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Abstract

:

This paper presents an experimental study on the pullout resistance of a newly improved reinforcement. The applied reinforcement was a smooth steel strip reinforcement with transverse members used to improve the pullout-resistance problems of the smooth steel strip reinforcement. The pullout and bearing resistance of the improved reinforcement were evaluated using results of large-scale pullout tests. The evaluation result confirmed that the bearing resistance of the improved reinforcement was about 33–66% of the total pullout resistance, and it had an evenly distributed friction and bearing resistance. The bearing bond coefficient, considering the interference effect, gradually converged when normal stress was higher than a certain value. This result confirmed that the increment of interference effect is caused by the increment of the transverse member and normal stress. In the pullout-resistance evaluation of the improved reinforcement, a number of transverse members can be predicted using the relationship between bearing-resistance stress and the bearing bond coefficient due to normal stress, which can be applied as a reasonable prediction method.
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1. Introduction


Reinforcements are used to improve the stability of abutments, embankments, slopes, and walls [1,2,3,4,5,6,7]. Various reinforcements have been developed and applied since the introduction of the reinforced earth wall consisting of inextensible and extensible reinforcements according to material characteristics. Inextensible reinforcement includes smooth steel strip and ribbed steel strip types and welded steel grids. Extensible reinforcements include geogrid, geotextile, and geosynthetic strip types. In these reinforcements, pullout resistance is very important as an evaluation factor for the stability of the reinforced earth wall. Generally, the pullout resistance of reinforcements can be classified into two resistance characteristics; that is, total pullout resistance can be explained as the summation of friction resistance due to longitudinal members and bearing resistance due to transverse members [8]. Friction-resistance reinforcements include smooth steel strips and geotextile and geosynthetic strips. Reinforcements in which friction resistance is synchronized with bearing resistance are the ribbed steel strip, welded steel grid, and geogrid types. In friction-resistance reinforcements, various problems occur due to the type of backfill material used because total pullout resistance takes effect only due to friction resistance. However, grid-type reinforcements, including two types of resistance, namely, the combination of friction and bearing resistance, are more structurally stable than friction-resistance reinforcements are. Most pullout resistance in inextensible mesh-type reinforcements is caused by bearing resistance, and the rigidity of transverse members has a significant effect on bearing resistance [9,10]. That is, the deformation of transverse members can adversely affect the stability of reinforced earth walls. Therefore, if steel strip reinforcement friction resistance that has a primary pullout resistance can be added to the transverse members in the resistant zone, the problem of the existing steel grid is improved. This reinforcement can be the improved type considering the anchor retaining effect because the number of transverse members can be selectively applied in resistant zones.



In the early stages of the introduction of the reinforced earth wall in Korea, smooth steel strip reinforcement was mostly used, and ribbed steel strip reinforcement was then applied to increase friction resistance between reinforcement and backfill material. However, the reduction in durability due to the corrosion of the steel reinforcement led to a rapid decrease in its application. The use of the geogrid-reinforced earth wall has greatly increased since the late 1990s [11], and about 6.5 million m2 of geogrid was applied to reinforced earth walls in 2005 [12]. A large effective site is required due to Korea’s mountainous topographical feature. Therefore, the number of cases of the application of reinforced earth walls that have a wall height of 10–15 m is increasing to support heavier surcharge load. For this reason, reinforced earth walls need reinforcement to improve soil strength. The application of backfill materials has material criteria to increase the pullout resistance of the geogrid and prevent damage due to compaction. The maximal particle size of backfill soil should be less than 19 mm [12]. However, weathered granite soil, which is more than 19 mm, is sometimes applied to backfill material because it is difficult to obtain fine soil due to the field conditions. Furthermore, strength-reduction factors considering the extensibility of the geogrid that is excessively applied in a reinforced earth wall needs to be in sufficient control for wall displacement. Therefore, it is necessary to study inextensible reinforcements since most corrosion problems are solved by developing and applying an anticorrosion technique. In addition, the application of inextensible reinforcement that has considerable pullout resistance has increased.



In this study, inextensible reinforcement is improved, which resolves the problem of the existing smooth strip reinforcement. The form of the improved reinforcement is smooth steel strip reinforcement with transverse members. In other words, transverse members are combined with a punched smooth steel strip to increase total pullout resistance due to bearing resistance. Transverse members can be installed on the punched smooth steel strip reinforcement according to the required pullout resistance in the resistant zone of the reinforced soil mass. Bearing resistance is, therefore, due to transverse members being similar to the anchor retaining effect. Pullout tests of the improved reinforcement should be conducted to analyze the pullout mechanism.



Therefore, large-scale pullout tests for improved types of reinforcements were conducted to analyze the pullout characteristics of the improved reinforcement. First, its pullout behavior was evaluated by the analytical results of the pullout tests, and bearing resistance was evaluated to analyze the effect of transverse members in total pullout resistance. Second, the bearing bond coefficient was evaluated considering the interference effect of transverse members, and the predicted method of transverse members is suggested by design case.




2. Theoretical Background on Pullout Resistance


2.1. Pullout Resistance of Reinforcement


The internal stability of a reinforced earth wall should be evaluated on the basis of the stability of tensile failure and pullout failure. Inextensible reinforcement has significantly higher stability of tensile failure because its tensile strength is greater than that of extensible reinforcement. However, the stability of pullout failure differs from the evaluation factor of pullout resistance according to whether a transverse member is installed. Therefore, the mechanisms of the longitudinal and transverse members depend on resistance type. If transverse members do not exist, only friction resistance is considered; otherwise, friction resistance due to the longitudinal member and the bearing resistance due to the transverse member should be considered [9,13]. Therefore, the pullout resistance of reinforcement should be evaluated from pullout test results. Over the last few years, many experimental tests and theoretical studies were carried out to follow up on the pullout mechanism of reinforcement [10,14,15,16,17,18,19,20,21,22,23]. Jewell et al. [8] and Peterson and Anderson [21] proposed theoretical equations on friction resistance and bearing resistance. Bergado et al. [9,14,24] and Matsui et al. [25,26] evaluated the pullout behavior and bearing resistance of transverse members on a steel grid. The total pullout resistance of reinforcement (   P p   ) can be expressed as follows [13]:


   P p  = 2    L  r      W r     σ v     f b    t a n ∅ ,  



(1)




where    f b    is the bond coefficient;    σ v    is the effective normal stress in the soil to the reinforcement surface;    L r    and    W r    are the length and width of the reinforcement providing bond (i.e., being pulled out), respectively; and  ∅  is the internal friction angle of the soil.



Total pullout resistance can be divided into friction    P  p  (  f r  )      and bearing resistance    P  p  (  b r  )     , and these are expressed in Equations (2) and (3), respectively [13].


   P  p  (  f r  )    = 2    α s     L r   W r     σ v    t a n δ ,  



(2)




where    α s    is the fraction of the reinforcement plan area;    A r  =    L r   W r  ,   which is solid (i.e., the plane reinforcement surface area); and  δ  is the friction angle between soil and reinforcement.


   P  p  (  b r  )    =  (     L r   S   )     W r     α b    B    σ b ′  ,  



(3)




where    α b    is the fraction of each bearing surface area    W r    B  , available for bearing (loss of area due to connections),  B  is the thickness of transverse members,    L r  / S   is the number of bearing surfaces, and    σ b ′    is the bearing resistance stress of the transverse member. From Equations (1)–(3), the general expression for the bond coefficient is [13].


   f b  =  α s     (    t a n δ   t a n ∅    )  +    (     α b    B  S   )     (     σ b ′     σ v     )     1  2    tan  ∅   .  



(4)







Generally, the inter-relation between the pullout resistance strength and maximal pullout force of reinforcement can be calculated in order to evaluate the pullout parameters as follows:


   P r  = 2    τ p       W   r   L r  ,  



(5)




where    P r    is maximal pullout force and    τ p    is pullout strength.



The pullout-resistance mechanism of the improved reinforcement can be explained as follows. First, the connection pin (transverse member), of which the number of transverse members ranges from 1 to 3, is inserted into the punched smooth steel strip. Second, longitudinal members have friction resistance with the existing smooth steel strip reinforcement. Bearing resistance between soil and reinforcement is also increased because the inserted transverse members have an anchor effect in the soil. Therefore, pullout-resistance characteristics should be analyzed for two resistance types.




2.2. Bearing Resistance of Transverse Members


The bearing resistance of transverse members is related to the cohesion, friction angle, and bearing-capacity factors in the Terzaghi–Buisman bearing-capacity equation, which was modified into the following form [21]:


   σ b ′    =   c ·  N c    +    σ v  ·  N q  ,  



(6)




where c is soil cohesion,    σ v    is the effective normal stress of the soil to the reinforcement surface,    σ v    and    N q    are bearing capacity factors, and    N q    is the failure mechanism factor. The bearing resistance stress (   σ b ′   ) of transverse members can be expressed as follows [24]:


   P  p  (  b r  )    = n · w · d ·  σ b ′  ,  



(7)




where n is the number of transverse members,  w  is the width of the transverse members, and d is the diameter of transverse members. The bearing resistance of transverse members is expressed by the assumed failure mechanism, such as general shear failure [24] and punching shear failure [8]. The value for    N q    can be calculated according to the failure mechanism as shown in Equations (8) and (9). The value for    N c    of the two failure mechanisms is taken as shown in Equation (10).


   N q    =    e   (   π   tan  ∅  )      tan  2   (  45 ° +    ∅ 2   )   



(8)






   N q    =    e   (   π 2    +   ∅  )     tan  ∅   tan  (  45 ° +    ∅ 2   )   



(9)






   N c    =    (   N q  −   1  )     cot  ∅  



(10)








2.3. Interference Effect


Interference between transverse members has a considerable effect on the bond coefficient, as was confirmed by [19]. Determining the distance between transverse members is particularly important because if the distance between transverse members increases to reduce the interference effect, total pullout resistance is decreased due to reduced bearing resistance. Therefore, the interference effect between transverse members was proposed to evaluate the degree of interference, as follows [19]:


  D I   =   1   −    (     P p    n  P o     )  ,  



(11)




where DI is the degree of interference,    P p    is the maximal pullout force for the reinforcement with    n   transverse members, and    P o    is the maximal pullout force for an isolated transverse member of the same reinforcement. The bearing bond coefficient can be calculated considering the bond coefficient proposed by [8], as follows [19]:


   f  b  (  b e a r i n g  )    =  (  1 − D I  )     (     α b    B  S   )     (     σ b ′     σ v     )     1  2    tan  ∅    



(12)









3. Experiment Overview


Large-scale pullout tests were carried out to evaluate pullout resistance in the reinforcement by a combination of smooth steel strips and transverse members.



3.1. Large-Scale Pullout Testing Apparatus


The large-scale pullout testing apparatus used in this study was manufactured by Iljin ENG (Incheon, South Korea), and it consisted of a rigid (soil) box, load (normal and pullout) device, and control box, as shown in Figure 1. The dimensions of the used rigid box (1600 mm length, 760 mm width, and 550 mm height) exceeded the recommended minimal dimensions given by ASTM (American Society for Testing and Materials) [27]. The rigid box can endure a pressure of 700 kPa. Normal stress could be applied up to 500 kPa by using an air bag, which provided a uniform surcharge load that was considered for the field condition. The pullout load was adopted for displacement control method using an electric motor that has control capacity for the displacement rate of 0.5–30 mm/min, and maximal pullout force was controlled up to 200 kN.




3.2. Material Characteristics


3.2.1. Soil Properties


Large-scale pullout tests were conducted using nonplastic soil that was classified as SW according to the Unified Soil Classification System (USCS) and had a percentage passing of 4.07%. The optimal water content and maximal dry unit weight obtained from compaction tests were 14.1% and 18.82 kN/m2, respectively. Direct shear tests were conducted to determine shear strength, and the cohesion and internal friction angle of the soil were 8.7 kPa and 35.6°, respectively, which corresponds to typical weathered granite soil [28,29]. Soil characteristics are shown in Table 1.




3.2.2. Reinforcement


Large-scale pullout tests were performed on the two types of inextensible reinforcement. One was the existing smooth steel strip (Type A), and the other was the newly improved reinforcement (Type B), produced by pinning together a combination of punched smooth steel strips and transverse members, as shown in Figure 2. The size of Type A and B reinforcements for longitudinal members was 1200 mm effective length for insertion into the test box, 65 mm width, and 5 mm thickness. The dimensions of the transverse member were of 10 mm diameter, 400 mm length, and 50 mm height with an ∩ shape. The longitudinal members of Type B had 11 mm of punching diameter to allow for easy insertion into the transverse members; the installed reinforcement in the soil box is shown in Figure 2c. The first transverse member was installed at 100 mm from the end of the longitudinal member. The other transverse members were located for an anchor effect at intervals of 250 mm as shown in Figure 2d.





3.3. Testing Program and Procedure


As mentioned above, the pullout tests were carried out according to the recommended method in ASTM [27] to evaluate the resistance effect of transverse members using Types A and B. The testing program and test classifications are listed in Table 2. The numbers of transverse members were applied in the cases of none and 1 to 3 members, which confirmed the effect on pullout resistance due to transverse members and normal stress. Tests were conducted four times to confirm the bearing-resistance effect due to the installation location of the transverse member. Soil conditions were similar in all tests.



The soil, which had a lower and upper ground in the test box, comprised three layers compacted using a rammer (impact force, 14 kN; impacts per min, 640–680) onto each ground. The compaction ratio of each layer was applied to exceed 95%. Transverse members were inserted to maximize bearing resistance in the soil. Normal stresses varied from 25 to 200 kPa considering compacted soil and backfill height. Friction between the soil and box was reduced using an oiled wrap, and a displacement rate of 1 mm/1 min was equally applied. Front displacement using linear variable differential transformers (LVDTs) was measured as follows: (1) in the case of nontransverse members (Type A), the pullout force was measured until convergence, and (2) in the case of the existing transverse members (Type B), the front displacement was measured up to 160 mm.





4. Test Results and Discussion


4.1. Test Results


Figure 3 shows the pullout test results of both types of reinforcement. The pullout force of case SN showed a marked peak value regardless of normal stress conditions when the front displacement was within 1.2 mm; pullout force then gradually decreased (Figure 3a). The pullout forces of PS1-1, PS2-1, and PS3 rapidly increased when front displacement was within 4 mm, and they continuously increased according to the increment of the front displacement. A number of transverse members increased, and the increment ratio of pullout force increasingly grew (Figure 3b–d). However, there were no effects with stress less than 100 kPa when transverse members were more than 2. This means that pullout resistance initially (within 4 mm) appeared only as friction resistance due to longitudinal members. Therefore, bearing resistance due to transverse members has a significant effect when front displacement and normal stress are more than 4 mm and 100 kPa, respectively.



Figure 4 shows the test results for Type B in which a location change in transverse members was installed in the same condition of normal stress (100 kPa). PS1-2 and PS1-3, in which one transverse member was installed, had a similar trend in the relationship between pullout force and pullout displacement, as shown in Figure 4a. However, the transferred bearing resistance due to pullout force on PS1-1 was less than that of other cases because the transverse member was installed at a long distance from the front wall, which is affected by wall friction. In the case of two transverse members, PS2-2, where transverse members were installed in the first and third locations, there was a large pullout force compared with that in other cases (PS2-1 and PS2-3). This means that interference was affected by the distance between transverse members when a number of transverse members were installed over two locations.




4.2. Evaluation of Pullout Strength


The pullout-resistance characteristic of inextensible reinforcement could be determined by the front displacement range as follows: (1) smooth strip, 1.2 mm, and (2) bar mats and welded wire meshes, 12–50 mm [30]. The pullout strength (   τ p   ) of Types A (SN) and B (PS1-1, PS2-1, and PS3) could be calculated by using the determined displacement range. Figure 5 shows the calculated pullout strength and evaluated pullout parameters as listed in Table 3. The pullout strength of all cases had a linear increment as the increment of normal stress; the increment of normal stress and the transverse member caused greater increment. This means that the incremental effect of pullout resistance was due to the bearing resistance of transverse members. Friction strength (   τ  p  (  fr  )     ) due to longitudinal members (SN) was subtracted from total pullout strength (   τ p   ) in order to evaluate the bearing strength (   τ  p  (  br  )     ) of transverse members in the cases of PS1-1, PS2-1, and PS3. Figure 6 shows the relationship between normal stress and bearing strength. The effect of bearing strength is increased in total pullout strength because of the increment of normal stress and transverse member. However, the incremental effect of bearing strength becomes almost constant if the normal stress is over a certain value, even though bearing strength increases as an increment of transverse members, because the bearing strength has not subsequently increased.




4.3. Prediction of Bearing Resistance


Figure 7 shows a comparison between the predicted values and observed results of bearing-resistance stress according to the number of transverse members. The predicted bearing resistance used in soil strength parameters is calculated from the general shear failure [19] and punching shear failure [8]. Pullout force based on the design guidelines specified by the Federal Highway Administration (FHWA) [30] was applied in order to calculate bearing-resistance stress using test results, of which the value at the front displacement was 50 mm. Pullout force was also applied to the maximal pullout force regardless of pullout force and pullout displacement, which calculate bearing-resistance stress at that point due to the transverse member.



Bearing-resistance stress in all cases, which had applied pullout force at 50 mm front displacement, was close to the general shear failure in the lower normal stress condition. However, it was close to the punching shear failure if normal stress increased because there were considerable gaps between the pullout force at 50 mm front displacement and maximal pullout force, as seen in Section 4.1. Bearing-resistance stress closed from punching shear failure to general shear failure according to the increment of the transverse member due to the small interference effect between transverse members. The interference effect showed the same results according to the set installation location of transverse members as those for the pullout force of PS2-1, which was lower than that in the other cases (see Figure 4b). On the other hand, bearing-resistance stress applied with maximal pullout force was close to general shear failure regardless of the normal stress condition or number of transverse members, as the maximal pullout force appeared when soil mass was close to shear failure.



The observed bearing-resistance stress of all cases was plotted between the lower and upper boundaries, with similar results to those of existing studies [9,24,27,31,32,33]. Existing studies are applied to reinforcements such as welded steel grids and geogrids, and the bearing resistance of these types has about 70–80% total pullout resistance [25]. However, the bearing resistance of the reinforcement used in this study had about 33%–66% in total pullout resistance according to the number of transverse members, meaning that friction and bearing resistance were evenly distributed. Therefore, the reinforcement used in this study can solve problems of existing reinforcement, such as those in the welding of welded steel grids and geogrid junctions after construction.



In the case of more than two transverse members, pullout resistance was affected by the distance between transverse members, as mentioned in Section 2.3. Figure 8 shows the relationship between bearing bond coefficient and normal stress for PS1-1, PS2-1, and PS3 considering the interference effect, which is calculated using Equation (12), and pullout force at 50 mm front displacement. The bearing bond coefficient was greatly reduced with a decrease in the number of transverse members in lower normal stress conditions. However, the reduction ratio of the bearing bond coefficient had little effect in any of the cases when the number of transverse members was decreased according to the increment of normal stress. This means that the interference effect was affected by the number of transverse members. The bearing bond coefficient was rapidly decreased within normal stress of 25–100 kPa in all cases. Subsequently, these became gradually constant, which was similar to the trend of bearing strength with a stress of over 150 kPa (Section 4.1). The reduction ratio of the bearing bond coefficient in PS3 was larger than that in the other cases because the interference effect was increased according to the increment of the transverse member, as mentioned above. This means that the increment of the interference effect was caused by the increase in the number of transverse members and normal stress.




4.4. Prediction on Number of Transverse Members Considered Bearing Bond Coefficients


The relationship between bearing-resistance stress and bearing bond coefficient with the number of transverse members and normal stress is shown in Figure 9. The bearing bond coefficient was decreased according to the increment of bearing-resistance stress with the number of transverse members. Bearing-resistance stress did not increase in PS2-1 and PS3 when normal stress was above a certain value. This means that if normal stress is more than a certain level, the bearing bond coefficient and bearing-resistance stress should be considered in the application of the number of transverse members. Therefore, for transverse members, bearing-resistance stress and bearing bond coefficient due to normal stress can be found as follows.



If normal stress is higher than a certain level, bearing-resistance stress has a high value, but a number of transverse members have little effect on the bearing bond coefficient. However, the result differs for cases of lower normal stress. Meanwhile, the occurrence range of bearing-resistance stress widely varied with the increment of normal stress, but the incremental ratio of the bearing bond coefficient gradually decreased. Therefore, when predicting the number of transverse members, bearing-resistance stress and bearing bond coefficient should be considered.



In order to predict the number of transverse members needed to satisfy the required bearing resistance, a prediction method is proposed as shown in Figure 10.



The prediction method is as follows:



First, the calculated bearing-resistance stress and bearing bond coefficient, which have the same soil condition, can be plotted as shown in lines ①–③. Second, the intersectional point of each tangent line on the two sides, of which minimal and maximal normal stress is applied in lines ①–③, is extended and connected. The incremental ratio of bearing strength was decreased. Lastly, the prediction of a number of transverse members can be used to obtain the crossing point of the tangential line on the plotted line of bearing-resistance stress and bearing bond coefficient.



For example, if Points A–D for bearing-resistance stress and bearing bond coefficient are as shown in Figure 10, each point is presented as follows:



In cases marked on the plotted line (Point A) and unmarked on the plotted line or in the nonoverlap zone (Point B), a number of transverse members are selected from the plotted line and that of shift point B to B’, considering stabilization.



In the cases within the unmarked area on the plotted line and in the marked area on the overlap zone (C and D), evaluation is classified in the lower and upper zone of the solid line, which uses an extended line by the intersectional point of each tangent line in the overlap zone. That is, if the plotted point is marked on the lower zone, the prediction could be selected after the shift from C to C’; if the plotted point is marked on the upper zone, the selection could be decided after the shift from D to D’.



Therefore, the number of transverse members can easily be predicted in the nonoverlap zone. However, if the selection is within the overlap zone, the above-mentioned rational methods can be used for evaluation. That is, the stability and economic efficiency of a reinforced earth wall used in improved reinforcement can be reasonably predicted.




4.5. Design Case Considering Predicted Method on a Number of Transverse Members


The design case was used to verify the rationality of prediction on a number of transverse members. The design was based on design guidelines specified by FHWA [30] and applied to the same conditions. Figure 11 shows the cross-sectional view of a reinforced earth wall. Reinforcement length was 8.4 m (0.7 H), and it was designed to satisfy internal and external stability.



When transverse members were two, the general design result was compared with the design result using the predicted method. Table 4 shows the comparison between general and predicted design, confirming that the design result based on the predicted method could decrease a number of transverse members of 1st, 2nd, 15th, and 16th reinforcement. It satisfied safety factor criteria even though the safety factor was decreased. That is, the prediction for a number of transverse members could apply a bearing bond coefficient according to normal stress, and it had no effect on the stability of the reinforced earth wall. Therefore, the predicted method of transverse members could be applied as a design method of smooth steel strip with transverse members and in field design.





5. Conclusions


This study presented the pullout test results of a reinforcement that improved existing steel reinforcements on the basis of one resistance mechanism in the most pullout resistance. The improved reinforcement has smooth steel strip reinforcement with transverse members, and it had an evenly distributed friction resistance and bearing resistance. The test results obtained in this study led to the following conclusions:



	(1)

	
The bearing-resistance effect of the total pullout resistance was not related to the effective length of reinforcement in the resistance zone because the installed quantity of the transverse member is decided by soil conditions. Therefore, total pullout resistance of the improved reinforcement should be evaluated with friction resistance on the basis of effective length due to longitudinal members and bearing resistance due to transverse members, respectively.




	(2)

	
Bearing strength based on the resistance of transverse members had little incremental effect when the value of normal stress and the quantity of transverse members were higher than certain values because it did not increase further.




	(3)

	
The bearing bond coefficient considering the interference effect was rapidly decreased in initial normal stress, but it gradually converged when normal stress was more than a certain value. Therefore, the increment of the interference effect was caused by the increment of the transverse member and normal stress.




	(4)

	
Therefore, in order to predict the number of transverse members, a prediction method is proposed using the relationship between bearing-resistance stress and bearing bond coefficient due to normal stress. This is a rational method for achieving the stability and economic efficiency of reinforced earth walls using the improved reinforcement.
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Figure 1. Schematic view of large-scale pullout test apparatus: (a) plan view and (b) cross-sectional view (dimensions in millimeters). 
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Figure 2. Reinforcements used in this study: (a) longitudinal member, (b) transverse member, (c) reinforcement installed in test box, and (d) installation location of transverse members. 
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Figure 3. Results of pullout tests: (a) SN, (b) PS1-1, (c) PS2-1, and (d) PS3. 
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Figure 4. Results of pullout tests by change in installation location of transverse members (normal stress, 100 kPa): (a) number of transverse members—1 and (b) number of transverse members—2. 
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Figure 5. Relationship between normal stress and pullout strength. 
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Figure 6. Relationship between normal stress and bearing strength. 
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Figure 7. Comparison of predicted and observed bearing-resistance stress according to number of transverse members: (a) PS1-1, (b) PS2-1, and (c) PS3. 
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Figure 8. Relationship between normal stress and bearing bond coefficient. 






Figure 8. Relationship between normal stress and bearing bond coefficient.



[image: Applsci 11 02776 g008]







[image: Applsci 11 02776 g009 550] 





Figure 9. Relationship between bearing-resistance stress and bearing bond coefficient. 
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Figure 10. Prediction method for number of transverse members. 
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Figure 11. Cross-sectional view of design case. 
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Table 1. Soil characteristics.
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	Property
	Soil





	Specific gravity, GS
	2.67



	Plastic limit, wP (%)
	Nonplastic (NP)



	Maximal dry unit weight, γd,max (kN/m3)
	18.8



	Optimal water content, wop (%)
	14.1



	Friction angle, Φ (°)
	35.5



	Cohesion, c (kPa)
	8.7



	Unified Soil Classification System (USCS)
	Well-graded sand (SW)
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Table 2. Pullout testing program.
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Reinforcement Type

	
Normal Stress    (   σ   v   ,   kPa )   

	
Transverse-Member Type

	
Test Classification




	
Number of Transverse Members

	
Location of Transverse Member






	
Smooth steel strip

	
25, 50, 100, 150, 200

	
None

	
-

	
SN




	
Pinning jointed smooth steel strip

	
25, 50, 100, 150, 200

	
1

	
1st

	
PS1-1




	
100

	
2nd

	
PS1-2




	
3rd

	
PS1-3




	
25, 50, 100, 150, 200

	
2

	
1st, 2nd

	
PS2-1




	
100

	
1st, 3rd

	
PS2-2




	
2nd, 3rd

	
PS2-3




	
25, 50, 100, 150, 200

	
3

	
1st, 2nd, 3rd

	
PS3








Note: test classification = longitudinal member type, a number of transverse member–location of transverse member (e.g., PS 2-1 = pinning jointed smooth steel strip, 2 (number of transverse member)–1 (1st and 2nd location of transverse member)).
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Table 3. Soil characteristics.






Table 3. Soil characteristics.





	
Test Classification

	
Pullout Parameter




	
Adhesion of Soil Reinforcement

   (  c p  ,   kPa )   

	
Interface Friction Angle of Soil Reinforcement

(δ, °)






	
SN

	
22.8

	
20.3




	
PS1-1

	
39.7

	
25.5




	
PS2-1

	
56.9

	
33.2




	
PS3

	
88.2

	
39.6
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Table 4. Design results on pullout resistance according to predicted method.
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Common Design Condition

	
General Design

	
Design Using Predicted Method




	
Reinforcement No.

	
Embeded Height (m)

	
La (m)

	
Le (m)

	
Safety Factor Criteria

	
Number of Transverse Members

	
Safety Factor (FSpo)

	
Number of Transverse Members

	
Safety Factor (FSpo)






	
1

	
0.375

	
0.225

	
8.175

	
FSpo ≥ 1.5

	
2

	
1.93

	
1

	
1.56




	
2

	
1.125

	
0.675

	
7.725

	
1.90

	
1

	
1.51




	
3

	
1.875

	
1.125

	
7.275

	
1.88

	
2

	
1.88




	
4

	
2.625

	
1.575

	
6.825

	
1.83

	
1.83




	
5

	
3.375

	
2.025

	
6.375

	
1.79

	
1.79




	
6

	
4.125

	
2.475

	
5.925

	
1.75

	
1.75




	
7

	
4.875

	
2.925

	
5.475

	
1.71

	
1.71




	
8

	
5.625

	
3.375

	
5.025

	
1.69

	
1.69




	
9

	
6.375

	
3.6

	
4.8

	
1.67

	
1.67




	
10

	
7.125

	
1.67

	
1.67




	
11

	
7.875

	
1.68

	
1.68




	
12

	
8.625

	
1.74

	
1.74




	
13

	
9.375

	
1.86

	
1.86




	
14

	
10.125

	
2.13

	
2.13




	
15

	
10.875

	
2.81

	
1

	
1.64
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