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Abstract

:

The pavement quality indicator (PQI) is a non-destructive piece of equipment for detecting the compaction degree of asphalt pavement, which can avoid primary damage to the pavement compared with the traditional core-drilling method. In this paper, the PQI method was applied to evaluate the compaction quality of asphalt pavement through data collection, calibration and statistical analysis, and the probability-distribution characteristics of compaction degree were also explored, by fitting the data with probability-distribution models. Furthermore, the optimal detection-spacing was determined by comparing the statistical results of compaction degree measured at different detection-spacings. Test results showed that the calibrated PQI data was close to the actual data of the core sample, and their error rate was within 1%. The compaction degree of the test road was mostly located between 92% and 99%, and the variable coefficient was entirely below 2%, demonstrating that the pavement-compaction quality was satisfactory and uniform. The normal distribution model, lognormal distribution model and extreme-value distribution model had relatively high accuracy in fitting the compaction-degree frequency data, while the sine-wave distribution model was low in fitting accuracy. By comparing the predicted value with the actual value of compaction degree, the normal distribution model was determined as the most appropriate model for describing the frequency distribution of compaction degree. In addition, the detection spacing was selected as 50 m, considering the reliability, accuracy and efficiency. The research results provide technical support for the compaction quality-control of asphalt pavement in a non-destructive, timely, accurate and multi-point manner, ultimately contributing to the excellent service performance and service life of asphalt pavement.
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1. Introduction


Compaction degree is one of the key indexes for the quality control of asphalt pavement during the construction period [1,2,3]. It is closely related to pavement performance and service life [4]. Qualified compaction is an essential factor of the well-constructed pavement, which lowers the risk of distress in the service period [5,6]. Compaction degree detection and evaluation methods play a key role in controlling the compaction quality. Traditionally, the compaction degree of asphalt pavement is measured using the core-drilling method or the nuclear-density gauge-method [7]. The former method is conducted by testing the density of drilled core-samples from asphalt pavement, and then the compaction degree is calculated, combined with the standard density obtained by laboratory tests [8]. Although this method has been widely applied to pavement quality control, there are still lots of problems, such as low efficiency, poor representativeness, amount of time needed, and damage caused to the pavement [9]. Moreover, it is an after-the-fact detection means, rather than a real-time detection means, and thus the construction plan cannot be timely adjusted [10]. By comparison, the latter method is a non-destructive detection method, which can test the compaction degree of asphalt pavement in real-time. However, it works based on a scattered gamma-ray, which is harmful to human health, due to its radioactivity [11,12]. In addition, strict procedures are required during the usage and storage process [13,14,15]. Therefore, a new non-destructive testing method for rapidly detecting pavement-compaction degree is receiving close attention from researchers across the world, to achieve compaction-degree detection in a totally non-invasive and harmless-to-humans manner.



In recent years, the non-nuclear density gauge based on material-permittivity rapid measurement has been gradually applied by road engineers, becoming promising non-destructive testing equipment for the compaction degree of asphalt pavement [16,17]. Using this method, the compaction degree can be rapidly tested in a safe and convenient manner. Up until now, there have been two kinds of commercial non-nuclear density gauges, including the PaveTracker series manufactured by Texler and the Pavement Quality Indicator (PQI) series manufactured by Transtech [18]. The PaveTracker instrument works based on the principle of electromagnetic sensing, while the PQI instrument works based on the dielectric property of the material [19]. According to previous studies, the PQI instrument shows better performance, and thus it has become very popular in America and China [20,21]. The PQI instrument mainly consists of three elements, namely an electromagnetic wave generator, an electromagnetic wave receiver, and an isolation ring between them, as shown in Figure 1. Using the induction electrode of the PQI instrument, the alternating current is converted into an electromagnetic wave that propagates in the asphalt pavement. The electromagnetic wave reflected from the asphalt pavement is received by another induction electrode. During the propagation process, the energy of electromagnetic waves will be absorbed gradually, and the degree of energy loss is closely related to the dielectric constant of the asphalt pavement. The defects or voids in the asphalt pavement have obvious effects on the transmission of electromagnetic waves, leading to the change in dielectric constant [22]. Due to the higher dielectric constant of the asphalt mixture compared with that of air, the greater density of the asphalt mixture means a smaller void-volume and a larger dielectric constant of the asphalt mixture. The density can be estimated by inferring the relative content of the void volume from the dielectric permittivity [23]. That is to say, the variation of the dielectric constant is correlated with the change in density and compaction degree, and thus the dielectric constant can be converted into the density value of the testing point. The compaction degree is defined as the ratio of the actual density of the asphalt pavement at the testing point to the standard density of the compacted-asphalt mixture in the laboratory. The compaction-degree calculation-process can be automatically completed by the PQI instrument, and the results will be displayed on the screen. Currently, the commonly used PQI instruments are illustrated in Figure 2. The non-nuclear density gauge PQI380 is a third-generation product produced by Trans Tech company [24], which is adopted in this study.



Previous research results showed that the accuracy and stability of the PQI reading were influenced by many factors, including the pavement thickness [25], aggregate gradation and source [26,27,28], porosity [25], test temperature [29], moisture content [23,30], operation proficiency [17], etc. Kvasnak et al., put forward the idea that it was necessary to determine an appropriate adjustment coefficient through experiments to calibrate the reading before applying the reading to the quality control of entity engineering [31]. Chen et al., calibrated the PQI data using the method of difference, taking the density of the core sample as the standard [13]. Guo et al., also used this method to calibrate the PQI data [7]. Ziari et al., tested the compaction degree of a highway under construction, and pointed out that PQI test results were highly reliable [2]. Chen et al., compared the core-drilling method with the PQI method using field tests, and found that their correlation coefficient was 0.84 [13]. Zha et al., compared the detection results of the PQI method with the core-drilling method, and proposed that the error rates were all within ±1%, indicating that the PQI method was satisfactory in testing accuracy [15]. Smith et al., proposed that the non-nuclear density gauge was more suitable than the nuclear density gauge when measuring the density of dense-graded asphalt pavement [5]. Peng also proved the feasibility and reliability of applying PQI in detecting the density of the asphalt layer [32]. In addition, testing accuracy is also highly affected by the properties of the PQI instrument, including the dielectric-constant measurement based on electromagnetic theory and the establishment of the density-prediction model. Megali et al., developed a prediction model correlating the density of material with its dielectric constant, and verified the rationality of the model by conducting a series of tests [33]. Yang also proposed a density-prediction model based on the dielectric constant, and successfully applied it to the application of the PQI method [34]. With the development of PQI techniques, the testing accuracy of the dielectric constant is gradually improved, and the density-prediction model is continuously optimized. There is no doubt that the PQI testing result is becoming more excellent in terms of stability, repeatability, accuracy and security, exhibiting distinct advantages compared with the core-drilling method and the nuclear-density gauge-method [25,35].



In recent years, the PQI method has been increasingly applied to process control and outcome evaluation of pavement-compaction degree. Chen et al., applied the PQI method on test roads, and the average value and representative value were calculated, to evaluate the compaction quality [13]. He et al., proposed that it was efficient to monitor the compaction degree and evaluate the rationality of the compaction methods by adopting the PQI instrument, so as to find possible problems in time and deal with them immediately, thus ensuring construction quality [36]. Wang et al., monitored the compaction degree of an airport runway using PQI, and optimized the mechanical combination-mode and rolling times, to ensure the compaction quality of the airport runway [37]. Usually, the detection spacing is selected as 100 m, namely conducting compaction-detection every 100 m [13]. A reasonable detection-spacing needs to be further investigated to improve cost-effectiveness without affecting the accuracy and representativeness. Due to the influence of multiple factors, compaction degree fluctuates along the road. Investigation of the probability distribution law is of great importance for compaction evaluation. Nie et al., established the probability distribution model of compaction based on the field test-data, and then determined the optimal rolling plan [38].



Compaction quality-control mainly includes the control of compaction degree and compaction uniformity [19]. With the above analysis, extensive research results have been achieved on the factors influencing compaction degree and the improvement of testing accuracy. However, only limited studies have concentrated on the evaluation of compaction uniformity, distribution law and detection spacing. In this paper, the compaction degree of asphalt pavement was tested using the PQI method, and then calibrated, based on the on-site core sample, to guarantee reliability. Next, the calibrated PQI data was processed with a statistical analysis method to evaluate the compaction quality of the test roads. Furthermore, the distribution model of the compaction degree was determined by fitting the compaction-degree data with various probability distribution functions. Finally, the influence of detecting spacing on the statistical results of the compaction degree was investigated, and a reasonable detection frequency was determined, considering the principles of reliability and economy.




2. Compaction-Degree Detection Based on PQI Method


2.1. Project Information


The general information about the test-road project is briefly introduced here. The test-road paved with asphalt pavement was located in the Dahe road of the Zhengzhou fourth ring road. Its upper layer is ARHM-13 asphalt mixture with a thickness of 40 mm, and its lower layer is ARHM-20 asphalt mixture with a thickness of 60 mm. According to the chainage, defined as the distance from the starting point of the road and the layer location, six test-sections were selected from the test road, which were named test section A, test section B, test section C, test section D, test section E and test section F, respectively. Their details are listed in Table 1.




2.2. Density Measurement and Calibration


The density of the test sections was tested every 10 m along the direction of traffic, using the PQI instrument. At each cross section, the midpoint of each lane was selected as the measuring point where the PQI detection was conducted. The PQI instrument must be calibrated to ensure that the test results are consistent with the actual value. Once the asphalt mixture (type, aggregate source, asphalt, etc.) changes, the PQI instrument must be calibrated again [39]. In this study, the difference in density obtained by the PQI instrument with the actual density obtained from the on-site core sample was used for the density calibration process, which is presented as follows.



2.2.1. Density Measurement Based on the PQI Method


Thirteen calibration points were randomly selected along the asphalt pavement. For each calibration point, five circles were respectively drawn around the PQI sensor board with chalk, as shown in Figure 3. The density of each circle was measured, and the average value was determined as the density at the calibration point.




2.2.2. Density Measurement Based on the Core Sample


The core sample was drilled at the center of each calibration point, as shown in Figure 4. Then, it was transferred to the laboratory to test its bulk density by the surface-drying method, according to the Chinese specification JTG E20-2011 T0705, as shown in Figure 5. After cleaning the surface of the sample, its mass was tested in various conditions to calculate its bulk density, as presented in Equation (1).


   ρ f  =    m a     m f  −  m w    ×  ρ w   



(1)




where:    ρ f    represents the bulk density of the core sample, g/cm3; ma represents the mass of the core sample in dry condition, g; mf represents the mass of the core sample in the surface-dry condition, g; mw represents the mass of the sample immersed in water, g;    ρ w    represents the density of the water at 25 °C, which is 0.9971 g/cm3.




2.2.3. Determination of the Calibration Coefficient


The calibration of the PQI data was conducted by comparing the density measured by the PQI instrument at the calibration point with the actual density of the core sample. The density disparity at each calibration point was calculated respectively, and the average density-disparity of the calibration points was taken as the compensation coefficient of the original PQI data, namely the calibration coefficient. The calculation method is presented as Equation (2),


  d =    ∑  i = 1  n     ρ  f i   −  ρ  P Q I i      n   



(2)




where d represents the calibration coefficient, g/cm3;    ρ  f i     represents the density of the core sample at the ith calibration point, g/cm3;    ρ  P Q I i     represents the density measured with PQI at the ith calibration point, g/cm3; and n represents the total number of calibration points, n = 13.




2.2.4. Rechecking of the Calibration Coefficient


To ensure the reliability of the PQI data, it is necessary to recheck the accuracy of the calibration coefficient. Eight test points requiring cleaning and drying were selected randomly along the asphalt pavement. Their density was measured using the PQI instrument, and then calibrated according to Equation (3). The bulk density of the core sample at the test point was measured with the surface-dry method. By comparing the calibrated PQI density with the core-sample density, the rationality of the calibration coefficient and the accuracy of the PQI method were evaluated. If the density difference is within the allowable error range, the calibration coefficient is recognized as reasonable, and thus it can be input into the PQI instrument for calibrating the PQI data in subsequent detection.


  ρ =  ρ  PQI   + d    



(3)




where ρ represents the calibrated density-value based on PQI, g/cm3;    ρ  PQI     represents the original density-value measured by PQI, g/cm3; and d represents the calibration coefficient, g/cm3.





2.3. Calculation of Compaction Degree


With the calibration coefficient determined through the above steps, the pavement density at the selected measuring point along the road was tested successfully, using the PQI instrument. Then, the corresponding compaction degree was obtained according to, Equation (4).


  K =    ρ d     ρ 0    × 100 %  



(4)




where K represents the compaction degree;    ρ d    represents the practical density measured at the construction site, g/cm3, and    ρ 0    represents the standard density of the asphalt mixture obtained in the laboratory, which can be determined by the Marshall test or the maximum theoretical relative-density test.



In line with the original PQI density and the core-sample density of the ARHM-13 asphalt mixture at thirteen calibration points, the calibration coefficient d was calculated using Equation (2). The results are listed in Table 2.



After determining the calibration coefficient, eight testing points marked with a-h were selected to verify the reliability of the calibration coefficient by comparing the calibrated PQI-density with the core-sample density, as listed in Table 3. It was found that the calibrated PQI density was close to the actual density of the core sample, and their error rate was within 1%. This indicates that the PQI method has a high testing-accuracy, and thus the calibration coefficient is recognized as reliable, and can be used for calibrating the original PQI data of the ARHM-13 asphalt mixture in this study. In the same way, the calibration coefficient of the ARHM-20 asphalt mixture was also determined, and then the original PQI density was calibrated to obtain the corresponding compaction degree.





3. Evaluation and Analysis of Compaction Degree of Asphalt Pavement


3.1. Evaluation of Compaction Degree of Asphalt Pavement


The compaction degree of asphalt pavement was detected and calibrated using the PQI instrument at the midpoint of each lane, with a detection spacing of 10 m. The compaction degree along the road is depicted in Figure 6. The statistical analysis results are shown in Table 4 and Figure 7. It was found that the compaction degree of the measuring points was mostly located between 92% and 100%. For test sections A–D, the standard density used to calculate the compaction degree, as shown in Equation (4), was obtained based on the Marshall test. In this case, the requirement for compaction degree in China is higher than 97%. For test sections E and F, the standard density was obtained based on the maximum theoretical relative-density test, and the requirement for compaction degree is higher than 93%. According to the test results, the average value of the compaction degree was 97.2%, 98.0%, 98.3% and 98.3%, respectively, for test sections A–D, while the average value of the compaction degree of test sections E and F was 94.36% and 94.74%, respectively. They all meet the specification requirements. In addition, the compaction degrees of the four lanes in the same test section were very close, implying that the pavement-compaction quality was satisfactory. The variable coefficient was 1.56%, 1.12%, 0.43%, 0.72%, 0.57% and 1.11%, respectively, demonstrating that the test road was uniform in compaction quality.




3.2. Analysis of Probability Distribution Model of Compaction Degree


The frequency-distribution histograms of the compaction degree of the six test sections are drawn in Figure 8. It was found that for test section A–D, the compaction degree was concentrated in the range of 95%–100%, with the highest probability in the compaction-degree range of 97%–99%. For test sections E and F, the compaction-degree data were mostly located in the range of 93%–96%.



In order to investigate the distribution law of the compaction degree, the frequency-distribution histogram of the compaction degree was fitted by the probability distribution-models commonly used in engineering, including the normal distribution (ND) model, lognormal distribution (LD) model, extreme-value distribution (ED) model, and sine-wave distribution (SD) model [38]. The probability distribution functions of ND, LD, ED and SD are expressed as Equations (5)–(8), respectively.


    y =  y 0  + A ·  e  −     ( x − μ )  2    2 ·  σ 2       



(5)






  y =  y 0  + A ·  1  x σ   2 π     ·  e  −     ( ln  x μ  )  2    2 ·  σ 2       



(6)






  y =  y 0  + A ·  e  −  e  −   x − μ  σ    −   x − μ  σ  + 1    



(7)






  y =  y 0  + A · sin     π   x − μ    σ     



(8)




where y represents the frequency; x represents the compaction degree %; and A, μ and σ are the fitting parameters.



The fitting curves of the frequency-distribution histogram of the compaction degree at different test sections are also depicted in Figure 8. The fitting parameters are listed in Table 5. It was preliminarily found that the ND model, LD model and ED model had relatively high fitting-accuracy, and that their fitting parameters were in accord with the statistical analysis results of the compaction degree in Table 4. The SD model was low in fitting accuracy, and thus it was unsuitable for describing the distribution law of compaction degree.




3.3. Optimization of Probability Distribution Model of Compaction Degree


According to Table 5, the frequency-distribution histogram of compaction degree was characterized by the ND model, LD model and ED model, with satisfactory effects. To determine the optimal model, the predicted values of compaction degree based on the probability distribution models were compared with the actual values measured by the PQI instrument, as illustrated in Figure 9.



There was a similar law for the six test sections, stating that the data points were all located around the standard line (y = x), except for the data points based on the SD model, meaning that the predicted results based on the ND, LD and ED models were close to the actual value. The sum of the squares of errors (SSE) was calculated to quantitatively evaluate the deviation degree between the predicted value and actual value, as depicted in Figure 10. The smaller the SSE value, the higher the fitting accuracy. It was clearly seen that the SSE value of the ED model was the highest for the test sections, except for test section D, followed by the LD model and the ND model. In general, the ND model showed the best fitting-effect. Therefore, the frequency distribution of compaction degree could be well described by the ND model.




3.4. Determination of Compaction Degree Detection-Spacing


In order to improve the detection efficiency, the detection spacing is required to be as long as possible. This might lead to a cost of a reduction in accuracy and representativeness. An appropriate detection spacing that balances the above-mentioned two aspects needs to be determined. Hence, the compaction degree was tested using the PQI instrument at different spacings, namely 10 m, 20 m, 50 m and 100 m. The average value and representative value of the compaction degree measured at different detection spacings were calculated and shown in Figure 11. The representative value is a statistical term, which indicates the lower confidence limit of the arithmetic mean value of the compaction degree. It can be obtained according to Equation (9),


  X =  X ¯  ± S    t α     N     



(9)




where X represents the representative value %;   X ¯   represents the average value %; N represents the number of testing points; and    t α    is the coefficient, varying with the degree of freedom (N − 1) and confidence level α.



It can be found from Figure 11 that there was a certain difference between the average value and the representative value of the compaction degree. The shorter detection-spacing results in the greater amount of detection data, which can better reflect the actual compaction quality. However, this will cause an increase in workload. In order to analyze the sensitivity of the PQI testing results to detection spacing, the average value or the representative value of pavement density measured at the shortest spacing, namely 10 m in this study, was taken as the standard value. The PQI density measured at a longer detection-spacing, namely 20 m, 50 m or 100 m, was converted to the deviation value relative to the standard value, which can be calculated as Equation (10),


  D  V i  =    D i  −  D  s t      D  s t     × 100 %  



(10)




where DVi represents the deviation value of the compaction-degree data obtained at a detection spacing of i (20 m, 50 or 100 m) compared with that obtained at a detection spacing of 10 m; Di represents the compaction degree value obtained at a detection spacing of i (20 m, 50 or 100 m), %; and Dst represents the compaction degree value obtained at a detection spacing of 10 m, %.



The deviation value was used to demonstrate the deviation degree of the test value from the standard value when the detection spacing was increased from 10 m to 20 m, 50 m and 100 m. It was expected to be as close to zero as possible, which would imply that there were only a slight degree of deviation. The calculation results are shown in Figure 12. It can be seen that the range of the deviation value expanded rapidly with the increase in the detection spacing. For the detection spacing of 20 m and 50 m, the data points still gathered around the line of y = 0.0. However, they became very scattered when the detection spacing increased to 100 m. Therefore, it is suggested that the detection spacing should be determined as 50 m, considering the efficiency and accuracy.





4. Conclusions


In this paper, the PQI instrument was used for detecting the compaction degree of asphalt pavement in a non-invasive and effective manner. The PQI data was detected, calibrated and then analyzed to evaluate the compaction quality of asphalt pavement. The distribution characteristic and the optimal detection-spacing of pavement-compaction degree were investigated, based on the statistical analysis results. The main conclusions were obtained as follows:




	
The calibration coefficient was calculated as −0.016 g/cm3. The calibrated PQI density was close to the actual density of the core sample, and the error rate was within 1%, indicating that the PQI method had a high testing-accuracy.



	
The compaction degree of the test road was mostly located between 92% and 99%, and the variable coefficient was entirely below 2%. This indicates that the compaction quality of the asphalt pavement was satisfactory and uniform.



	
The ND model, LD model and ED model had relatively high fitting accuracies, and the fitting parameters were in accord with the statistical analysis results of the compaction degree. The SD model was low in fitting accuracy, which made it unsuitable for describing the distribution law of compaction degree.



	
According to the comparison results of the predicted value with the actual value of compaction degree, the ND model was determined as the most appropriate model for describing the frequency-distribution characteristics of pavement compaction degree.



	
The range of deviation value expanded rapidly with the increase of detection spacing. Considering both efficiency and accuracy, the optimal detection-spacing was determined as 50 m.
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Figure 1. Working principle of the PQI instrument. 
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Figure 2. The commonly used PQI instruments: (a) PQI 300; (b) PQI 310; (c) PQI 380. 
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Figure 3. Density measurement using PQI at the calibration point. 
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Figure 4. Drilling core-sample at the calibration point: (a) drilling process; (b) core sample. 
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Figure 5. Density testing of the core sample: (a) weighing; (b) cleaning. 
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Figure 6. Compaction degree of the test road: (a) test section A; (b) test section B; (c) test section C; (d) test section D; (e) test section E; (f) test section F. 
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Figure 7. Box plots of compaction degree. (a) test section A; (b) test section B; (c) test section C; (d) test section D; (e) test section E; (f) test section F. 
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Figure 8. Frequency-distribution histogram of compaction degree: (a) test section A; (b) test section B; (c) test section C; (d) test section D; (e) test section E; (f) test section F. 
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Figure 9. Relationship between actual frequency and predicted frequency: (a) Test section A; (b) Test section B; (c) Test section C; (d) Test section D; (e) Test section E; (f) Test section F. 
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Figure 10. Sum of squares of errors for different probability distribution models. 
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Figure 11. Average value and representative value of compaction degree: (a) Test section A; (b) Test section B; (c) Test section C; (d) Test section D; (e) Test section E; (f) Test section F. 
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Figure 12. Variation of deviation value with the increasing detection spacing: (a) average value; (b) representative value. 
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Table 1. Test section information.
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	Test Section
	Chainage
	Layer
	Thickness
	Asphalt Mixture Type





	Test section A
	K4+957-K6+250
	Upper layer
	40 mm
	ARHM-13



	Test section B
	K4+957-K6+250
	Lower layer
	60 mm
	ARHM-20



	Test section C
	K1+230-K3+020
	Upper layer
	40 mm
	ARHM-13



	Test section D
	K1+230-K3+020
	Lower layer
	60 mm
	ARHM-20



	Test section E
	K39+020-K41+320
	Lower layer
	60 mm
	ARHM-20



	Test section F
	K77+450-K79+750
	Lower layer
	60 mm
	ARHM-20
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Table 2. Calculation results of calibration coefficient d.
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Number of

Calibration Point

	
Density (g/cm3)

	
Disparity (g/cm3)

	
Calibration

Coefficient d (g/cm3)




	
Original PQI Data

	
Core Sample






	
1

	
2.450

	
2.420

	
−0.030

	
−0.016




	
2

	
2.424

	
2.414

	
−0.010




	
3

	
2.388

	
2.402

	
0.014




	
4

	
2.392

	
2.399

	
0.007




	
5

	
2.351

	
2.401

	
0.050




	
6

	
2.340

	
2.399

	
0.059




	
7

	
2.401

	
2.103

	
−0.298




	
8

	
2.362

	
2.386

	
0.024




	
9

	
2.459

	
2.461

	
0.002




	
10

	
2.431

	
2.446

	
0.015




	
11

	
2.386

	
2.375

	
−0.011




	
12

	
2.450

	
2.438

	
−0.012




	
13

	
2.409

	
2.385

	
−0.024
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Table 3. Comparison of density values obtained using the PQI method and the core-drilling method.
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Number of Testing Point

	
Standard

Density (g/cm3)

	
PQI

	
Core Sample

	
Error Rate (%)




	
Density (g/cm3)

	
Compaction Degree (%)

	
Density (g/cm3)

	
Compaction Degree (%)






	
a

	
2.512

	
2.467

	
98.2

	
2.452

	
97.6

	
0.61




	
b

	
2.445

	
97.3

	
2.426

	
96.6

	
0.78




	
c

	
2.416

	
96.2

	
2.435

	
96.9

	
−0.78




	
d

	
2.401

	
95.6

	
2.408

	
95.9

	
−0.29




	
e

	
2.450

	
97.5

	
2.448

	
97.4

	
0.08




	
f

	
2.441

	
97.2

	
2.445

	
97.3

	
−0.16




	
g

	
2.429

	
96.7

	
2.415

	
96.1

	
0.58




	
h

	
2.456

	
97.8

	
2.463

	
98.0

	
−0.28
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Table 4. Statistical analysis results of compaction degree.
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Test Section

	
Number of Measuring Point

	
Total




	
1

	
2

	
3

	
4

	
5

	
6






	
A

	
Min (%)

	
95.2

	
93.2

	
92.4

	
95.1

	
/

	
/

	
92.4




	
Max (%)

	
104.3

	
104.4

	
105.2

	
104.8

	
/

	
/

	
105.2




	
Aver (%)

	
97.2

	
97.3

	
97.2

	
97.2

	
/

	
/

	
97.2




	
MSD (%)

	
1.39

	
1.72

	
1.54

	
1.42

	
/

	
/

	
1.52




	
VC (%)

	
1.43

	
1.76

	
1.59

	
1.46

	
/

	
/

	
1.56




	
B

	
Min (%)

	
94.7

	
96.3

	
94.9

	
93.5

	
/

	
/

	
93.5




	
Max (%)

	
101.6

	
102.3

	
101.8

	
101.8

	
/

	
/

	
102.3




	
Aver (%)

	
98.4

	
98.5

	
98.0

	
98.1

	
/

	
/

	
98.2




	
MSD (%)

	
1.08

	
0.96

	
1.08

	
1.20

	
/

	
/

	
1.10




	
VC (%)

	
1.09

	
0.98

	
1.10

	
1.22

	
/

	
/

	
1.12




	
C

	
Min (%)

	
95.1

	
97.0

	
95.7

	
96.2

	
/

	
/

	
95.1




	
Max (%)

	
101.5

	
100.9

	
99.5

	
100.7

	
/

	
/

	
101.5




	
Aver (%)

	
98.3

	
98.6

	
98.4

	
98.5

	
/

	
/

	
98.5




	
MSD (%)

	
0.66

	
0.48

	
0.55

	
0.55

	
/

	
/

	
0.43




	
VC (%)

	
0.67

	
0.49

	
0.56

	
0.56

	
/

	
/

	
0.43




	
D

	
Min (%)

	
94.7

	
95.8

	
95.3

	
94.9

	
/

	
/

	
94.7




	
Max (%)

	
100.1

	
102.3

	
101.8

	
101.1

	
/

	
/

	
102.3




	
Aver (%)

	
98.4

	
98.4

	
98.3

	
98.3

	
/

	
/

	
98.3




	
MSD (%)

	
0.81

	
0.82

	
0.88

	
0.4

	
/

	
/

	
0.71




	
VC (%)

	
0.83

	
0.84

	
0.89

	
0.85

	
/

	
/

	
0.72




	
E

	
Min (%)

	
92.2

	
92.3

	
91.7

	
93.3

	
93.1

	
93.2

	
91.7




	
Max (%)

	
95.0

	
95.4

	
96.2

	
95.7

	
95.6

	
95.1

	
96.2




	
Aver (%)

	
94.06

	
94.31

	
94.58

	
94.61

	
94.38

	
94.26

	
94.4




	
MSD (%)

	
0.47

	
0.57

	
0.62

	
0.48

	
0.45

	
0.42

	
0.54




	
VC (%)

	
0.50

	
0.61

	
0.65

	
0.51

	
0.48

	
0.45

	
0.57




	
F

	
Min (%)

	
91.2

	
92.8

	
93.3

	
92.1

	
92.3

	
91.9

	
91.2




	
Max (%)

	
97.9

	
97.0

	
97.0

	
97.0

	
97.0

	
96.0

	
97.9




	
Aver (%)

	
94.0

	
95.1

	
95.2

	
95.2

	
95.0

	
93.9

	
94.7




	
MSD (%)

	
1.04

	
0.89

	
0.81

	
0.96

	
0.77

	
0.88

	
1.05




	
VC (%)

	
1.11

	
0.94

	
0.85

	
1.01

	
0.81

	
0.94

	
1.11








Note: “Min” refers to “the minimum value”; “Max” refers to “the maximum value”; “Aver” refers to “the average value”; MSD refers to “the mean square deviation”; VC refers to “the variable coefficient”.
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Table 5. Fitting parameters of the probability distribution function.
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Test Section

	
Model

	
Fitting Parameters

	
R2




	
y0

	
   A   

	
   μ   

	
   σ   






	
A

	
ND

	
0.138

	
15.194

	
98.030

	
1.277

	
0.969




	
LD

	
0.154

	
48.491

	
98.035

	
0.013

	
0.968




	
ED

	
0.393

	
15.066

	
97.763

	
1.147

	
0.897




	
SD

	
6.053

	
7.287

	
22.213

	
4.094

	
0.908




	
B

	
ND

	
0.667

	
25.645

	
98.642

	
0.632

	
0.958




	
LD

	
0.671

	
40.608

	
98.644

	
0.006

	
0.957




	
ED

	
0.704

	
25.908

	
98.513

	
0.570

	
0.919




	
SD

	
5.065

	
7.437

	
27.443

	
4.909

	
0.521




	
C

	
ND

	
0.009

	
37.672

	
98.702

	
0.528

	
0.993




	
LD

	
0.008

	
49.883

	
98.703

	
0.005

	
0.993




	
ED

	
−0.151

	
37.050

	
98.551

	
0.517

	
0.962




	
SD

	
5.363

	
8.819

	
31.708

	
4.630

	
0.428




	
D

	
ND

	
0.208

	
26.744

	
98.379

	
0.702

	
0.951




	
LD

	
0.204

	
47.140

	
98.380

	
0.007

	
0.952




	
ED

	
0.058

	
27.672

	
98.215

	
0.654

	
0.982




	
SD

	
5.199

	
8.065

	
29.203

	
4.791

	
0.558




	
E

	
ND

	
0.122

	
39.175

	
94.598

	
0.492

	
0.997




	
LD

	
0.123

	
48.278

	
94.598

	
0.005

	
0.997




	
ED

	
0.098

	
40.235

	
94.475

	
0.444

	
0.974




	
SD

	
4.030

	
6.870

	
−5.564

	
7.961

	
0.209




	
F

	
ND

	
0.000

	
18.825

	
95.065

	
1.064

	
0.979




	
LD

	
0.001

	
50.148

	
95.068

	
0.011

	
0.977




	
ED

	
−0.070

	
18.654

	
94.809

	
1.005

	
0.913




	
SD

	
3.745

	
6.272

	
0.011

	
7.569

	
0.532
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