1 

2.169 12.0 2.002 19.8 2.122 26.1 

2.173 14.3 2.005 19.6 2.126 26.0 

2.177 14.2 2.009 19.7 2.130 26.0 

2.181 14.1 2.012 19.6 2.133 25.8 

2.185 14.0 2.016 19.3 2.137 25.8 

2.189 13.9 2.019 18.8 2.141 25.7 

2.192 14.0 2.023 18.7 2.145 25.6 

2.196 13.6 2.027 18.4 2.148 25.5 



 

A-15 

2.200 11.2 2.030 18.5 2.152 25.6 

2.204 13.5 2.034 18.3 2.156 25.6 

2.208 13.6 2.037 18.3 2.160 25.7 

2.212 13.4 2.041 18.2 2.164 25.6 

2.216 13.3 2.044 18.1 2.167 25.6 

2.220 13.2 2.048 18.1 2.171 25.5 

2.223 13.1 2.051 18.0 2.175 25.6 

2.227 12.7 2.055 17.9 2.179 25.5 

2.231 12.6 2.059 18.0 2.183 25.4 

2.235 12.5 2.062 18.1 2.186 25.4 

2.239 12.2 2.066 18.3 2.190 26.8 

2.243 12.3 2.069 18.1 2.194 26.8 

2.247 11.9 2.073 18.0 2.198 26.9 

2.250 11.8 2.076 17.9 2.201 26.9 

2.254 11.6 2.080 17.9 2.205 26.8 

2.258 11.5 2.084 17.8 2.209 26.8 

2.262 11.4 2.087 17.5 2.213 26.8 

2.266 11.6 2.091 17.2 2.217 26.8 

2.270 11.7 2.094 17.3 2.220 26.7 

2.274 11.7 2.098 17.1 2.224 26.7 

2.278 11.5 2.101 16.8 2.228 26.9 

2.281 11.5 2.105 16.7 2.232 26.9 

2.285 11.7 2.109 16.7 2.235 26.9 

2.289 12.0 2.112 16.6 2.239 26.9 

2.293 12.0 2.116 16.4 2.243 26.7 

2.297 11.8 2.119 16.2 2.247 26.7 

2.301 11.8 2.123 16.3 2.251 26.7 

2.305 11.7 2.126 16.2 2.254 26.6 

2.308 11.8 2.130 16.1 2.258 26.6 

2.312 11.6 2.134 15.8 2.262 26.5 

2.316 11.8 2.137 15.8 2.266 26.6 

2.320 12.0 2.141 15.8 2.270 26.7 

2.324 12.0 2.144 15.6 2.273 26.7 

2.328 12.1 2.148 15.6 2.277 26.6 

2.332 12.2 2.151 15.7 2.281 26.6 

2.336 12.2 2.155 15.7 2.285 26.6 

2.339 12.2 2.159 15.7 2.288 26.7 

2.343 12.4 2.162 15.7 2.292 26.7 

2.347 12.4 2.166 15.9 2.296 26.6 

2.351 12.5 2.169 16.1 2.300 26.8 

2.355 12.4 2.173 16.0 2.304 26.9 



 

A-16 

2.359 12.3 2.176 16.0 2.307 26.9 

2.363 12.3 2.180 16.3 2.311 27.0 

2.366 12.2 2.183 16.5 2.315 27.1 

2.370 12.0 2.187 16.7 2.319 27.0 

2.374 11.9 2.191 17.0 2.322 26.9 

2.378 11.8 2.194 17.2 2.326 26.8 

2.382 12.0 2.198 17.5 2.330 26.8 

2.386 11.9 2.201 17.7 2.334 26.8 

2.390 11.9 2.205 17.8 2.338 26.8 

2.394 11.8 2.208 17.9 2.341 26.8 

2.397 11.8 2.212 18.0 2.345 26.9 

2.401 11.6 2.216 18.2 2.349 27.0 

2.405 11.3 2.219 18.3 2.353 27.2 

2.409 11.4 2.223 18.2 2.357 27.3 

2.413 11.4 2.226 18.2 2.360 27.3 

2.417 11.3 2.230 18.2 2.364 27.4 

2.421 11.4 2.233 18.0 2.368 27.3 

2.424 11.1 2.237 17.8 2.372 27.1 

2.428 11.0 2.241 17.6 2.375 26.9 

2.432 10.6 2.244 17.7 2.379 26.7 

2.436 10.5 2.248 17.5 2.383 26.6 

2.440 10.5 2.251 19.6 2.387 26.5 

2.444 10.3 2.255 19.0 2.391 26.3 

2.448 10.1 2.258 16.6 2.394 26.2 

2.452 10.0 2.262 18.9 2.398 26.1 

2.455 9.8 2.266 18.5 2.402 26.0 

2.459 9.8 2.269 18.2 2.406 26.0 

2.463 10.0 2.273 18.0 2.409 26.0 

2.467 9.9 2.276 17.9 2.413 25.9 

2.471 9.5 2.280 17.7 2.417 25.9 

2.475 9.6 2.283 17.7 2.421 25.7 

2.479 9.4 2.287 17.6 2.425 25.5 

2.482 9.3 2.291 17.5 2.428 25.2 

2.486 9.3 2.294 17.1 2.432 24.9 

2.490 9.1 2.298 17.0 2.436 24.7 

2.494 11.7 2.301 17.0 2.440 24.6 

2.498 11.8 2.305 16.7 2.443 24.4 

2.502 11.6 2.308 16.2 2.447 24.2 

2.506 11.5 2.312 16.1 2.451 24.2 

2.510 11.5 2.315 16.2 2.455 24.0 

2.513 11.3 2.319 15.8 2.459 23.8 



 

A-17 

2.517 11.0 2.323 15.6 2.462 23.6 

2.521 11.1 2.326 15.4 2.466 23.6 

2.525 11.1 2.330 15.0 2.470 23.4 

2.529 11.1 2.333 14.7 2.474 23.5 

2.533 8.6 2.337 14.3 2.478 23.4 

2.537 11.0 2.340 14.2 2.481 23.3 

2.540 11.3 2.344 14.1 2.485 23.0 

2.544 10.9 2.348 13.9 2.489 22.8 

2.548 11.3 2.351 13.7 2.493 22.7 

2.552 9.1 2.355 13.4 2.496 22.5 

2.556 9.1 2.358 13.2 2.500 22.3 

2.560 9.1 2.362 13.2 2.504 23.4 

2.564 9.3 2.365 12.9 2.508 23.3 

2.568 9.5 2.369 12.8 2.512 23.1 

2.571 9.6 2.373 13.0 2.515 22.9 

2.575 12.1 2.376 13.1 2.519 22.8 

2.579 9.7 2.380 13.0 2.523 22.7 

2.583 9.8 2.383 12.9 2.527 22.5 

2.587 9.7 2.387 12.9 2.530 22.3 

2.591 9.9 2.390 12.9 2.534 22.0 

2.595 10.1 2.394 13.1 2.538 21.7 

2.598 10.1 2.398 13.2 2.542 21.5 

2.602 10.2 2.401 13.1 2.546 21.4 

2.606 10.4 2.405 13.0 2.549 21.3 

2.610 10.4 2.408 13.1 2.553 21.2 

2.614 10.7 2.412 12.9 2.557 21.0 

2.618 10.8 2.415 13.1 2.561 20.7 

2.622 10.9 2.419 13.0 2.565 20.5 

2.626 11.0 2.423 13.0 2.568 20.5 

2.629 11.2 2.426 13.0 2.572 20.4 

2.633 11.3 2.430 13.0 2.576 20.2 

2.637 11.2 2.433 12.8 2.580 20.1 

2.641 11.1 2.437 12.9 2.583 20.1 

2.645 11.2 2.440 13.0 2.587 20.1 

2.649 11.3 2.444 15.0 2.591 20.0 

2.653 11.3 2.448 14.8 2.595 20.1 

2.656 11.3 2.451 14.8 2.599 20.1 

2.660 11.2 2.455 14.7 2.602 20.1 

2.664 11.1 2.458 14.6 2.606 20.0 

2.668 11.0 2.462 14.4 2.610 20.0 

2.672 11.0 2.465 14.4 2.614 19.9 



 

A-18 

2.676 10.9 2.469 14.0 2.617 19.9 

2.680 10.8 2.472 14.2 2.621 19.9 

2.684 10.7 2.476 14.2 2.625 19.8 

2.687 10.5 2.480 14.2 2.629 19.7 

2.691 10.5 2.483 14.2 2.633 19.7 

2.695 10.5 2.487 14.0 2.636 19.8 

2.699 10.4 2.490 14.1 2.640 19.8 

2.703 10.1 2.494 13.9 2.644 19.8 

2.707 10.0 2.497 13.6 2.648 20.0 

2.711 9.9 2.501 13.5 2.652 20.1 

2.715 9.8 2.505 13.4 2.655 20.2 

2.718 11.4 2.508 13.4 2.659 20.3 

2.722 11.1 2.512 13.2 2.663 20.5 

2.726 9.4 2.515 13.0 2.667 20.7 

2.730 10.8 2.519 13.2 2.670 20.6 

2.734 10.3 2.522 13.3 2.674 20.6 

2.738 10.2 2.526 13.1 2.678 20.6 

2.742 9.9 2.530 13.2 2.682 20.5 

2.745 9.9 2.533 13.2 2.686 20.5 

2.749 9.6 2.537 12.9 2.689 20.5 

2.753 9.5 2.540 12.8 2.693 20.5 

2.757 9.3 2.544 12.7 2.697 20.5 

2.761 9.1 2.547 12.8 2.701 20.6 

2.765 8.8 2.551 12.9 2.704 20.7 

2.769 8.6 2.555 12.7 2.708 20.8 

2.773 8.5 2.558 12.6 2.712 20.9 

2.776 8.5 2.562 12.4 2.716 20.9 

2.780 8.3 2.565 12.4 2.720 21.1 

2.784 8.1 2.569 10.8 2.723 21.1 

2.788 8.1 2.572 10.9 2.727 21.1 

2.792 8.0 2.576 11.1 2.731 21.1 

2.796 8.0 2.580 10.9 2.735 21.1 

2.800 8.0 2.583 10.9 2.739 21.2 

2.803 8.1 2.587 12.6 2.742 21.2 

2.807 8.0 2.590 12.6 2.746 20.9 

2.811 8.0 2.594 11.1 2.750 20.9 

2.815 7.9 2.597 11.2 2.754 20.8 

2.819 8.2 2.601 11.1 2.757 20.6 

2.823 8.1 2.604 11.0 2.761 20.4 

2.827 8.2 2.608 10.9 2.765 20.3 

2.831 8.3 2.612 10.8 2.769 20.0 



 

A-19 

2.834 8.2 2.615 10.7 2.773 19.7 

2.838 8.2 2.619 10.5 2.776 19.6 

2.842 8.3 2.622 10.5 2.780 19.3 

2.846 8.3 2.626 10.4 2.784 19.1 

2.850 8.0 2.629 10.4 2.788 18.9 

2.854 8.0 2.633 10.1 2.791 18.7 

2.858 7.8 2.637 10.0 2.795 18.5 

2.861 7.8 2.640 9.9 2.799 18.4 

2.865 7.8 2.644 9.9 2.803 18.3 

2.869 7.9 2.647 9.7 2.807 18.2 

2.873 7.7 2.651 9.6 2.810 18.2 

2.877 7.7 2.654 9.5 2.814 18.1 

2.881 7.5 2.658 9.5 2.818 18.1 

2.885 7.2 2.662 9.3 2.822 18.2 

2.889 7.0 2.665 9.3 2.826 18.3 

2.892 7.0 2.669 9.2 2.829 18.4 

2.896 6.7 2.672 9.2 2.833 18.6 

2.900 6.6 2.676 9.1 2.837 18.6 

2.904 8.3 2.679 9.1 2.841 18.8 

2.908 8.2 2.683 9.0 2.844 18.9 

2.912 8.1 2.687 8.8 2.848 19.1 

2.916 8.1 2.690 8.6 2.852 19.3 

2.919 7.9 2.694 8.6 2.856 19.5 

2.923 6.2 2.697 8.6 2.860 19.7 

2.927 7.9 2.701 8.5 2.863 19.8 

2.931 6.3 2.704 8.5 2.867 20.0 

2.935 6.2 2.708 8.5 2.871 20.2 

2.939 6.3 2.712 8.6 2.875 20.4 

2.943 6.3 2.715 8.7 2.878 20.5 

2.947 6.3 2.719 9.8 2.882 20.7 

2.950 6.2 2.722 8.6 2.886 20.9 

2.954 6.2 2.726 8.7 2.890 21.1 

2.958 6.4 2.729 8.8 2.894 21.3 

2.962 6.3 2.733 8.8 2.897 21.6 

2.966 6.3 2.736 8.9 2.901 21.8 

2.970 6.4 2.740 8.9 2.905 21.9 

2.974 6.2 2.744 9.1 2.909 22.1 

2.977 6.2 2.747 9.1 2.913 22.4 

2.981 6.2 2.751 9.2 2.916 22.6 

2.985 6.2 2.754 9.4 2.920 22.9 

2.989 6.1 2.758 9.4 2.924 23.1 



 

A-20 

2.993 6.2 2.761 9.5 2.928 23.2 

2.997 6.3 2.765 9.6 2.931 23.4 

3.001 6.4 2.769 9.6 2.935 23.7 

3.005 6.4 2.772 9.8 2.939 23.9 

3.008 6.5 2.776 9.8 2.943 24.1 

3.012 6.4 2.779 10.8 2.947 24.2 

3.016 6.5 2.783 10.9 2.950 24.5 

3.020 6.3 2.786 11.0 2.954 24.6 

3.024 6.5 2.790 11.1 2.958 24.6 

3.028 6.5 2.794 10.9 2.962 24.9 

3.032 6.4 2.797 10.8 2.965 25.1 

3.035 6.5 2.801 10.8 2.969 25.2 

3.039 6.4 2.804 10.8 2.973 25.5 

3.043 6.4 2.808 10.7 2.977 25.7 

3.047 6.3 2.811 10.6 2.981 25.7 

3.051 6.3 2.815 10.5 2.984 25.7 

3.055 7.6 2.819 10.3 2.988 26.0 

3.059 7.5 2.822 10.3 2.992 26.1 

3.063 7.6 2.826 10.3 2.996 26.1 

3.066 7.4 2.829 10.1 3.000 26.2 

3.070 7.4 2.833 10.0 3.003 26.3 

3.074 7.4 2.836 9.7 3.007 26.2 

3.078 7.5 2.840 9.6 3.011 26.1 

3.082 7.6 2.844 9.6 3.015 26.1 

3.086 7.7 2.847 9.6 3.018 25.9 

3.090 7.7 2.851 9.7 3.022 26.0 

3.093 7.7 2.854 9.4 3.026 25.9 

3.097 7.8 2.858 9.2 3.030 25.8 

3.101 7.7 2.861 9.2 3.034 25.7 

3.105 7.7 2.865 9.3 3.037 25.9 

3.109 7.7 2.869 9.2 3.041 25.9 

3.113 7.6 2.872 9.0 3.045 26.1 

3.117 7.6 2.876 9.2 3.049 26.1 

3.121 7.5 2.879 9.3 3.052 26.1 

3.124 7.1 2.883 9.3 3.056 26.2 

3.128 7.0 2.886 9.3 3.060 26.3 

3.132 7.0 2.890 9.3 3.064 26.4 

3.136 6.9 2.893 9.3 3.068 26.5 

3.140 6.8 2.897 9.4 3.071 26.5 

3.144 6.7 2.901 9.5 3.075 26.5 

3.148 6.6 2.904 9.6 3.079 26.6 



 

A-21 

3.151 6.7 2.908 9.6 3.083 26.7 

3.155 6.8 2.911 9.6 3.087 26.7 

3.159 6.8 2.915 9.5 3.090 26.9 

3.163 5.9 2.918 9.5 3.094 27.2 

3.167 6.9 2.922 9.6 3.098 27.4 

3.171 6.7 2.926 9.6 3.102 27.6 

3.175 6.8 2.929 9.6 3.105 27.6 

3.179 6.9 2.933 9.5 3.109 27.7 

3.182 7.0 2.936 9.5 3.113 27.7 

3.186 7.0 2.940 9.4 3.117 27.6 

3.190 6.2 2.943 9.4 3.121 26.5 

3.194 7.0 2.947 9.4 3.124 26.6 

3.198 6.9 2.951 9.5 3.128 26.4 

3.202 7.0 2.954 9.5 3.132 26.3 

3.206 7.0 2.958 9.6 3.136 26.2 

3.209 7.1 2.961 9.5 3.139 26.0 

3.213 7.1 2.965 9.7 3.143 25.9 

3.217 7.1 2.968 11.1 3.147 25.7 

3.221 7.0 2.972 11.1 3.151 25.7 

3.225 7.1 2.976 9.9 3.155 25.7 

3.229 7.2 2.979 9.9 3.158 25.8 

3.233 7.3 2.983 11.2 3.162 25.8 

3.237 7.4 2.986 11.4 3.166 25.8 

3.240 7.4 2.990 11.5 3.170 25.9 

3.244 7.5 2.993 11.5 3.174 26.0 

3.248 7.5 2.997 11.5 3.177 26.2 

3.252 7.5 3.001 11.6 3.181 26.2 

3.256 7.5 3.004 11.6 3.185 26.5 

3.260 7.6 3.008 11.6 3.189 26.7 

3.264 7.5 3.011 11.5 3.192 26.9 

3.267 7.6 3.015 11.5 3.196 27.2 

3.271 7.7 3.018 11.5 3.200 27.6 

3.275 7.8 3.022 11.5   

3.279 8.0 3.025 11.5   

3.283 8.1 3.029 11.7   

3.287 8.3 3.033 11.7   

3.291 8.3 3.036 11.8   

3.295 8.5 3.040 12.1   

3.298 8.7 3.043 12.2   

3.302 8.8 3.047 12.2   

3.306 8.8 3.050 12.1   
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3.310 8.9 3.054 12.3   

3.314 8.9 3.058 12.4   

3.318 9.1 3.061 12.7   

3.322 9.1 3.065 12.8   

3.325 9.2 3.068 12.9   

3.329 8.5 3.072 13.0   

3.333 8.5 3.075 13.0   

3.337 8.6 3.079 13.1   

3.341 8.7 3.083 13.2   

3.345 8.8 3.086 13.1   

3.349 8.9 3.090 13.0   

3.353 8.9 3.093 12.8   

3.356 9.0 3.097 12.6   

3.360 9.2 3.100 12.5   

3.364 9.2 3.104 12.3   

3.368 9.3 3.108 12.2   

3.372 9.4 3.111 12.0   

3.376 9.5 3.115 11.9   

3.380 9.6 3.118 11.7   

3.383 9.7 3.122 11.5   

3.387 9.8 3.125 11.3   

3.391 9.8 3.129 11.1   

3.395 9.9 3.133 11.0   

3.399 10.0 3.136 10.8   

3.403 10.1 3.140 10.6   

3.407 10.3 3.143 9.5   

3.411 10.4 3.147 9.4   

3.414 10.6 3.150 9.3   

3.418 10.6 3.154 10.2   

3.422 10.7 3.157 10.1   

3.426 10.7 3.161 10.0   

3.430 10.6 3.165 9.9   

3.434 10.6 3.168 9.8   

3.438 10.5 3.172 8.6   

3.441 10.4 3.175 9.7   

3.445 10.4 3.179 9.6   

3.449 10.3 3.182 9.5   

3.453 10.2 3.186 9.4   

3.457 10.2 3.190 9.4   

3.461 10.1 3.193 9.4   

3.465 10.1 3.197 9.5   
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3.469 10.0 3.200 9.5   

3.472 10.0 3.204 9.5   

3.476 9.9 3.207 9.5   

3.480 9.7 3.211 9.6   

3.484 9.6 3.215 9.6   

3.488 9.6 3.218 9.9   

3.492 9.6 3.222 9.9   

3.496 9.5 3.225 9.8   

3.499 9.4 3.229 9.7   

3.503 9.2 3.232 8.7   

3.507 9.1 3.236 8.7   

3.511 9.0 3.240 8.6   

3.515 9.0 3.243 8.6   

3.519 9.0 3.247 8.6   

3.523 9.1 3.250 8.4   

3.527 9.3 3.254 9.5   

3.530 9.4 3.257 8.4   

3.534 9.5 3.261 8.4   

3.538 9.7 3.265 9.5   

3.542 9.7 3.268 9.5   

3.546 9.9 3.272 8.5   

3.550 9.8 3.275 8.6   

3.554 9.8 3.279 8.7   

3.557 9.8 3.282 8.7   

3.561 9.9 3.286 8.7   

3.565 9.8 3.290 8.8   

3.569 9.9 3.293 8.9   

3.573 10.0 3.297 9.0   

3.577 10.0 3.300 9.2   

3.581 10.2 3.304 9.2   

3.585 10.2 3.307 9.3   

3.588 10.4 3.311 9.4   

3.592 10.6 3.314 9.5   

3.596 10.7 3.318 9.7   

  3.322 9.8   

  3.325 9.9   

  3.329 9.9   

  3.332 10.0   

  3.336 10.3   

  3.339 10.4   

  3.343 10.4   
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  3.347 10.5   

  3.350 10.7   

  3.354 10.1   

  3.357 10.3   

  3.361 10.5   

  3.364 10.6   

  3.368 10.9   

  3.372 11.3   

  3.375 11.6   

  3.379 11.9   

  3.382 12.2   

  3.386 12.5   

  3.389 12.7   

  3.393 13.0   

  3.397 13.2   

  3.400 13.5   

  3.404 13.8   

  3.407 14.1   

  3.411 14.4   

  3.414 14.7   

  3.418 15.1   

  3.422 15.5   

  3.425 15.8   

  3.429 16.3   

  3.432 16.7   

  3.436 17.1   

  3.439 17.4   

  3.443 17.8   

  3.446 18.2   

  3.450 18.5   

  3.454 18.8   

  3.457 19.1   

  3.461 19.4   

  3.464 19.7   

  3.468 20.0   

  3.471 20.3   

  3.475 20.9   

  3.479 21.5   

  3.482 22.3   

  3.486 22.9   

  3.489 23.4   
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  3.493 24.1   

  3.496 24.8   
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