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Abstract

:

Underground space is being utilized due to the saturation of surface ground. The box culvert, as a representative infrastructure that has moved underground, is installed to protect such fixtures as electricity and gas. Because buried box culverts are necessarily affected by soil, it is important to study the earth pressure according to soil type. Herein, the horizontal earth pressure of the buried box culvert was analyzed. Accordingly, a precisely simulated centrifuge model test was performed. Additionally, the coefficient of earth pressure was analyzed. The results had significant variability because, in the existing theory, the horizontal earth pressure acting on the side of the box culvert was only calculated using the coefficient of earth pressure and the friction angle of the soil. Therefore, a correction factor was deemed necessary for calculating the horizontal earth pressure acting on the side of the box culvert.
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1. Introduction


Due to the saturation of surface space, underground space is garnering increasing interest. Moreover, because some infrastructures do not need to be on surface space, they are being moved to the underground space [1]. A box culvert, a representative buried infrastructure, has a hollow cubic, trapezoidal, or circular, etc., interior. As an important non-transportation infrastructure, it is installed underground for electricity, gas, water, telecommunications, and sewage services. Thus, it can improve urban aesthetics, preserve road structures, and smooth traffic flow [2].



In contrast to when designing surface structures, soil needs to be considered when designing buried structures [3,4]. Unlike structural and traffic loads that act on the ground surface, the self-weight of the soil is imposed on buried structures. Moreover, this varies greatly due to the numerous small particles. The earth pressure acting on the box culvert is an essential consideration in the design process, in addition to the load (live and dead). Therefore, it has been extensively investigated, and the vertical earth pressure is the most active field of research [5,6,7,8,9,10]. The latter is prominently featured in the soil–structure interaction proposed in AASHTO [11]. Moreover, how the vertical earth pressure is affected by other parameters (gravitational acceleration and cover depth) was investigated in a follow-up study [12].



In contrast, there are relatively few studies on the horizontal earth pressure, which is often simply obtained from the coefficient of earth pressure and unit weight of soil. However, references [13,14] showed that the horizontal earth pressure depends on the measurement location (edge or plane), even for the same box culvert, as a result of the thickness of the box culvert. Chen et al. [15] calculated the side friction force through numerical analysis, which yielded a larger value than that from existing equations. Thus, the horizontal earth pressure does not necessarily agree with the theoretical value, and the difference is attributable to ground variability.



Therefore, we focused on the horizontal earth pressure as well as the coefficient of earth pressure in this study. Similar to existing experimental methods, repeated centrifuge model tests were performed to measure horizontal earth pressure. The centrifuge model test is an experimental method that simulates the deformation or stress generated in the actual size by applying the gravitational acceleration to the reduced model because it is difficult to experiment with the actual size of the structure. Many studies have been conducted on box culverts through the centrifuge model test, however, although uncertainty about soil inherent uncertainty and measurement error is predicted, it is not taken into consideration [16,17,18].



In this study, the ground was prepared through sand pluviation using a sand funnel, and the loading and unloading conditions under gravitational acceleration were simulated. Data were collected from the top, middle, and bottom of the side of box culvert, and the variation in the horizontal earth pressure was analyzed using experimental variables (gravitational acceleration, loading and unloading conditions, cover depths, and location of measured sensors). In addition, the coefficient of earth pressure was calculated from the theoretical value of vertical earth pressure and the self-weight of soil; its variation was also analyzed.




2. Horizontal Earth Pressure Acting on Box Culverts


In general, the earth pressure acting on the box culvert buried in the ground can be divided into vertical and horizontal components. According to AASHTO [11], the vertical soil pressure acting on the box culvert is multiplied by the height (H) and unit weight (w) of the soil at the top of the box culvert, and a correction factor (Fe) is applied to account for the soil–structure interaction. Fe is dependent on the installation conditions of the box culvert (trench or embankment installation).



On the other hand, horizontal earth pressure does not have a separate correction factor, such as Fe, and can be obtained from the depth (H + ΔH), unit weight (w), and coefficient of earth pressure at rest (K0). Here, the coefficient of earth pressure at rest and the unit weight are constants, and the horizontal earth pressure has a triangular profile, as shown in Figure 1. That is, in the case of the same soil, the horizontal earth pressure acts linearly from zero on the ground surface and is evaluated only with the self-weight of soil and K0 as constant because it is generally assusumed that there is no friction between the side wall of box culvert and the soil.



Many laboratory and field studies have been conducted on compressive induced stresses and strains over the past 50 years [19]. However, data sensors that read compressive force, such as earth pressure gauges, have limited value because measurement is complicated by various factors. Properly installing the pressure cell is important for the entire measurement process. Earth pressure measurements are divided into (1) soil mass measurements and (2) measurements of the structural element face.



The first measurement method suffers from errors due to poor fit because the presence of the cell and the installation method usually produce significant changes in the free-field stress. Because the second method is unaffected by most errors related to measurements in the soil mass, it can measure the earth pressure on the face of a structural element more accurately than the first method. However, this method may suffer from systematic errors.



Seed et al. [20] presented two potential systematic errors, as shown in Figure 2, assuming that the earth pressure was systematically measured. Earth pressure gauges protruding from the wall are typically much less compressible than the soil around the sensor. Moreover, because the protruding earth pressure gauge is hard, it induces more horizontal earth pressure, and the pressure is exaggerated, as seen in Figure 2a. A second problem can arise when the earth pressure gauge is inserted into the wall, Figure 2b. Most earth pressure gauges require some deformation of the face to measure pressure. Unfortunately, even very small pressures can cause face deflection, which is sufficient to cause soil arching. This results in the soil pressure being understated. Therefore, Seed et al. [20] proposed a technique for avoiding these problems; because the earth pressure gauge is very stiff and displacement is marginal, it should be placed at the height of the wall.



Accordingly, it is necessary to consider the variation in horizontal earth pressure due to sensor installation and gravitational acceleration during centrifuge model tests.




3. Geotechnical Centrifuge Model Test


The strength and stiffness of the soil are greatly affected by the effective stress, so the scaled model poorly reflects the field-scale behavior. Accordingly, in geotechnical engineering, a centrifuge model test is often used for scaled physical modeling to reflect an accurate magnitude of self-weight stress [21,22].



The centrifuge model principally involves accelerating the scaled ground model. If the actual model is reduced to 1:N and the gravitational acceleration (g) is applied in the centrifuge model tester according to the ratio 1:N, the result is the same as that of the actual model. In addition, because the shape of the scaled model is made in the same manner as that of the actual structure, the structural behavior of the actual model can easily be observed in detail if specific settings and expected output values are properly input into the scaled model [23].



3.1. Device


The specifications of the geotechnical centrifuge machine used in this study are shown in Figure 3 (Daewoo Institute of Construction Technology, Suwon, Korea). It has a rotation radius of 3.0 m; the maximum test package size has a 0.8 m width, 1.0 m diameter, and 0.8 m height; and payload capacity is 120 g·t.



This device comprises a counterweight for gravitational acceleration, platform for inserting test instruments, junction box for converting multiple single connectors and multi connectors, driving motor, video camera that can observe the test screen in the platform, and a safety button.




3.2. Box Culverts


Figure 4 shows the scaled box culvert and the placement of the sensors for measuring horizontal earth pressure in this study. As shown in Figure 3, the scaled box culvert is a rectangular box with a width of 5.2 cm, height of 5.6 cm, length of 20 cm, and thickness of 15 mm. It is made of aluminum because excessive deformation, such as bending, may occur due to gravitational acceleration during the geotechnical centrifuge model test process if concrete is used.



The sensors for measuring horizontal earth pressures are located on the side of the box culvert, and the spacing is 1.4 cm, which is 1/4 the height of the box culvert. Meanwhile, the sensor is an ultra-small strain gauge type, and the diameter of the sensor is 7.6 mm. The sensor was not protruded as much as possible, and was inserted into the hole of the side of box culvert with a bond. At this time, the sensor cable is connected to the external data logger through the square hole. The length of the box culvert is equal to the transverse length of the chamber, and the square part is considered a closed part.




3.3. Ground Composition


Sand was used in the centrifuge model test, and the particle size distribution curve from the sieve test according to ASTM D2487 [24] is shown in Figure 5a. The coefficient of uniformity (Cu) and coefficient of curvature (Cc) of the soil, as calculated from the particle size distribution curve, are 4.09 and 1.18, respectively. Accordingly, the soil was classified as poorly graded sand according to the USCS (Unified Soil Classification System). In addition, the ASTM D698 standard compaction test [25] was performed to determine the degree of compaction for the ground composition process. The result is shown in Figure 5b: the maximum dry unit weight is 1.715 t/m3, and the optimum water content is 8%.



The degree of compaction was set to 95% for dense ground, and the dry unit weight of the model ground was 1.66 t/m3, according to the maximum dry unit weight presented in Figure 5b.



The simplest method for ground composition is compaction using the impact from a hammer. Moreover, when precise conditions, such as those in the centrifuge model test, are required, this problem becomes more serious. Therefore, in this study, the ground was composed via the sand pluviation method using the funnel, as shown in Figure 6. The sand pluviation method using the funnel involves compacting the sand through a steel pipe of a certain diameter. This method reduces the amount of time and area in the air over which the sand falls. Therefore, material separation (difference in falling speed with particle size) can be minimized, as well as sensor damage or malfunction.



Sand pluviation is performed in the vertical direction up and down (red line), and then in the transverse direction (blue line). This process is then continuously repeated to form the ground. Finally, numerous experiments were conducted for target degree of compaction (95%). The length of the steel pipe was 2.0 m, and the diameter of the sieve was 4 mm, as is required for 95% degree of compaction.



Particle size effects can be seen when testing different sized models on the same soil. The smaller the ratio of the model to the mean particle size, the higher the value of the axial friction and point resistance. Therefore, it is necessary to prove the homogeneity of the ground through a small cone penetration test [26,27,28]. For the sand pluviation method, the work skill of an experienced experimenter is the most important, and the homogeneity of the composed ground must be secured. However, in this study, the cone penetration resistance according to the gravitational acceleration could not be confirmed, and the cone penetration resistance according to the initial ground composition was confirmed, as shown in Figure 7. Based on the linear increase trend, homogeneity was confirmed in the initial ground composition process.




3.4. Test Cases


Figure 8 shows a schematic of the box culvert installed in the ground for the scaled model and actual model after gravitational acceleration. First, the lower ground is formed to a thickness of 20 cm using the method presented in Figure 6, and a box culvert is installed on the ground. Afterward, sand pluviation is performed on the side and top of the box culvert, and the final compaction degree of the entire ground is 95%. Meanwhile, the cover depth, which is the height between the top of the box culvert and the ground surface, was set to 4, 8, and 12 cm, respectively, and the horizontal earth pressure, which depends on the cover depth, was read from the sensor.



Figure 9 shows the effect of gravitational acceleration, during which, the stage is divided into ground stabilization, loading, and unloading. The ground stabilization stage is performed to simulate the over-consolidation. In actual box culvert construction, compaction is essential, and the ground has an over-consolidated state due to an impact or additional load. In this study, because the ground was composed through the sand pluviation method to minimize damage to the sensor, it is not an over-consolidation condition, which is an actual condition. Therefore, the over-consolidation state was simulated through ground stabilization.



Accordingly, gravitational acceleration is increased by 20 g and removed when it reaches 100 g. In the loading stage, the gravitational acceleration was increased by 10 g to 50 g, and each load was maintained for 10 min. Finally, in the unloading stage, unlike in the loading stage, gravitational acceleration was decreased by 10 g to 1 g.





4. Coefficient of Earth Pressure at Rest Acting on Side of Box Culvert


4.1. Measured Horizontal Earth Pressure on Box Culvert


Figure 10, Figure 11 and Figure 12 show the horizontal earth pressure measured in the centrifuge model test under loading and unloading conditions. The test was performed at three sensor locations (top, middle, and bottom) at each cover depth (4, 8, 12 cm), and a total of five data points were recorded at each gravitational acceleration (10, 20, 30, 40, and 50 g). The measured horizontal earth pressure acting on the box culvert was greater in the unloading than in the loading condition. However, no special convergence point was found in all analysis cases, and a lot of variability was observed.



Figure 13 shows the average of the results in Figure 10, Figure 11 and Figure 12. The horizontal earth pressure in the loading condition is lower than that in the unloading condition because the residual earth pressure is dependent on the gravitational acceleration. Apparently, this stress is caused by the relaxation of the ground [12].




4.2. Vertical Earth Pressure on Side of Box Culvert


Herein, the horizontal earth pressure was the actual value measured considering the cover depth, position of the sensor attached to the box culvert, and gravitational acceleration through the centrifuge model test. Although the vertical earth pressure was not measured at a specific location, it can be estimated using Equation (1)—the most basic formula for calculating vertical stress in the ground. Here, σv is theoretical vertical earth pressure, γ is the unit weight of sand when the degree of compaction is 95% (1.66 t/m3), dcover is the sum of the cover depth in the centrifuge model test (4, 8, or 12 cm), hsensor is the sensor location, and g is gravitational acceleration.


σv,theoz. = γ·(dcover + hsensor)·g



(1)







Figure 14 shows the parameters of vertical earth pressure and box culvert according to Equation (2). Figure 15 presents the predicted vertical earth pressures at specific sensor positions (Top, Middle, and Bottom), with respect to the cover depth and gravitational accelerations, using Equation (1).




4.3. Calculation of Coefficient of Earth Pressure at Rest


There is no direct prediction formula for the horizontal earth pressure acting on buried structures in the ground, such as box culverts, and it is generally calculated using the coefficient of earth pressure, as presented in Equation (1). Here, K is the coefficient of earth pressure, and σv and σh are the vertical and horizontal earth pressure, respectively.



Meanwhile, in relation to the experimental process, because there is no ground movement or external force, a rest rather than an active or passive state is selected. Accordingly, K in Equation (2) is K0.


K = K0 = σh/σv



(2)







The coefficient of earth pressure was calculated by substituting the measured horizontal earth pressure presented in Figure 10, Figure 11 and Figure 12 and the predicted vertical earth pressure, as shown in Figure 15, into Equation (1); the results are shown in Figure 16, Figure 17 and Figure 18.



At all cover depths, the coefficient of earth pressure at rest tends to converge as the gravitational acceleration increases, except for the 30 g gravitational acceleration in Figure 17. Thus, the variability, including uncertainty during measuring the horizontal earth pressure at low gravitational acceleration, is large. A detailed analysis is performed later in Section 5, variability analysis.





5. Variability Analysis


5.1. Variability of Coefficient of Earth Pressure at Rest


The average of the coefficient of earth pressure and the coefficient of variation (COV) of earth pressure at rest according to the gravitational acceleration at each cover depth is shown in Figure 19, Figure 20 and Figure 21. The COV is obtained by normalizing the standard deviation (   s x   ) of a random variable against its mean (  x ¯  ), as shown in Equation (3), and it indicates the variability of data.


  COV =    s x    x ¯    



(3)







When the cover depth was large, the average of the coefficient of earth pressure at rest was high, and the COV decreased. The COV is an index of the accuracy of the mean value. A large COV implies a high probability of error, whereas a low COV suggests that the mean is precise. Accordingly, the most reliable measurement was obtained at a cover height of 12 cm with the sensor placed at the bottom. Conversely, a cover height of 4 cm with the sensor at the top required the most care because it was the least reliable.



These results indicate the importance of increasing the gravitational acceleration to obtain high reliability in the centrifuge model test. To apply a large gravitational acceleration, the size of the scaled model must be minimized. In addition, a small cover depth in the actual model is associated with high measurement uncertainty.



According to the earth pressure theory presented in Figure 1, the coefficient of earth pressure at rest should be constant regardless of the measurement depth (cover depth and location of sensors) for a ground with the same material properties. Therefore, the cover depths and gravitational acceleration are not separately classified, as in Figure 18, Figure 19 and Figure 20; only the loading and unloading conditions are classified, as shown in Table 1.



The number of data points for each condition is 60, and the average and COV of the coefficient of earth pressure at rest in the loading condition was lower than that in the unloading condition. Accordingly, the uncertainty was higher during unloading. Presumably, this increases the uncertainty of the residual stress with respect to the loading condition previously applied in the centrifuge model test.




5.2. Comparison of Predicted and Measured Coefficient of Earth Pressure at Rest


As mentioned earlier, there is no direct formula for predicting the coefficient of earth pressure at rest using earth pressure; however, it can be indirectly predicted using the internal friction angle (ϕ). Therefore, the internal friction angle was calculated using a direct shear test [29] on the sample soil. The test confirmed that it was 47°.



Table 2 shows the empirical relationship between the coefficient of earth pressure at rest and the internal friction angle of soil proposed by other researchers [30,31,32,33,34,35,36,37,38,39], as well as the results of substituting the internal friction angle of the sample used in this study. The calculation result of the prediction formula using the internal friction angle ranged from 0.219 to 0.406, and the average was 0.273.



All theoretical values were lower than the measured values in Table 1 except for Matsuoka and Sakakibara [37] in loading condition. This can be attributed to two factors: the lateral earth pressure is overestimated, or the vertical earth pressure obtained by the theoretical formula is small. The former can be caused by many variability factors (for instance, measurement error and relocation of soil particles due to gravitational acceleration) during measurement. The latter is attributable to the vertical earth pressure exceeding the theoretical value due to differences in the ground conditions (a structure with an empty interior such as a box culvert).





6. Conclusions


In this study, the variability and uncertainty in horizontal earth pressure on a box culvert were evaluated through a centrifuge model test. Horizontal earth pressure was measured using three measuring sensors attached to the side of a box culvert, and the parameters were gravitational acceleration and cover depths under loading and unloading conditions. The contents and results of the experiment and statistical analysis were shown in the main text, and the conclusions are as follows.



	i.

	
As a result of all centrifuge model tests, the horizontal earth pressure had a larger value in the unloading condition than in the loading condition. This is considered to be the residual stress that occurs when the gravitational acceleration was applied by this process (10 g → 20 g → 30 g → 40 g → 50 g → 40 g → 30 g → 20 g → 10 g). In addition, the loading condition is a general state in the ground, and the vertical stress (friction force) acting on the side wall of box culvert acts in the upward direction. However, in the unloading condition, the vertical stress acts downward because of the rebound of the sand and over-consolidation state. Because this rebound is larger with more soil, the higher the cover depth and the deeper the sensor position, the greater the difference in horizontal earth pressure is due to the same occurrence of loading and unloading. It is judged that the difference in horizontal earth pressure according to loading and unloading occurs significantly with higher cover depth and lower sensor position.




	ii.

	
For σh, the centrifuge model test result had a larger value than the existing theoretical value. This is the result of overestimation of σh during the test process. The causes of overestimation of measurement results can be analyzed in two ways; (1) Sensor location: The sensor should be installed inside as much as possible, but it protrudes partially during the installation process or the gravitational acceleration application process; (2) Interface: Measurement of a large value because the friction coefficient of the soil in contact with the surface of the sensor is larger than expected.




	iii.

	
As the gravitational acceleration was increased, K0 tended to decrease and converge to a specific point, and the variability significantly decreased. It is judged that this is a result of a decrease in ground variability rather than a decrease in the average value. As the variability decreased, data points with differences from the mean disappeared, which increased the reliability of the experimental results. In the influence of the cover depth, it was confirmed that each sensor position (Top, Middle, and Bottom) of 50 g had a similar value regardless of the cover depth. Based on this, it was confirmed that when the centrifuge model test was performed, the variability of the result was reduced, and an accurate value was obtained if the gravitational acceleration was set to a certain point or higher. Therefore, it is necessary to analyze the correlation between the model production size and the gravitational acceleration.




	iv.

	
In this study, the variability analysis of the horizontal earth pressure acting on the box culvert was performed. It is important in that it proposes the causes of volatility and methods to reduce variability. However, there were limitations in that the difference between the measured value and the predicted value was large, and the size effect and repeated loading was not confirmed.




	v.

	
There was a big difference in the horizontal earth pressure when compared with the reference values. This means that there is a possibility that the used internal friction angle was changed in the centrifuge model test due to rebound according to loading and unloading, which could be the size effect of the ground composed of sand. Therefore, in future research, there is a plan to conduct a study including these characteristics of the ground, and the effect of the number of loading and unloading repetitions, which were not examined in this study, will also be considered.
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Figure 1. Vertical and horizontal earth pressure on box culvert (modified after AASHTO [11]). 
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Figure 2. Systematic errors in the measurement of horizontal earth pressure (modified after Seed et al., 1991); (a) Exaggerated and (b) Understated. 
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Figure 3. Device for performing the geotechnical centrifuge model test (modified version of the machine is in Daewoo Institute of Construction Technology, Suwon, Korea). 
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Figure 4. Scaled box culverts: (a) Picture and (b) Placement of sensors. 
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Figure 5. Results of laboratory test: (a) Particle size distribution obtained from sieve test and (b) compaction test to determine maximum dry unit weight and optimal water content. 
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Figure 6. Sand pluviation using funnel: (a) Schematic diagram, (b) Ground composition and (c) Procedure of puliviation. 
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Figure 7. Conformity analysis of homogeneous composed ground. 
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Figure 8. Diagram of box culvert: (a) scaled model and (b) actual model. 






Figure 8. Diagram of box culvert: (a) scaled model and (b) actual model.



[image: Applsci 12 01993 g008]







[image: Applsci 12 01993 g009 550] 





Figure 9. Application of gravitational acceleration. 
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Figure 10. Measured horizontal earth pressure under loading and unloading conditions with cover depth of 4 cm; location of sensor: (a) Top, (b) Middle, and (c) Bottom. 
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Figure 11. Measured horizontal earth pressure under loading and unloading conditions with cover depth at 8 cm; location of sensor: (a) Top, (b) Middle, and (c) Bottom. 
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Figure 12. Measured horizontal earth pressure under loading and unloading conditions with cover depth at 8 cm; location of sensor: (a) Top, (b) Middle, and (c) Bottom. 
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Figure 13. Measured horizontal earth pressure under loading and unloading conditions with cover depth at 8 cm; location of sensor at Top, Middle, and Bottom. 
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Figure 14. Ground depth by sensor location for calculation of vertical earth pressure. 
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Figure 15. Predicted vertical earth pressure for varying cover depths and gravitational accelerations. 






Figure 15. Predicted vertical earth pressure for varying cover depths and gravitational accelerations.



[image: Applsci 12 01993 g015]







[image: Applsci 12 01993 g016 550] 





Figure 16. Coefficient of earth pressure at rest at 4 cm cover depth. 
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Figure 17. Coefficient of earth pressure at rest at 8 cm cover depth. 
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Figure 18. Coefficient of earth pressure at rest at 12 cm cover depth. 






Figure 18. Coefficient of earth pressure at rest at 12 cm cover depth.



[image: Applsci 12 01993 g018]







[image: Applsci 12 01993 g019 550] 





Figure 19. Variability analysis with cover depth at 4 cm: (a) Average and (b) COV of earth pressure with gravitational acceleration. 
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Figure 20. Variability analysis with cover depth at 8 cm: (a) Average and (b) COV with gravitational acceleration. 
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Figure 21. Variability analysis with cover depth at 12 cm: (a) Average and (b) COV with gravitational acceleration. 
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Table 1. Variability analysis for the coefficient of earth pressure at rest under the loading and unloading conditions.
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	Conditions
	Loading
	Unloading





	The number of data
	60
	60



	Average,    x ¯   
	0.405
	0.516



	Standard deviation,    s x   
	0.160
	0.232



	COV (%)
	39.586
	44.983
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Table 2. Equations and results of coefficient of earth pressure at rest by references.
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	No.
	References
	Equations
	Results





	1
	Jaky [30]
	    K 0  =  [  1 +  2 3  s i n ϕ  ]   [    1 − s i n ϕ   1 + s i n ϕ    ]    
	0.231



	2
	Jaky [31]
	    K 0  = 1 − s i n ϕ   
	0.269



	3
	Rowe [32]
	    K 0  = t a  n 2   [  45 −   ϕ − 9  2   ]    
	0.238



	4
	Bishop [33]
	    K 0  =  1 2   [    1 +    5   8  − 3    5   8   (  s i n ϕ  )    1 −    5   8  + 3    5   8   (  s i n ϕ  )     ]    
	0.250



	5
	Brooker and Ireland [34]
	    K 0  = 0.95 − s i n ϕ   
	0.219



	6
	Saglamer [35]
	    K 0  = 0.97  [  1 − 0.97  (  s i n ϕ  )   ]    
	0.282



	7
	Vierzbiczky (mentioned by Rymsza [36])
	    K 0  = t a  n 2   [  45 −  ϕ 3   ]    
	0.316



	8
	Matsuoka and Sakakibara [37]
	    K 0  =  1  1 + 2 s i n ϕ     
	0.406



	9
	Bolton [38]
	    K 0  =   1 − s i n  (  ϕ − 11.5  )    1 + s i n  (  ϕ + 11.5  )      
	0.265



	10
	Szepeshazi [39]
	    K 0  = 0.95  (  1 − s i n ϕ  )    
	0.255
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