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Abstract

:

The construction of integral bridges is one of the most effective methods to reduce bridges’ construction and in-service costs. However, there are associated geotechnical problems with their abutments backfill due to the integrated abutments. The main goal of this study is to evaluate and quantify the benefits of geogrid reinforcement for reducing the backfill’s geotechnical problems. For this purpose, using small-scale physical modeling, the benefits of geogrid reinforcing of the backfill of an integral abutment bridge subjected to cyclic movements are evaluated. The results are then compared with a previous study performed on unreinforced backfill and two types of geocells. In this study, 120 loading cycles are applied to geogrid-reinforced soil to simulate the cyclic loadings on integral abutment backfill due to seasonal abutment displacement. The horizontal reaction load at the top of the wall, changes in pressure behind the wall, and deformation in backfill soil are measured during the test. Then the results are discussed in terms of equivalent peak lateral soil coefficient (Kpeak), lateral earth pressure coefficient (K*), and normalized settlement behind the wall (Sg/H). The derived lateral soil coefficients and settlement behind the abutment show that geogrid substantially reduces pressure and settlements after 120 cyclic loads. Based on the results, Kpeak and K* of the geogrid-reinforced backfill decrease by up to 36%, and Sg/H behind the wall decreases by 62%. In addition, the comparison of the results for geogrid with two geocell types shows that geogrid is more efficient in terms of lateral soil coefficients.
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1. Introduction


Recently, many efforts have been made to attenuate pavement- and bridge-associated design and performance problems [1,2,3,4,5,6]. In conventional bridges, the malfunctioning sliding bearings and expansion joints are the main sources of service life costs, primarily due to corrosion problems [7,8,9].



By eliminating the joints between the deck and abutments, corrosion problems in joints/deck and the associated costs of maintenance and replacement would be eliminated. Integral Abutment Bridges are structures with fixed connections between the superstructure and the abutments. The construction of integral bridges (jointless bridges) is one of the most effective methods of reducing construction and service-life costs.



Besides the economic benefits, integral bridges are structurally more resistant to seismic loads than conventional bridges. In the integral bridge design, sliding bearings and joints are eliminated, and the bridge deck is fully integrated with abutments [10,11,12,13]. In addition, integral abutment bridges have many other benefits, such as rapid construction and simpler inspection and maintenance, smaller foundations, and higher structural capacity during floods and earthquakes [14,15,16,17,18,19].



However, the integrated abutment generates a geotechnical problem for the backfill soil. The integrated joints would push or pull abutments during elongation or shortening of the deck due to changes in air temperature [20,21,22,23,24]. As a result, the backfill soil would be subjected to cyclic loading due to daily and seasonal abutment displacement (Figure 1).



This loading would result in two main problems: an increase in soil pressure behind the abutment because of a phenomenon called “soil ratcheting” [25] and excessive settlement behind the abutment despite the small displacements due to the “dual ratchet mechanism” [26].



In order to attenuate these geotechnical problems, researchers have proposed and investigated different methods, such as using lightweight and compressible materials behind abutments and utilization of geosynthetics for backfill soil reinforcement.



The increasing lateral pressures at the backfill during deck elongation will be attenuated by using low stiffness and compressible materials behind abutments [27,28,29,30,31,32,33,34,35]. Carder and Card (1997) studied the applicability of using different elastic-compressible materials, such as geocomposites and polymers to reduce high lateral pressures behind abutments [36]. Horvath (2000b) reports that by using a compressible material as inclusion between the backfill and abutments, the lateral pressures decrease significantly behind the abutments in summers that abutments push the backfill due to deck elongation [11]. Utilization of Expanded Polystyrene (EPS) geofoam as inclusion between abutments and backfill soil has also shown great benefits for backfill soil and bridge structure [37]. Hoppe (2005) reports that EPS inclusion significantly reduces maximum lateral pressures behind the abutments and lessens the backfill settlements to a tolerable level. In addition, the EPS inclusion greatly reduces the vertical pressures from the overlayed granular material and approach slab transferring to the natural soil below it [38]. Al-Qarawi et al. (2020) reported that using EPS geofoam inclusion is effective in alleviating the abutment movement transferred to the approach soil, lowering the lateral pressure on the abutment and reducing the magnitude of approach settlements [20].



Several studies are also performed on using mixed recycled tire materials with soil as low-stiffness compressible material behind integral bridge abutments [39,40]. Zadehmohamad et al. (2021) reported that using recycled tire rubbers behind abutments significantly reduces the backfill pressure and the corresponding lateral earth pressure coefficient. Furthermore, with a reduction in backfill pressures, the associated backfill settlements are attenuated [41].



The other important solution for attenuating geotechnical problems in integral bridge backfill soil is using geosynthetic layers to reinforce the backfill aggregate material, investigated in different research studies. Tatsuoka et al. (2009) studied the performance of the Geosynthetic Reinforced Soil (GRS) integral bridge. They reported that despite the simple construction procedure and low construction cost, GRS integral bridge shows high performance [26]. Monitoring a constructed GRS integral bridge on a high-speed Hokkaido train line shows great performance during service life and imposed seismic loads [42]. Liu et al. (2021b), using a physical model of geogrid-reinforced backfill, reported that the geogrid reinforcements increased the stability of the backfill and minimized the yielded zone [28]. In addition, GRS integral bridges show high dynamic stability during seismic loading [43]. Zadehmohamad et al. (2017) reported that using different geocell layers in backfill soil reduces the backfill pressure and settlements behind abutments [44].



Despite the recent developments of GRS integral bridges, there is insufficient guidance and manuals to help designers for these bridges. In particular, the estimation of reinforced backfill pressure behind abutments is one of the most critical keys in GRS integral bridge design. In addition, in most research on the same topic, the reinforced backfill is a separated system from the integral bridge abutment. This study aims to shed light on the behavior of the connected geogrid-reinforced backfill of integral abutment bridges and compare the geogrid with two types of geocell reinforcement. Moreover, it tries to illustrate the backfill pressure distribution and backfill surface settlement and quantify the benefits of geogrid reinforcement in terms of backfill pressure and settlement. For this reason, a small-scale physical model of geogrid-reinforced backfill behind a wall is subjected to cyclic loading, and the changes in pressure and settlements are measured and evaluated. The results are then compared to unreinforced and geocell-reinforced case studies.




2. Equipment and Materials


The following section describes the modeling setup for performing small-scale cyclic loading on a geogrid-reinforced backfill of an integral bridge. The model measures the backfill pressure and settlement during cyclic loading imposed by a stiff wall rotating on its pind base. The model simulates the applied cyclic displacement of the deck to the top of the abutment due to its yearly elongation and shortening. The abutment displacement is assumed to have only rotational displacement, and the model’s condition is plane-strain.



2.1. Model Box


The experimental setup consisted of a modeling box with dimensions of 1.9 × 0.85 × 0.4 m of length, height, and width, respectively. Of the four sides of this box, the two longer sides are made from 10 mm thick glass, which helps to reduce the side friction and observe backfill deformation during the test. The rotating abutment of the box is made of Poly Tetra Fluoro Ethylene (PTFE) Teflon to guarantee the minimum friction angle and enough strength (Figure 2). Steel frames also stiffen the wall to ensure rigid behavior during cyclic displacement [41].



The wall is allowed to rotate about a pin installed 10 cm above the box bottom. The wall is instrumented by six Pressure Cells (PC), two Linear Variable Differential Transformers (LVDT), and one load cell, allowing continuous logging of the measured data during the test (Figure 3). The back-and-forth displacement of the wall with any desired speed is attained by employing an actuator connected to the wall at its top. The amplitude of wall displacement at the top of the wall is 4.2 mm, with a cycle duration of about 120 s. The velocity of wall movement is about 0.07 mm/s, which can be considered a static loading condition.




2.2. Sand Pluviator


In order to have a homogeneous backfill with the desired relative density (RD), a newly designed portable curtain sand pluviator is used to prepare uniform sand layers in the modeling box. The sand pluviator consists of a hopper mounted on a stiff modular frame [45]. An aperture below the hopper allows the sand to pour inside the modeling box when the pluviator is moving on the installed pair of rails on the box.



The relative density of sand beds is maintained constant by adjusting the aperture width, the sand height of fall, and pluviator speed. The sand pluviator is capable of reproducing sand beds with a wide range of relative densities between 15% and 90% (Figure 4).



In this study, the relative density of sand layers in the modeling box is chosen to be in dense condition with a relative density equal to 85% (aperture width 2 mm, the height of fall 50 cm, and pluviator speed 4 cm/s).




2.3. Instruments and Measurement


As mentioned before, an actuator is used for wall movements. In order to measure the required horizontal load for wall movement, the actuator is connected to the wall through a load cell. In order to prevent any unintended applied bending moment during wall displacement, the load cell is joined to the wall by using a spherical bearing hinge.



The backfill pressure during wall displacement in active and passive mode is measured using six flat film Pressure Cells (PC) with a resolution of 62.5 Pascals installed at 10 cm intervals from the bottom wall pin (Figure 5). When pressure is applied to this type of pressure cell, the thin-film element undergoes deformation or strain, causing its resistance to change. This change in resistance is proportional to the pressure applied and can be measured and converted into an electrical signal that can be read by a data acquisition system or another electronic device. In addition, two Linear Variable Differential Transformers (LVDT) are installed at the middle and top of the wall to ensure the rigid behavior of the wall during wall rotation. Before the test, instruments are calibrated and connected to an acquisition system that is able to log the measured values with a 1 Hz logging frequency.




2.4. Soil


In the current study, Firoozkooh No.161 sand, a poorly graded sand used at research centers for geotechnical research, is used for model construction. The sand’s characteristics and size distribution are shown in Table 1.




2.5. Geogrid


Geogrids are typically manufactured using High-Density Polyethylene (HDPE) materials. HDPE can resist elongation for long periods when subjected to tensile loads. A noncommercial PolyEthylene grid with an aperture diameter of 3 mm was selected as the model geogrid, based on      π 7    dimensionless factor in accordance with a medium-stiff geogrid with a tensile strength of 52 kN/m (Figure 5). The tensile strength of the model geogrid based on ASTM D4595 is 1.02 kN/m.





3. Model Similarity of Law


In order to derive governing parameters in the model, the low-speed cyclic loading condition in the present study can be considered static loading. The governing parameters for the rigid abutment of an integral bridge with a geogrid-reinforced cohesionless backfill subjected to a cyclic displacement at its top are as shown in Equation (1):


  f       ρ , g ,  E s  , υ , Φ , H , D , δ , L , T   = 0  



(1)




where  ρ  is the soil density,  g  is the gravity acceleration,    E s    is the soil elastic modulus,  υ  is the soil Poisson ratio,    Φ   is the soil internal friction angle,    H    is the height of backfill,  D  is the distance between geogrid layers,  δ  the wall displacement at one cycle at the top of the wall, L is the geogrid length, and T is the geogrid tensile strength.



Based on Buckingham’s Theorem, a homogeneous equation can be reduced to the correlation between sets of dimensionless products. The study on the problem then would be performed on the dimensionless products through dimensional analysis, which has great importance in geotechnical physical modeling studies.



In this study, three parameters of  ρ ,   g ,   and  H  are chosen as basic parameters. Based on the selected parameters, seven dimensionless  π  factors are obtained as Equation (2):


  π = f    π 1  ,  π 2  ,  π 3  ,  π 4  ,  π 5  ,  π 6  ,  π 7     



(2)




where    π 1  =    E s    ρ g H    ,    π 2  = υ  ,    π 3  =  δ H   ,     π 4  = Φ  ,     π 5  =  D H   ,      π 6  =  L H   ,     π 7  =  T  ρ g  H 2     .



The selection of governing parameters and dimensionless π factors through dimensional analysis is an important aspect of geotechnical physical modeling studies. While it may not always be possible to set prototype identical π factors in small-scale models, it is crucial to identify and keep equal the most important π factors that affect the behavior of the system. For small-scale geotechnical physical models, it is not always possible to set prototype identical  π  factors. As a result, based on the characteristics of the problem, the most important  π  factors on the problem behavior are selected to keep it equal for both the model and prototype. The closeness of parameters between the model and prototype can vary depending on the characteristics of the problem, and careful analysis is necessary to ensure that the critical parameters are appropriately addressed. By taking these steps, one can have confidence in the accuracy and applicability of the model for predicting the behavior of the full-scale system. Table 2 shows the values of      π 7    based on the strength of the model and prototype geogrid, which is the most important dimensionless   π   factor in the current problem. Considering the dense state of soil in models,    π 1  ,      π 2    and    π 4    in the models and prototype are almost equal. Parameters    π 3   ,      π 5   , and      π 7    also can be very close in the model and prototype based on the geometry and design characteristics of the geogrid reinforcement numbers and length behind the abutment.




4. Test Program and Model Preparation


A physical model of geogrid-reinforced backfill behind the rotating abutment of an integral bridge is constructed and tested during this study. The assumed lifespan for a typical integral bridge is 120 years. The backfill would be subjected to at least 120 cyclic displacements throughout its lifetime due to the seasonal elongation and contraction in summer and winter seasons, with an amplitude that depends on deck expansion coefficient, deck length, and changes in temperature throughout the year. Seven layers of geogrid with a length of 35 cm are connected to the wall at 10 cm intervals (Figure 6). Based on the model similarity of law, the model simulates a prototype wall of about 5 m [44]. The selected spacing (10 cm) would resemble a spacing of about 60 cm between geogrid layers. Based on the magnitudes considered for abutment displacement in previous research, the normalized displacement of the wall at its top was adopted to be  δ / H  = 0.6% (4.2 mm) [25,26,46]. The test is displacement control, and the first cycle started with the passive side by the movement of the wall toward the backfill soil (Figure 7).



As discussed before, the sand exits from the pluviator in a curtain shape and lays in thin horizontal layers inside the box. When the height of sand reaches the elevation of a geogrid layer, the pluviation is stopped, and the geogrid layer is placed at its location and tightly connected to the wall with the help of an aluminum strip (Figure 8). Then the rest of the geogrid layer (15 cm) rounds up to the backfill after 7 cm of sand pluviation.



In order to detect possible slip lines and measure vertical settlement in the backfill soil, layers of thin horizontal black sand are used adjacent to the glass wall in 10 cm intervals. The settlements behind the wall are measured by using a mesh drawn on the sidewall from photographic images.



Lateral Soil Pressure Coefficients


The lateral soil coefficient is the horizontal and vertical pressure ratio on a soil element in its natural state or behind retaining walls. In geotechnical engineering, there are three well-defined lateral soil coefficients behind a retaining wall: passive, active, and at rest. These coefficients are used in problems based on the relative movement of the wall and backfill soil. The at-rest coefficient is used when there is no relative movement between the wall and backfill. The passive and active coefficients are used when the wall moves toward or backward from the backfill. These two values can be obtained from limit analysis based on the large wall movements and are theoretically the upper and lower bound of the lateral earth pressure. The abutment movements of an integral bridge toward and backward from the backfill are not large enough to be considered upper or lower bounds. However, the cyclic nature of movements followed by a phenomenon called the “dual ratchet mechanism” makes it challenging to choose a design earth pressure coefficient for the backfill of integral abutments.



These measurements would help derive lateral soil coefficients in this study: pressure cells and load cell readings. Using the pressure cells’ readings at wall height by six pressure cells (PCs), the changes in lateral backfill pressure are measured continuously during wall movements. The maximum lateral pressure (   σ  h m a x  ′   ) during 120 cycles measured by each PC is then normalized to its initial vertical stress (σ′v0), which gives the value of ‘lateral earth pressure coefficient’ (K*) at each depth (Equation (3)).


   K *  =     σ ′   h m a x         σ ′   v 0      



(3)







The measurements of the load cell represent the deck’s internal reaction force during wall movements. The equivalent lateral earth pressure coefficient (Keq) is then calculated based on the measured force by using moment equilibrium about the pin (Equation (4)), assuming that lateral soil pressure distribution is triangular (Figure 9).


   K  e q   =   6 P     γ  H 2     



(4)




where P is the lateral load measured by the load cell during movements, H is the soil height above the pin, and  γ  is the unit weight of the dry soil (15.93 kN/m3).





5. Results and Discussion


In the following section, the results derived from this study are evaluated and compared with the results obtained in previous research on the unreinforced backfill and reinforced backfill models with two types of geocell reinforcement. The geocells are made of cardboard due to the model similarity law. The arrangement of the geogrid reinforcement (length and number of layers) is considered similar to the geocell reinforcement for better comparison. In the previous research, two types of honey-shaped and square-shaped geocells were evaluated for reinforcement and showed great benefits in lateral pressure and settlement behind abutment [44].



These results are evaluated and compared in terms of equivalent lateral earth pressure coefficient (Keq), lateral earth pressure coefficient (K*), and normalized settlement at the backfill surface (Sg/H) behind the wall.



5.1. Equivalent Lateral Earth Pressure Coefficient (Keq)


As mentioned before, the load cell measured the required force for the wall displacement on passive and active movements during the test. Figure 10 illustrates the changes in Keq versus elapsed time during the unreinforced backfill test. As shown in Figure 10, the value of Keq in a loading cycle reaches a maximum point in passive mode. After the maximum point, Keq decreases to its minimum value, which remains constant during loading cycles. The maximum value of Keq increases with an increase in cycles. The rate of increase in Keq maximum values (Keq,max) for the first 20 cycles is high; however, the increase in rate slows down toward the end of cycles, suggesting an asymptotic value for Keq,max.



The changes in Keq versus horizontal displacement of the unreinforced model for the first and last cycles are shown in Figure 11. The variation in Keq values shows a linear increase during the passive mode due to the incremental formation of the passive zone behind the abutment. However, in the active mode, the Keq values drop sharply due to shear zone formation, which is the cause of the nonlinear changes of Keq in this mode.



The evolution of the maximum equivalent lateral earth pressure coefficient (Keq,max) during loading cycles of four tests is compared in Figure 12. For all tests, it is evident that Keq,max increases during cycles, with a high rate of increase in the first 20 cycles. The results show that geogrid reinforcement decreases the Keq,max after 120 cycles, by about 36%. In addition, the Keq,max for the geogrid case is stabilized after a point, while for the unreinforced case, it shows an increase until the end of cycles. The comparison between geogrid and two types of geocell shows that geogrid is more efficient than geocell types in decreasing Keq,max. The values of Keq,max for geogrid-reinforced backfill at cycle 120 is about 10% lower than both geocell types.




5.2. Lateral Earth Pressure Coefficient


The backfill pressure during the test is measured by six pressure cells mounted at different wall heights. Like reaction force, the lateral pressure reaches a maximum point in passive mode and decreases during active mode. The maximum developed lateral earth pressures behind the wall of four tests during loading cycles are compared in Figure 13. As can be seen in this figure, the maximum value of the lateral earth pressure (   σ  h m a x  ′   ) during cycles occurs in the upper half of the wall due to the rotating nature of wall displacement. This value is 5.92 kPa lower for the geogrid reinforcement (about 24%). In addition, for the unreinforced test, the    σ  h m a x  ′    occurs about the middle of the wall (z/H = 0.42 in which z is the distance from the surface and H is the wall height); however, the    σ  h m a x  ′    for geogrid-reinforced backfill occurs at upper heights (z/H = 0.28).



The magnitude of lateral pressure in the backfill soil is a function of relative lateral displacement of wall and soil and also soil confinement. The geogrid reinforcement in the backfill prevents the formation of shear zones behind the abutment. As a result, it can be seen that for the geogrid-reinforced backfill with a trivial settlement, the maximum pressure occurs at the normalized depth of 0.3 (z/H = 0.3). The lower lateral earth pressure (   σ  h m a x  ′   ) during cycles in geosynthetic reinforced backfill can be attributed to the prevention of shear zone formation. For the unreinforced backfill, when the wall is pulled away from the backfill in the active mode of wall movement at each cycle, the soil slides and fills the gap created by the moving wall. As a result, the soil behind the wall accumulates behind the wall in the normalized depth between 0.1 and 0.5. When the wall pushes the backfill in the passive mode of wall movement, it cannot move the settled soil upward and would push the soil horizontally. Thus, the maximum lateral pressure occurs at a higher wall depth with higher magnitudes.



In most cases, the    σ  h m a x  ′    occurred at the last loading cycle; however, at some points in the upper part of the wall,    σ  h m a x  ′    is measured before the last cycle. The value of K* can be obtained by dividing the    σ  h m a x  ′    over the     σ ′   v 0     at each height. As shown in Figure 14, geogrid reinforcement would decrease the K* values at wall height by up to 36% at some points.



In all cases, the K* value decreases at wall height, reaching the wall bottom. In the lower half of the wall, the differences between K* values for the unreinforced and reinforced cases are low due to lower settlement and densification in this backfill.



The derived values of Keq,max (Keq at cycle 120) are compared with the derived values of K* in each test at wall height in Figure 15. This Figure shows important differences between the Keq,max, and K* values at wall height for geogrid-reinforced and unreinforced backfill models. While the Keq,max is assumed to be constant in the wall height, the K* values decrease at wall height toward the wall bottom as a result of the rotating nature of wall movements. The variation of K* values at wall height suggests that assuming a single lateral earth pressure coefficient value for integral bridge abutments design might cause substantial errors by underestimating the backfill pressure in the upper parts of the wall and overestimating backfill pressure in the lower parts.




5.3. Settlements


The deformations of geogrid-reinforced and unreinforced backfills after 120 loading cycles are shown in Figure 16. Several slip lines are observed in the unreinforced backfill after 120 loading cycles, resulting in significant settlements behind the wall. Apart from the geogrid-reinforced backfill, the deformation of colored sand lines illustrates that geogrid reinforcement effectively prevents the formation of active shear zones behind the wall due to the addition of tensile strength to the backfill. The only cause of settlement behind the wall for geogrid-reinforced backfill is forming a “rolling up” zone. In this zone, the colored sand lines fade away, illustrating that sand particles roll up during active mode displacement and deposit in a gap that was formed between the backfill and moving wall. The surface settlements show that a small bump is formed behind the reinforced zone, which can be a sign of developing a shear zone due to the displacement of the reinforced zone during active mode displacement.



The settlements behind the wall at the soil surface were measured using close-up images with the help of meshed side glass. The variation of normalized settlements (Sg/H) versus normalized distance from the wall (x/H) at the end of the loading cycles of four tests is shown in Figure 17. As can be seen, the geogrid reinforcement significantly reduces the backfill settlement compared to unreinforced backfill by preventing the formation of shear zones behind the wall. This reduction reaches 63% adjacent to the wall. In comparison with honeycomb geocell, geogrid works better in reducing settlements. However, square-shaped geocell has a better performance in this regard.





6. Conclusions


This study presents the results derived from a physical model of a geogrid-reinforced backfill behind a rigid wall, subjected to cyclic displacement from the wall, simulating the cyclic movements of integrated abutments due to elonagation and contraction of the integral bridge deck. The results are then evaluated and compared with unreinforced and geocell-reinforced backfill to clarify the benefits of geogrid reinforcement. The significant results of the study are as follows:




	
Geogrid reinforcement effectively reduced the excessive pressure and settlement behind abutments, problems associated with the cyclic movements of the abutments of integral bridges.



	
Geogrid reinforcement reduced the maximum lateral earth pressure coefficient (Keq,max) by 36 percent compared to unreinforced backfill. This reduction in lateral earth pressure coefficient can be attributed to the mechanical interaction between the geogrid and the surrounding soil. In addition, geogrids can improve the soil’s shear strength and increase its overall stability, which further contributes to the reduction in lateral earth pressures.



	
The derived K* are larger than Keq,max at upper parts of the wall, and smaller at lower parts, suggesting the value of considering different lateral earth pressure coefficient values for design at the wall height. This difference can be attributed to the variation in wall displacement at different heights of the wall.



	
Geogrid reinforcement significantly reduced the settlement behind the wall (62%) by preventing the formation of active shear zones. This reduction can be attributed to the improved mechanical interaction between the geogrid and the surrounding soil and the soil’s shear strength, which helps distribute loads and reduce stress concentrations in the soil, prevents the formation of slip lines in soil behind the wall. However, a small bump behind the reinforced zone suggests that cyclic movement is not entirely attenuated in the geogrid-reinforced zone.



	
Geogrid reinforcement shows better performance than the two types of geocell. The calculated Keq,max for the geogrid-reinforced backfill test is 10% lower than the Keq, which is calculated for the geocell-reinforced backfill tests. The settlements are quite similar for geogrid- and geocell-reinforced backfill tests. Overall, the findings of this study suggest that geogrid reinforcement may be a more effective and efficient solution for retaining walls compared to geocell reinforcement. However, it is important to note that the performance of geogrid and geocell reinforcement can vary depending on various factors such as soil type, slope angle, and groundwater conditions.
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Abbreviations




	
Abbreviations




	
LVDT

	
linear variable differential transformer




	
HDPE

	
high-density polyethylene




	
PC

	
Pressure Cell




	
GRS

	
Geosynthetic-Reinforced Structure




	
EPS

	
Expanded Poly Styrene




	
Nomenclature




	
  ρ  

	
Soil density




	
g

	
Gravity acceleration




	
    E s    

	
Elastic modulus of soil




	
   υ     

	
Poisson’s ratio of soil




	
   Φ     

	
Internal friction angle of soil (degrees)




	
H

	
Height of soil behind the wall




	
D

	
Distance between two geogrid layers




	
   δ     

	
Wall displacement at its top during one cycle




	
   L     

	
Length of geogrid




	
  T  

	
Tensile strength of geocell material (kN/m)




	
    π i    

	
Dimensionless factors




	
RD

	
Relative Density (%)




	
Cc

	
Coefficient of curvature




	
Cu

	
Coefficient of uniformity




	
emax

	
Maximum void ratio




	
emin

	
Minimum void ratio




	
Gs

	
The specific gravity of soil




	
    σ  h m a x  '    

	
Maximum lateral pressure measured by a pressure cell




	
    σ  v 0  '    

	
Initial vertical stress




	
    σ  h 0  '    

	
Initial horizontal stress




	
    K *    

	
Lateral soil coefficient (calculated by dividing maximum lateralpressure cell to initial vertical stress)




	
  K  eq

	
Lateral soil coefficient (calculated by load cell force)




	
  P  

	
Lateral force measured by the load cell




	
  γ  

	
Soil moist unit weight (KN/m3)




	
Keq,max

	
Maximum lateral soil coefficient in all cycles




	
z

	
Distance from the surface




	
x

	
Distance from the wall
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Figure 1. Cyclic displacement of abutment due to changes in deck length. 
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Figure 2. Picture of model box. 
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Figure 3. Schematic view of model box, instruments, and data acquisition system. 
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Figure 4. Relative density of pluviated Firoozkooh sand 161 with different parameters of sand pluviator. 
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Figure 5. Noncommercial PolyEthylene grid selected for the modeling. 
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Figure 6. Schematic view of test with details. 
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Figure 7. Characterization of the applied displacement cycles to the top of the wall. 
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Figure 8. Pluviation and geogrid connection to the wall. 
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Figure 9. Assumed distribution of the soil pressure required to equilibrate the force P applied on the top. 
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Figure 10. Variation of the equivalent lateral earth pressure coefficient (Keq) of unreinforced backfill. 
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Figure 11. Variation of the equivalent lateral earth pressure coefficient (Keq) during cycles 1, 10 and 100. 
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Figure 12. Variation of Keq,max with cycles during tests. 
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Figure 13. Variation of lateral pressure during loading cycles for geogrid-reinforced backfill. 
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Figure 14. Variation of K* along the abutment after 120 cycles. 
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Figure 15. K* after 120 cycles. 






Figure 15. K* after 120 cycles.



[image: Buildings 13 00853 g015]







[image: Buildings 13 00853 g016 550] 





Figure 16. Settlements behind the wall after 120 cycles for geogrid-reinforced. 






Figure 16. Settlements behind the wall after 120 cycles for geogrid-reinforced.



[image: Buildings 13 00853 g016]







[image: Buildings 13 00853 g017 550] 





Figure 17. Settlements near the abutment after 120 cycles. 
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Table 1. Characteristics of Firoozkooh 161 sand.
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	Sand
	D10 (mm)
	D30 (mm)
	D60 (mm)
	Cu
	Cc
	emax
	emin
	Gs





	Firuzkooh NO.161
	0.16
	0.21
	0.28
	1.87
	0.88
	0.943
	0.548
	2.65
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Table 2. Comparision of    π 7    factor of a 5 m abutment and model.
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	Geogrid Material
	Prototype
	Model (kN/m)





	Tensile Strength (T)
	52 (kN/m)
	1.02 (kN/m)



	Height of wall (H)
	5 m
	0.7



	

   Soil   Density   ( ρ g )   








	15.93 (kN/m3)
	15.93 (kN/m3)



	

    π 7  =  T  ρ g  H 2      








	0.13
	0.13
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