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Abstract— Fundamental study to quantitatively evaluate not only 

the root-mean-square (rms) roughness Rq but also skewness Rsk 

of non-Gaussian random rough surfaces by ultrasonic method is 

presented. In this work, Johnson distribution together with 

Kirchhoff theory have been employed to derive a newly proposed 

Johnson characteristic function, which provides a theoretical 

relationship among ultrasonic reflection coefficient, Rq and Rsk. 

Based on the characteristics of such relationship, an effective 

ultrasonic measurement method consisting of a pitch-catch and a 

pulse-echo configuration to quantitatively characterize Rq and Rsk 

has been proposed. A general guideline for such characterization 

method has also been suggested. The validation of the proposed 

method has then been conducted numerically in the case of an air-

coupled ultrasound. Good agreements between the numerically 

estimated Rq and Rsk and the corresponding reference values thus 

confirm the validity of the proposed method.   

 
Index Term—  Johnson characteristic function, Kirchhoff theory, 

non-Gaussian, skewness, surface roughness, ultrasonic. 

I. INTRODUCTION 

For many years, surface roughness has been used as an indicator 

either to control the manufacturing processes or to optimize the 

engineering functionality of material surfaces [1]. The 

measurement of such surface roughness is usually conducted 

post-manufacturing or off-line by using a mechanical stylus 

profiler [2], which will decrease the production efficiencies and 

cost effectiveness. Furthermore, such conventional method 

directly touches the measured surface and caused unnecessary 

damages [3]. In order to overcome such problems, alternative 

non-contact methods that are suitable for real-time and on-line 

roughness characterizations are greatly desired. Among them, 

ultrasonic method has been proposed as one of the solutions [4-

9]. 

 

Owing to its fast response time as well as the suitability to be 

used in an on-line monitoring process, ultrasonic method is 

considered as a promising method for an automated roughness 

characterization, especially by an air-coupled ultrasound. Due 

to a longer wavelength of ultrasonic waves compared to that of 

electromagnetic waves in an optical method, ultrasonic method 

is a better choice for a fast roughness characterization involving 

macro-topography with large profiling area, such as the 

characterizations of wood lamella [10] and grinding wheel [11]  

by an air-coupled ultrasound. Moreover, since the optical 

method in some cases is very sensitive to the existence of dust 

particles, ultrasonic method is much preferable to overcome 

such issue. Even though such ultrasonic method has been 

utilized to estimate the roughness of many material surfaces 

based on the measured reflection coefficient of ultrasonic 

waves [4-6, 12], such applications are limited only to rough 

surfaces having a Gaussian height probability density function 

(PDF). 

 

However, recent studies reveal that the skewness of non-

Gaussian properties for rough surfaces has a strong influence to 

the tribological behaviours of the surfaces such as lubrication 

properties [13-15], contact fatigue life [16], and friction 

coefficient [17, 18]. Furthermore, common machining 

processes also produce non-Gaussian rough surfaces [19]. For 

example, honing, grinding, and milling tend to produce surfaces 

with negative skewness. Despite the existence of such non-

Gaussian rough surfaces, many studies that are related to the 

surface topography of material, including the study of wave 

scattering from random rough surfaces, assume that a height 

PDF is Gaussian. Such assumption is generally accepted 

because it could provide a simple analytical solution and simply 

because the nature of the examined surface is limited to 

Gaussian only. However, in some cases, the existence of the 

non-Gaussian rough surfaces as well as the influences of its 
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properties must be taken into consideration, which lead to the 

rejection of the Gaussian assumption. Therefore, the 

quantitative characterization of such non-Gaussian surface 

roughness is particularly important and the development of a 

new ultrasonic method to achieve such purpose is greatly 

desired. To the author’s knowledge, such ultrasonic method has 

never been developed before. 

 

Furthermore, in the ultrasonic method, generally, only the 

reflection coefficient can be obtained when a rough surface is 

insonified with ultrasonic waves. Since it is known that the 

topographic roughness of material surfaces affects the 

reflection coefficient, it is particularly important to study and 

understand how the non-Gaussian properties could affect the 

scattering phenomena of ultrasonic waves. Even though 

Kirchhoff approximation [20] is one of the most commonly 

employed waves scattering models, such model mainly 

addresses the wave scattering from the Gaussian surfaces only 

[21, 22]. Unfortunately, little is known about the effects of 

skewness to the reflection coefficient of ultrasonic waves from 

the non-Gaussian surfaces. In addition, correlations between 

such statistical parameter and ultrasonic reflection coefficient 

have not been clearly defined. Consequently, the applications 

of ultrasonic method to the skewness characterization of non-

Gaussian surface roughness have never been studied before, 

theoretically or experimentally. 

 

The aim of the present study is to quantitatively characterize 

not only the root-mean-square (rms) roughness Rq, but also 

skewness Rsk of the non-Gaussian surfaces by the ultrasonic 

method. To do so, the theoretical relationship among the 

reflection coefficient, Rq, and Rsk at various angles and 

frequencies has been derived according to the Kirchhoff theory 

in conjunction with Johnson distribution. The characteristics of 

such relationships are then examined to investigate the 

influence of Rsk to the ultrasonic reflection coefficient. Based 

on such investigation results, an effective ultrasonic 

measurement method to quantitatively characterize the Rq and 

Rsk has been proposed. In order to confirm the validity of the 

proposed method, numerical works in the case of an air-coupled 

ultrasound have been conducted. The numerically estimated 

values of Rq and Rsk are then compared with the reference ones. 

The agreement between both values, which indicates the 

validity of the proposed ultrasonic method, is discussed. 

II. THEORIES 

A. Skewness and Kurtosis 

Two main statistical parameters related to the non-Gaussian 

properties of the height PDF p(h) are skewness Rsk and kurtosis 

Rku. Rsk is the measure of symmetry while Rku is the measure 

of sharpness of the distribution, which are given by [23]: 
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respectively. Here, N is the samples number, h* is the mean 

height, and h is the height. A Gaussian height PDF has a 

symmetrical shape such that Rsk = 0 and Rku = 3, whereas a 

non-Gaussian height PDF is the opposite. A positive Rsk (Rsk 

> 0) means that a surface profile has a lot of high peaks while a 

negative Rsk (Rsk < 0) means that a surface profile has a lot of 

deep valleys. On the other hand, Rku > 3 represents a surface 

profile that is concentrated around the mean height while Rku < 

3 represents a gently undulating surface profile. Common 

machining processes often produce non-Gaussian finish 

surfaces with Rsk and Rku in the range of -1 to 1 and 2 to 10, 

respectively.  

B. Johnson Distribution 

For a non-Gaussian surface profile that has an asymmetry or 

skewed height PDF, it can be described by the unbounded type 

of Johnson distribution p(h)J, which is given by [24]: 
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(3) 

 

for +∞ ≤ h ≤ -∞. Here, γ, δ, 𝜂, and ξ are known as the Johnson 

parameters, which can be estimated from h*, Rq, Rsk, and Rku 

by using Tuenter’s algorithm [25]. These four parameters allow 

the Johnson distribution to be very flexible in describing any 

shape of a unimodal height PDF. It is noted that Rsk and Rku 

must satisfy the following condition [24]: 

 
21.89 3Rku Rsk  . (4) 

 

In this study, focus is given on studying only the effect of Rq 

and Rsk to the ultrasonic reflection coefficient, such that the 

values of h* is always 0 and Rku are related or coupled to Rsk 

by [26]: 

 
21.89 1.65 3Rku Rsk Rsk   , (5) 

 

so that Eq. (4) is satisfied. Eq. (5) is an optimum relationship to 

represent the non-Gaussian surfaces in the ultrasonic study. In 

fact, such increment in Rku with Rsk is the common properties 

of engineering surfaces produced by many machining processes 

such as honing, grinding, and milling [15, 17]. The variations 

in the height PDFs having Rq = 75 μm for various Rsk is shown 

in Fig. 1. 
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C. Kirchhoff Characteristic Function (CF) 

Ultrasonic roughness measurement method utilizes the 

Kirchhoff theory of wave scattering to estimate the statistical 

parameters of a random rough surface. In such Kirchhoff 

theory, for a monochromatic plane wave that incidents to a 

random rough surface at angle θ1 and then reflected back at 

angle θ2, the coherent component of the ultrasonic reflection 

coefficient I at a distance r from the surface is given by [20]: 
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where k = 2π/λ = 2πf/v is the wavenumber, λ is wavelength, f is 

frequency, v is sound velocity, and Asc and A0 are the scattered 

field from a rough and a reference surface, respectively. 

Moreover, Eq. (6) is known as the Kirchhoff characteristic 

function (CF) of a rough surface, which is a kind of a Fourier 

transformation of the height PDF. 

III. ULTRASONIC METHOD TO CHARACTERIZE NON-

GAUSSIAN SURFACES 

A. Theoretical Relationship among Reflection Coefficient I, 

Rq, and Rsk 

By assuming that the random rough surface is having a 

Gaussian height PDF, based on the Kirchhoff theory, the 

relationship between the reflection coefficient I and Rq can be 

expressed in a simple analytical solution, which is given by 

[27]: 
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Such solution has been derived by introducing a Gaussian 

distribution p(h)G, which is given by: 
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into the Kirchhoff CF in Eq. (6). Thus, Eq. (7) is called as the 

Gaussian CF, which provides the theoretical relationship 

between I and Rq for a Gaussian surface. Such relationship 

makes the Rq characterization of a Gaussian random rough 

surface by ultrasonic method possible. Since Eq. (7) has been 

derived based on the Gaussian assumption, it means that Rq of 

a non-Gaussian rough surface cannot be evaluated from I by 

using the Gaussian CF in Eq. (7). In fact, it has been proven that 

the use of such Gaussian CF to the characterization of the non-

Gaussian surface roughness will lead to an inaccurate Rq 

estimation by the ultrasonic method [26]. 

 

In order to overcome the above-mentioned issue, we 

proposed that the Johnson distribution p(h)J given by Eq. (3) to 

be introduced into the Kirchhoff CF in Eq. (6) as a substitution 

to the Gaussian distribution p(h)G. As a result, a new CF, which 

is called Johnson CF, has been obtained, which is given by: 
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(9) 

 

However, due to the mathematical complexities, there is no 

simple analytical solution to Eq. (9) and it must be solved 

numerically. Nevertheless, the Johnson CF could provide the 

theoretical relationship among I, Rq, and Rsk at various angles 

θ and frequencies f, where such relationship has never been 

derived before.  

 

For given values of Rq = 0 ~ 500 μm and Rsk = -1 ~ 1, the 

theoretical relationship among the values of I, Rq, and Rsk 

which were calculated according to Eq. (9) are shown in Fig. 2. 

Note that a normalized form of Rq, Rq∙cosθ/λ, is being used in 

the x-axis. Such normalization provides a generalization to the 

changes of I with Rq for various Rsk regardless of specular 

angle θ (θ = θ1 = θ2) and wavelength λ. In addition, the absolute 

value of Rsk, |Rsk|, are being used because both positive and 

negative Rsk values show an identical trend. 

 

In general, it is shown in Fig. 2 that I decreases exponentially 

 
Fig. 1.  Height PDF for various Rsk values. 
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as normalized Rq increases. Interestingly, it is found that I of 

each |Rsk| changes differently depending on the values of 

normalized Rq, Rq∙cosθ/λ. At a relatively small Rq∙cosθ/λ value 

(region A), regardless of |Rsk|, there is almost no discrepancy 

in the values of I, which indicates that the influence of |Rsk| to 

I is negligible at such range of roughness. On the other hand, at 

a relatively large Rq∙cosθ/λ value (region B), the influence of 

|Rsk| to the changes of I is significant and no longer negligible. 

These two contradict characteristics of I at small and large 

Rq∙cosθ/λ could be useful to develop a new quantitative 

ultrasonic method for the characterization of Rq and |Rsk| of the 

non-Gaussian rough surfaces. 

 

B. Quantitative Characterization of Rq and Rsk 

To quantitatively define the region A and B mentioned above, 

a threshold value t is proposed, which is given by: 

 

| | 1 | | 0Rsk Rskt I I    (10) 

 

where t is the difference of I when |Rsk| = 0 and |Rsk| = 1. tA ≤ 

0.005 is defined as region A while tB ≥ 0.05 is defined as region 

B, where tB = 10tA. The values of Rq∙cosθ/λ when tA = 0.005 and 

tB = 0.05 are 0.037 and 0.081, respectively, as shown in Fig. 2. 

It should be noted that the value of t could be changed to any 

desired values depending on the purpose of the measurement 

and accuracy of the equipment used. 

 

Furthermore, in the region A where the influence of Rsk to I 

is negligible, the changes of I with Rq can be represented by the 

Gaussian CF in Eq. (7). This means that the Rq of a non-

Gaussian rough surface can be estimated from the value of I 

regardless of Rsk. On the other hand, in the region B where the 

influence of Rsk to I is significant, the Rsk of the non-Gaussian 

surface can be estimated based on the Johnson CF in Eq. (9) 

from the value of I when Rq value is known. Thus, the 

quantitative characterizations of Rq and Rsk of the non-

Gaussian surfaces can be done by firstly determining the value 

of Rq in the region A where Rq∙cosθ/λ is small and then using it 

to determine Rsk in the region B where Rq∙cosθ/λ is large.  

 

The value of Rq∙cosθ/λ depends on its normalization factors, 

which are the specular angle θ and wavelength λ. Since λ=v/f, f 

becomes the variable parameter to define λ when v is constant. 

To obtain a relatively small Rq∙cosθ/λ value that is needed to 

characterize Rq, a small f and a large θ are the best combination. 

On the other hand, to obtain a relatively large Rq∙cosθ/λ value 

that is needed to characterize Rsk, a large f and a small θ are the 

best combination. In practical ultrasonic measurements, these 

two different combinations of f and θ can be realized by using 

a pitch-catch (PC) and a pulse-echo (PE) configuration, as 

shown in Fig. 3. In the PC configuration, θ must be large 

enough to ensure the Rq characterization is possible while in the 

PE configuration, θ = 0°, which is the smallest possible value. 

Thus, a new ultrasonic measurement method which combines 

both PC and PE configurations is proposed to quantitatively 

characterize Rq and Rsk of a non-Gaussian surface. 

 

To understand further about the proposed ultrasonic method, 

roughness measurements by an air-coupled ultrasound are used 

as an example. Fig. 4 shows the theoretical relationship among 

 
Fig. 2.  Changes of I with normalized Rq for various Rsk values. 

  

 
Fig. 3.  Schematic diagram of (a) pitch-catch and (b) pulse-echo 

configurations of the ultrasonic measurement method. 

  

 
Fig. 4.  Changes of I with Rq for various Rsk at PC (f = 0.3 MHz and θ = 60°) 

and PE (f = 0.6 MHz and θ = 0°) configurations in the air (v = 345 m/s). 
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I, Rq, and Rsk for ultrasonic waves that propagate in air (v = 345 

m/s) at two different combinations of f and θ. In the PC 

configuration, fPC = 0.3 MHz and θPC = 60° while in the PE 

configuration, fPE = 0.6 MHz and θPE = 0°. Such values of f and 

θ are considered as the commonly used values in the air-coupled 

ultrasonic method. It can be seen in Fig. 4 that tA ≤ 0.005 occurs 

when Rq ≤ 87 μm, where such range is useful to characterize 

Rq, while tB ≥ 0.05 occurs when Rq ≥ 47 μm, where such range 

is useful to characterize Rsk. The overlapping region of tA and 

tB, which lies in the range of 47 μm ≤ Rq ≤ 87 μm, represents 

the range of Rq where Rsk can be characterized quantitatively 

by the proposed method. Thus, depending on the selected 

combinations of f and θ, there is a limitation to the range of Rq 

where the proposed method is applicable. On the other hand, if 

the measurable range of Rq has been fixed, the appropriate 

combinations of f and θ must be used. Most importantly, the 

proposed characterization method is not only applicable for the 

noncontact ultrasonic method such as air-coupled and water 

immersion technique, but also the contact ultrasonic methods 

for the characterization of Rq and Rsk of the back surface or 

interface of materials. 

  

Moreover, a general guideline is proposed in order to 

quantitatively characterize the Rq and Rsk of a non-Gaussian 

rough surface, which is given by the following steps: 

 

1. Define the values of fPC and θPC of the pitch-catch 

configuration. 

2. Measure the value of IPC of the rough surface at fPC and 

θPC. 

3. Estimate RqPC from IPC based on the Gaussian CF. 

4. Define the values of fPE of the pulse-echo configuration 

(θPE = 0°). 

5. Measure the value of IPE of the rough surface at fPE and 

θPE. 

6. Using the estimated RqPC value in Step 3 and the values 
of fPE and θPE in Step 4, calculate the theoretical 

relationship between I and Rsk based on the Johnson CF 

and then determine the fitted equation using a least-

square method. 

7. Estimate RskPE from IPE based on the fitted equation in 

Step 6. 

In order to verify the validity of the proposed characterization 

method, a numerical approach has been used due to the 

difficulties in fabricating the non-Gaussian specimens having 

the desired and exact values of Rq and Rsk. In fact, similar 

approach has been used extensively to study the tribological 

properties of the non-Gaussian surfaces [28-30]. 

IV. NUMERICAL VALIDATIONS 

A. Generation of Non-Gaussian Random Rough Surfaces 

Following the theoretical works in the previous section, 

numerical validations for the proposed ultrasonic method are 

conducted in the case of an air-coupled ultrasonic method. In 

such validations, a series of non-Gaussian random rough 

surfaces having the desired Johnson height PDF has been 

simulated numerically. To do so, a method based on Fourier 

transformations proposed by Wu [31] has been used. Each 

surface is set to a length (x) of 20 mm and spatial length (dx) of 

0.02 mm. Such surfaces are designed to have predefined values 

of Rq and Rsk, which is given by Table I. It can be seen that the 

range of Rq and Rsk are 50 to 85 μm and -1 to 1, respectively, 

which lies in the possible characterization range of Rq and Rsk 

by air-coupled ultrasound as shown in Fig. 4. Moreover, for 

each combination values of Rq and Rsk, 50 independent 

surfaces have been simulated. Fig. 5 shows examples of the 

simulated surfaces and their corresponding height PDFs having 

Rsk = 0.0, 1.0, and -1.0. The existence of high peaks and deep 

valleys can be observed in Fig. 5b and Fig. 5c, respectively, 

where it is a common surface feature of a skewed surface 

profile. Note that in the present study, a smooth Gaussian 

surface with Rq = 0.01 μm has been used as the reference 

surface. 

 

B. Reflection Coefficient Estimation 

For each of the simulated non-Gaussian surfaces where the 

values of height deviation from the mean height dh are known, 

the coherent ultrasonic reflection coefficient I* can easily be 

determined by [32]: 
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which is the general solution for wave scattering problem from 

a random rough surface having any kind of height PDF, 

including the non-Gaussian ones. Using Eq. (11), IPC has been 

determined at fPC = 0.3 MHz and θPC = θ1 = θ2 = 60° while IPE 

at fPE = 0.6 MHz and θPE = θ1 = θ2 = 0°, which are the same 

values used in the theoretical work’s example in the previous 

section. The averaged values of IPC and IPE over 50 

independently generated surfaces for each combination of Rq 

and Rsk shown in Table I are used in the discussions.  

Table I 

Properties of the generated surface profiles. 

Profile Rq (μm) Rsk 

1 50 0.0 

2 50 0.8 

3 55 -0.3 

4 60 0.5 

5 60 -0.8 

6 65 0.3 

7 70 -0.5 

8 70 1.0 

9 75 -0.7 

10 80 0.0 

11 80 -1.0 

12 85 0.7 
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V. RESULTS AND DISCUSSIONS 

In order to confirm the validity of the proposed method, Rq 

and Rsk of the simulated surfaces are going to be estimated from 

the averaged values of IPC and IPE based on the proposed 

guideline. Following the guideline, it is noted that Steps 1, 2, 4, 

and 5 have been done in the previous section, since these values 

are predefined. Fig. 6 shows the numerically estimated IPC and 

IPE of the simulated non-Gaussian surfaces compared to the 

theoretical values having Rsk = 0 determined at the 

corresponding values of f and θ. In general, both numerical IPC 

and IPE decrease as Rq increases. In particular, it is observed 

that regardless of Rsk, the numerical IPC agree well with the 

theoretical one having Rsk = 0 (denoted by solid line). Such 

results thus indicate that the influence of Rsk to I is negligible 

at the PC configuration. On the other hand, it is observed that 

the numerical IPE having various Rsk deviate from the 

theoretical one having Rsk = 0 (denotes by dashed line), which 

indicate a significant influence of Rsk to I at the PE 

configuration. Such influence can clearly be observed from the 

profiles having same Rq but different Rsk, e.g. those with Rq = 

80 μm but Rsk = 0 and -1.  

 

Then, based on Step 3 of the guideline, the value of RqPC have 

been estimated from the measured IPC using the Gaussian CF 

that is given by: 
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which has been derived from Eq. (7). Fig. 7 shows the 

 
Fig. 5.  Simulated non-Gaussian rough surfaces and its corresponding height PDFs having (a) Rsk = 0.0, (b) Rsk = 1.0, and (c) Rsk = -1.0. 
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Fig. 6.  Changes of the theoretical and numerical reflection coefficients with 

Rq. 

 
Fig. 7.  Comparison between the numerically estimated RqPC and theoretical 

Rq. 
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comparison between the numerically estimated RqPC and the 

reference ones given in Table I. A very good agreement with 

±3% of error is obtained between both values. Such agreement 

provides evidence that the Rq of any non-Gaussian rough 

surfaces could be accurately evaluated when the value of 

Rq∙cosθ/λ is relatively small, as shown in Fig. 4, where such 

small Rq∙cosθ/λ has been obtained through the PC 

configuration. It has been mentioned before that at such range 

of Rq∙cosθ/λ, the influence of Rsk to I could be neglected which 

make the Rq estimation is possible. The estimated RqPC is then 

used to quantitatively evaluate Rsk. 

 

Following Step 6 of the guideline, for each of the estimated 

RqPC in Fig. 7, the theoretical relationship between I and Rsk at 

PE configuration have been obtained based on the Johnson CF 

given by Eq. (9). Fig. 8 shows such changes of I with Rsk for 

each RqPC and the corresponding fitted equations are 

summarized in Table II.  

 

Finally, following Step 7 of the guideline, the values of RskPE 

have been estimated from the values of IPE shown in Fig. 6 by 

using the fitted equations given in Table II. Fig. 9 shows the 

comparison between the numerically estimated RskPE and its 

reference values given in Table I. A good agreement with 

approximately +20% of error is obtained between both values. 

Such result indicates that the Rsk of any non-Gaussian rough 

surfaces could be quantitatively evaluated when Rq is known 

(through the ultrasonic measurement at PC configuration) and 

the value of Rq∙cosθ/λ is relatively large, as shown is Fig. 4. 

Here, such large Rq∙cosθ/λ value has been obtained through the 

PE configuration. It is important to note here that the estimation 

error of RqPC is included in the estimation error of RskPE due to 

the fact that RqPC has been used in estimating RskPE. This means 

that a large error in RqPC estimation will lead to a large error in 

RskPE estimation. Moreover, as shown in Fig. 8, the dynamic 

range of the changes of I with Rsk is small, which indicates that 

a slight deviation in IPE from its ideal value will cause a large 

error in the estimated RskPE. Therefore, precise measurements 

of IPC and IPE are needed in order to accurately evaluate Rq and 

Rsk using the proposed method. In overall, the consistencies 

between the estimated RqPC and RskPE compared to the 

reference values indicate that the validity of the proposed 

ultrasonic method in quantitative characterization of the non-

Gaussian rough surfaces has been confirmed. 

VI. CONCLUSION 

An effective method for quantitative characterization of Rq 

and Rsk of the non-Gaussian rough surfaces by ultrasound has 

been presented. In this study, to conduct such characterizations, 

a generalized relationship among the ultrasonic reflection 

coefficient I, Rq, and Rsk has been obtained from a newly 

derived Johnson characteristic function. It has been found that 

 
Fig. 8.  Changes of I with Rsk for various RqPC. 

Table II 

Fitted equations of the relationship between I and Rsk for each RqPC. 

Pro-

file 
RqPC 

(μm) 
Fitted Equations 

1 50.0 IPE = -0.0067|Rsk|2 + 0.0660|Rsk| + 0.5500 

2 49.9 IPE = -0.0066|Rsk|2 + 0.0657|Rsk| + 0.5516 

3 54.9 IPE = -0.0093|Rsk|2 + 0.0801|Rsk| + 0.4873 

4 59.6 IPE = -0.0118|Rsk|2 + 0.0926|Rsk| + 0.4294 

5 59.2 IPE = -0.0116|Rsk|2 + 0.0918|Rsk| + 0.4333 

6 64.9 IPE = -0.0145|Rsk|2 + 0.1049|Rsk| + 0.3671 

7 69.6 IPE = -0.0166|Rsk|2 + 0.1133|Rsk| + 0.3168 

8 68.4 IPE = -0.0161|Rsk|2 + 0.1114|Rsk| + 0.3291 

9 74.1 IPE = -0.0181|Rsk|2 + 0.1191|Rsk| + 0.2728 

10 80.0 IPE = -0.0195|Rsk|2 + 0.1233|Rsk| + 0.2207 

11 77.8 IPE = -0.0191|Rsk|2 + 0.1222|Rsk| + 0.2388 

12 83.3 IPE = -0.0200|Rsk|2 + 0.1239|Rsk| + 0.1953 

 

 

 
Fig. 9.  Comparison between the numerically estimated RskPE and theoretical 

Rsk 
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the influence of Rsk to I is negligible at relatively small 

normalized Rq (e.g. Rq∙cosθ/λ ≤ 0.037) and is significant at 

relatively large normalized Rq (e.g. Rq∙cosθ/λ ≥ 0.081). Such 

characteristics of Rsk to I have been used as the basis to develop 

an effective ultrasonic measurement method that combines the 

pitch-catch and pulse-echo configurations to quantitatively 

characterize Rq and Rsk. Then, the validity of the proposed 

method has been verified numerically in the case of an air-

coupled ultrasound, where it has been found that the 

numerically estimated Rq and Rsk are consistent with that of 

reference values. Based on the present study, the feasibility of 

the application of the proposed ultrasonic method in practical 

measurements will be conducted in the future through a series 

of experimental measurements. 
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