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Abstract 

 

Geosynthetic-reinforced retaining (GRR) walls have been used as bridge abutments to support 

shallow foundations. This technology eliminates the need for traditional deep foundations, such as 

piles, to support bridges. However, limited studies have been conducted so far to evaluate the 

performance of GRR abutment walls constructed with flexible facing. The objectives of this study 

were: (1) to evaluate the performance of the GRR walls subjected to static footing loading and (2) 

to develop methods to predict facing lateral deflections and surface settlement of GRR walls under 

the footing loading. To fulfill the above research objectives, a comprehensive experimental study 

and analytical analysis were conducted.  

In this study, pullout tests were conducted to evaluate the effect of the load application 

method using an airbag with and without stiff plates on the vertical stress distribution and the 

pullout capacities and deflections of extensible (geogrid) reinforcement in the soil in a large pullout 

box. The non-uniform pressure distribution resulting from the airbag with stiff plates reduced the 

pullout resistance of the reinforcement as compared with that without stiff plates. The test results 

also show that the displacements in the cross section of the same transverse bar were not equal 

when the normal load was applied through stiff plates. 

This study investigated the combined effects of tension, bending, and friction on the 

measured strains on the upper and lower sides of uniaxial geogrid specimens by wrapping the 

specimen around a cylinder of different diameters. The test results show the combination of tension, 

bending, and friction reduced the average upper and lower strains by 28% as compared with the 

tension only. The cylinder diameter did not have any effect on the measured strains of the geogrid 
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on the cylinder. 

The experimental study investigated eight reduced-scale GRR abutment walls with 

wrapped-around and modular concrete block facing subjected to static footing loading in a test box 

under a plane strain condition. The settlements of the footing, the lateral deflections of the facing, 

the vertical and lateral earth pressures, the tensile strains along reinforcement, and the failure mode 

were evaluated. The test results showed that the modular block facing acting as a relatively rigid 

structural element reduced the footing settlement as compared with the wrapped-around facing. 

Moreover, the maximum lateral deflection in the wrapped-around facing wall was much larger 

than that of the modular block facing wall under the same applied footing pressure. The measured 

maximum vertical stress was larger than the calculated stress from the Boussinesq equation and 

the 2:1 distribution method at the centerline of the footing.  The maximum lateral earth pressure 

was recorded at the depth of 0.5H-0.7H and 0.9H (H is the wall height) from the top of the walls 

with modular block and wrapped facing, respectively. The Boussinesq equation was used to 

calculate the lateral earth pressure induced by footing loading, which approximately matched that 

measured for the wall with wrapped-around facing, but was quite different from that for the wall 

with modular block facing.  Shallow, middle, and deep slip surfaces were observed in these test 

models at failure.  

This study also investigated the effect of footing loading on global stability of GRR walls 

with wrapped-around and modular block facing.  The limit equilibrium methods (i.e., the Bishop 

modified method and the Spencer method) included in the ReSSA program was used to determine 

critical slip surfaces and their corresponding factors of safety of the eight reduced-scale 

experimental models and ten case histories in the literature. Based on the limit equilibrium analyses, 

the critical slip surfaces identified by Bishop's modified method and Spencer's two-part wedge 
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method reasonably agreed with those observed in the walls under footing loading. The data 

analysis showed an exponential relationship between the calculated factor of safety using the 

Bishop method and the maximum lateral facing deflection or the surface settlement of the GRR 

walls under footing loading. 
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Chapter 1. Introduction 

 

1.1. Background 

Geosynthetic-reinforced soil (GRS) is a composite soil mass that includes horizontal layers of 

geosynthetics as reinforcement in soil (Wu et al., 2006; Han, 2015). The concept of GRS has been 

employed in the construction of retaining walls, embankments, slopes, and shallow foundations 

(e.g., Badakhshan and Noorzad, 2017; Jiang et al., 2016; Wayne et al., 1998; Yasrobi et al., 2009b; 

Rahmaninezhad et al., 2009; Wu et al., 2006). The geosynthetic-reinforced retaining (GRR) walls 

have been extensively used in transportation systems to support self-weight of backfill soil, 

roadways and railways, bridges, and traffic loads (e.g., Viswanadham et al., 2017; Jiang et al., 

2016; Tatsuoka et al., 2014; Yang et al., 2012; Zhu et al., 2008; Lee and Wu, 2004; Abu-Hejleh et 

al., 2001). The important factors for global acceptance of GRR walls are cost effectiveness, simple 

and fast construction, excellent seismic performance, and ability to tolerate large differential 

settlement (e.g., Leshchinsky, 2014; Lee and Wu, 2004; Sabermahani et al. 2009).  

In recent years, there has been an increase in the use of GRR walls as abutments to support shallow 

foundations of bridges instead of traditional deep foundations, such as piles (Skinner and Rowe, 

2005; Lee and Wu, 2004). In this technology, GRR walls support both bridge beams on spread 

footings constructed directly on the reinforced soil mass and approaching roadway embankments. 

Two obvious benefits of this technology are to reduce the overall cost of a project as compared 

with a traditional pile foundation option and minimize bumps at end of bridges (Skinner and Rowe, 
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2005; Helwany et al., 2003; Abu-Hejleh et al., 2001). Bridge bumps often occur due to the 

differential settlement between pile-supported abutments and approach embankments. 

GRR walls can have rigid or flexible facing. One typical rigid facing is continuous reinforced 

concrete panels, either precast or cast-in-place (Yang et al., 2009; Lee and Wu, 2004; Tatsuoka et 

al., 1997). However, flexible facing can be geosynthetic wrapped-around facing, modular concrete 

blocks, natural rocks, or gabions (Wu et al., 2006; Lee and Wu, 2004). The wrapped-around facing 

is commonly used for: (1) temporary structures; (2) walls that will be subjected to significant post-

construction settlement; (3) walls with low aesthetic requirements; and (4) walls where new facing 

will be added later for protection and aesthetic appearance to become permanent structures 

(commonly used in Japan) (Holtz and Lee, 1998). 

Although several studies have been conducted to evaluate the behavior of the GRR walls with 

flexible facing under self-weight or surcharge (e.g., Jiang et al., 2016; Huang et al., 2009; Benjamin 

et al., 2007; Bathurst et al., 2006; Bathurst et al., 2001), limited experimental studies have been 

conducted to evaluate the behavior of the GRR walls with different facings under footings. 

Different from typical GRR walls, GRR abutment walls are generally subjected to high footing 

loading that are close to the wall facing (Rahmaninezhad et al., 2018; Xiao et al., 2016). Therefore, 

not only the stability of the GRR walls but also the bearing capacity and settlement of the bridge 

footing should be considered in design (Xiao et al., 2016). Although the GRR abutment walls with 

flexible facing have been the subject of a few studies, the interaction between the GRR wall and 

the footing is not well understood. In addition, very few studies have investigated the behavior of 

the GRR walls with wrapped-around facing (Rahmaninezhad et al., 2018; Benjamim et al., 2007). 
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Abu-Hejleh et al. (2001) monitored the performance of a 5.9-m-high GRR abutment wall with 

hollow-cored concrete block facing during construction and service. Yoo and Kim (2008) reported 

the behavior of a 5.6-m-high full-scale GRR wall in a tiered configuration under a square footing.  

Xiao et al. (2016) evaluated the relationship between the ultimate bearing capacity of the strip 

footing and its offset distance to the modular block facing, and identified failure modes of the GRR 

walls under footing loading. Kakrasul et al. (2016) studied the performance of GRR abutment 

walls with modular block facing and limited-space retained fill under a strip footing in the 

laboratory. In addition, a few numerical studies have been carried out on the GRR abutment walls 

(e.g., Leshchinsky, 2014; Fakharian and Attar 2007; Wu et al., 2006; Skinner and Rowe, 2005; 

Helwany et al., 2003). 

 

1.2. Objective 

The objectives of this study were: (1) to investigate stress distributions and pullout responses of 

geogrid in soil using different normal loading methods, (2) to evaluate the combined effects on 

measured strains of geogrid, (3) to evaluate the performance of GRR abutment walls with 

wrapped-around facing or modular concrete block facing subjected to footing loading, (4) to 

develop a method to predict the maximum lateral deflection of the GRR walls under footing 

loading, and (5) to develop a method to predict the settlement of the footing on the GRR walls. 

 

1.3. Research Methodology 

The research methodology adopted for this study includes: (1) a literature review of relevant 
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studies related to the GRR walls subjected to footing loading, including full-scale, reduced-scale 

tests and numerical modeling of these walls; (2) laboratory tests to determine the properties of a 

backfill material (i.e., the Kansas River Sand) and a reinforcement material (geogrid) used in the 

tests, (3) reduced-scale model tests of GRR abutment walls with wrapped-around or modular 

concrete block facing subjected to static footing loading in a test box under a plane strain condition, 

and (4) an analytical study on footing settlement and lateral facing deflection of GRR abutment 

walls with wrapped-around and modular concrete block facing. 
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Chapter 2. Literature Review 

 

2.1. Introduction 

Geosynthetic-reinforced retaining (GRR) walls are extensively used for highways, bridge 

abutments, and service roads throughout the world. This chapter presents a review of previous 

studies on the behavior of geosynthetic-reinforced retaining walls subjected to footing loading. 

The literature review of this study summarizes the following topics: (1) design methods; (2) 

reduced-scale model tests; (3) full-scale tests; (4) field tests; (5) numerical analysis; and (6) 

calculation methods for lateral deflection of wall facing. 

 

2.2. Design Methods 

2.2.1. Federal Highway Administration (FHWA) method (Berg et al., 2009) 

According to the FHWA design guideline, the tensile force in reinforcement in mechanically-

stabilized earth (MSE) walls is computed based on the lateral pressure, σh, and the tributary area 

of this pressure.  For the MSE walls subjected to a spread footing loading, the FHWA guideline 

proposed the following equation to calculate the lateral earth pressure at each level: 

 

σh = K (γZ + Δσv) + Δσh                            Eq. 2.1 

 

where σh = the lateral earth pressure, K = coefficient of the lateral pressure,  γZ = vertical pressure 

due to the overburden pressure, Δσv = induced vertical pressure due to the vertical surcharge 
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assuming a 2 (vertical):1 (horizontal) pyramidal distribution, Δσh = induced lateral pressure due to 

the vertical surcharge.  Figure 2.1 shows the distribution of vertical stresses from footing loading 

on top of the MSE wall at a distribution angle of 2 (vertical):1 (horizontal), which is often referred 

to as a 2:1 distribution method.   

Based on the FHWA guideline for an MSE wall with inextensible, steel reinforcements, 

there is a bi-linear failure plane starting from the edge of the footing as shown in Error! Reference s

ource not found.2. The base width of the bridge support spread footing (bf) and the location of the 

toe of the footing with respect to the back face of the walls panels (cf) is usually such that bf + cf 

is greater than one third of the height of the wall (H/3), as shown in Error! Reference source not f

ound.2. The location the critical failure surface that occurred at the location of the maximum tensile 

force line has to be modified to extend to the back edge of the spread footing. The variation of 

Kr/Ka and F* also should be modified (Error! Reference source not found.).  

Similar shifts in the location of the critical failure surface to the back of the footing have 

been observed for the walls with extensible reinforcement under the footing loading. Therefore, 

the critical failure surface should also be modified for extensible reinforcement if the back edge of 

the footing extends beyond a distance of H×tan(45-/2) from the wall face. These critical failure 

surfaces should be compared with the critical failure surface from compound stability analysis and 

the more conservative profile of the failure surface should be selected. 
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Figure 2.1. Distribution of stresses from a concentrated vertical load (after Berg et al. 2009) 
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Figure 2.2. Geometry definition, location of critical failure surface (after Berg et al. 2009) 

 

Figure 2.3. Variation of Kr and F* parameters for analysis of a MSEW abutment on spread 

footing (after Berg et al. 2009) 
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2.3. Reduced-scale model tests 

2.3.1. Xiao et al. (2016) 

Xiao et al. (2016) presented the results of a series of reduced-scale model tests on the GRS walls 

with modular block facing subjected to static loading to investigate the effects of the offset distance 

of a strip footing, the width of the strip footing, the length of geogrid reinforcement, and the 

connection mode between geogrid and facing, on the ultimate bearing capacities of the strip 

footings on the GRS walls. The model walls were designed at a scale factor of 1/5 to typical field 

walls. Xiao et al. (2016) found that the footings on the GRS walls with 0.7H (H is the wall height) 

long reinforcement reached the maximum bearing capacities at the offset distances of 0.3H and 

0.4H in the wall tests with mechanical and frictional connections, respectively. Moreover, when 

these walls had the geogrids with longer reinforcement length (2H), the ultimate bearing capacity 

increased with the offset distance of the footing and became constant when the offset was larger 

than 0.4H. 

 

2.3.2. Kakrasul (2018) 

Kakrasul (2018) conducted a series of laboratory model tests to investigate the performance of 

geosynthetic reinforced retaining (GRR) walls with modular block facing constructed with limited 

fill space subjected to strip footing loading. Kakrasul (2018) constructed and tested the model tests 

under a plane strain condition. The model walls were 1.0 m high and 0.45 m wide. In each model 

test, a load was applied on the top of the wall through a 200 mm wide rigid plate to simulate a strip 

footing. Earth pressure distributions, wall facing deflections, and footing settlements were 



10 

 

measured during the footing loading tests. Kakrasul (2018) found the limited widths of the retained 

and the reinforced fill affected the internal stability of the wall, the lateral deflection of wall facing, 

and the settlement of the footing.  Figure 2.4 shows the cross-section of one model wall. This wall 

had a height of 1.0 m, vertical spacing between geogrid layers of 0.2 m, an offset distance of the 

footing to the back of the wall facing of 0.05 m, a geogrid length of 0.5 m.  Error! Reference source n

ot found.shows the pressure-settlement curves of the footing on the model wall. Figure 2.6 shows 

the lateral deflections along the height of the wall with modular block facing, under the applied 

footing pressures.   

Kakrasul (2018) reported that reduction of the wall width from 0.5H to 0.3H (H is the wall 

height) resulted in excessive wall deflection and footing settlement, and even sudden failure of the 

model wall. On the other hand, the test results revealed that connecting geosynthetic reinforcement 

to the stable retained medium resulted in substantial reduction in the lateral deflection of the wall 

facing and the settlement of the footing. In addition, Kakrasul (2018) found that the vertical earth 

pressures along the depth of the model tests increased with the increase of the depth in the model 

and the applied footing load. Likewise, the lateral earth pressures on the wall facing along the 

depth in the model test increased with the applied footing load.  
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Figure 2. 4. Cross-section of one model wall (after Kakrasul 2018) 

 

Figure 2. 5. Pressure-settlement curve of footing on model wall (after Kakrasul 2018) 
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Figure 2.6. Deflections of the model wall with modular block facing under the applied pressures 

(after Kakrasul 2018) 
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2.4. Full-scale model tests 

2.4.1 Werner and Resl (1986) 

Werner and Resl (1986) evaluated the performance of a 2.4-m-high full-scale field geotextile-

reinforced wall with wrapped around facing under static footing loading. Figure 2.7 shows the 

front view and the cross-section of the wall. A polypropylene needle-punched nonwoven geotextile 

with the ultimate tensile strength of 16 kN/m was used as reinforcement. This wall was subjected 

to climatic fluctuations and environmental influences for three years until loading in 1984.  The 

settlement of the footing and the maximum lateral deflection of the facing induced by footing 

loading of 130 kPa were 160 and 110 mm, respectively.  
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(a) 

 

(b) 

Figure 2. 7. Wall: (a) front view and (b) cross-section (after Werner and Resl 1986) 
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2.4.2 Benigni et al. (1996) 

Benigni et al. (1996) conducted a footing loading test on a 5-m high test wall, referred to as the 

Trento test wall, with wrapped-around facing in Northern Italy. During the construction, the wall 

face was supported by high wooden support. The length of the geosynthetic reinforcement layers 

was 2 m. The underlying geosynthetic reinforcements were wrapped around at the face and 

extended 2 m inside the backfill, as shown in Figure 2.8. The vertical spacing between the 

reinforcement layers was 0.5 m. Reinforcements were not anchored in the backfill. The maximum 

footing settlement under the footing pressure of 84 kPa was 50 mm. Benigni et al. (1996) reported 

that the wall did not collapse under the applied load, although large movements were recorded. 

Despite the lateral and vertical deflections were not recovered upon unloading, it appeared that the 

wall had sustained almost no damage. 
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Figure 2. 8. Trento test wall (after Benigni et al. 1996) 

 

2.4.3 Gotteland et al. (1997) 

Gotteland et al. (1997) studied the failure behavior of two top-loaded reinforced walls with cellular 

facing, referred to as the ‘‘Garden’’ program.  One of the walls was reinforced with a low strength 

nonwoven geotextile (NW). However, a high strength woven geotextile (W) was used in the other 

wall. The model walls had a height of 4.35 m, vertical spacing between geogrid layers of 0.29 m, 

a offset distance of the footing to the back of the wall facing of 1.5 m, and a footing width of 1.0 

m. Figure 2.9 shows the test walls. Gotteland et al. (1997) reported that the critical loads at the 

break point for the NW wall and the W wall were 140 and 123 kN/m, respectively. The 

corresponding settlements of the NW wall and the W wall were 36 and 33 mm, respectively. Figure 
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2.10 shows the pressure-settlement curves of the footing on the NW wall and W wall. Figure 2.11 

also shows the lateral deflections of the NW wall and W wall under the applied load of 190 kN/m. 

The results show the maximum lateral deflections in the NW wall and W wall occurred at the level 

of 3.0 and 4.2 m from the toe of the walls.  

 

 

 

Figure 2.9. Garden test walls (after Gotteland et al. 1997) 
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(a) 

 

(b) 

Figure 2.10. Pressure-settlement curves: (a) NW wall and (b) W wall (after Gotteland et al. 

1997) 
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(a) 

 

(b) 

Figure 2.11. Measured lateral deflections for: (a) NW wall and (b) W wall (after Gotteland et al. 

1997) 
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2.4.4. Yoo and Kim (2008)  

Yoo and Kim (2008) investigated the performance of a 5-m-high full-scale two-tier geogrid-

reinforced retaining wall with modular block facing subjected to various levels of surface load 

(Figure 2.12).  Yoo and Kim (2008) evaluated the performance of the wall under the surcharge 

load in terms of the lateral facing deflections and the strains in geogrid. They found that the 

surcharge load-induced reinforcement strains exponentially decreased with depth, which is in a 

good agreement in qualitative terms with that assumed in the FHWA design guideline. Yoo and 

Kim (2008) also reported the measured lateral deflections along the height of the wall, as shown 

in Figure 2.13.  The maximum deflection of 1.7 mm was reported at the top of the upper tier while 

the deflections were smaller than 0.5 mm in the lower tier under the surcharge load of 60.5 kPa 

(384 kN). 

 

 

Figure 2. 12. Instrumentation layout (after Yoo and Kim, 2008) 
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(a) 

 

(b) 

Figure 2. 13. Lateral deflection of the wall in: (a) upper tier and (b) lower tier (after Yoo and 

Kim, 2008) 
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2.4.5. Ahmadi and Bezuijen (2018) 

Ahmadi and Bezuijen (2018) carried out a footing loading test on a full-scale MSE wall with a 

plywood face. In this study, Ahmadi and Bezuijen (2018) considered the plywood face as flexible 

facing. The full-scale model had a height of 4 m, a width of 4 m, vertical spacing between geogrid 

layers of 0.5 m, an offset distance of the footing to the back of the wall facing of 0.5 m, and a 

footing width of 1 m. A poorly-graded sand (SP) without fines, according to the Unified Soil 

Classification System (USCS), was used as a backfill material. A polyester geogrid (PET) had a 

maximum tensile strength of 40 kN/m (at the break strain of less than 6.6%). Error! Reference s

ource not found.2.14 shows the configuration of the MSE walls.  Ahmadi and Bezuijen (2018) 

reported the lateral wall deflection under a strip footing load as shown in Figure 2.15. The results 

shows the maximum lateral deflections occurred at 0.2H from the top of the wall.  The strains in 

the reinforcement were measured to evaluate the behavior of the geogrids during the construction 

and under strip footing loading. They found that the maximum strains in the reinforcement 

occurred in the upper layers under the strip footing load. 
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Figure 2.14. Test layout for full-scale models and instruments (all dimensions in meters) (after 

Ahmadi and Bezuijen 2018) 

 



24 

 

 

Figure 2.15. Lateral wall deflection under the strip footing load (after Ahmadi and Bezuijen 

2018)  
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2.5. Field studies 

2.5.1. Abu-Hejleh et al. (2001) 

The Founders/Meadows bridge was the first major bridge in the United States supported by spread 

footings on GRS walls with modular block facing. Abu-Hejleh et al. (2001) evaluated the 

performance of these GRS walls by measuring the movements of the wall facing, settlement of the 

bridge footing, distributions of the vertical and lateral earth pressures during the construction and 

while in service as shown in Error! Reference source not found.2.16. The reinforced soil zone b

ehind and below the bridge abutment had a trapezoid-shaped reinforcement layout, in which 

reinforcement length increased linearly from 8.0 m at the bottom with a 1:1 slope toward the top. 

The reinforcement lengths for the abutment wall were 11–13 m. The centerline of the bridge 

abutment wall and the edge of the foundation were placed 3.1 and 1.35 m from the front of wall 

face, respectively. The reinforcement spacing was 0.4 m. The backfill soil was a mixture of gravel 

(35%), sand (54%), and fines (11%). Abu-Hejleh et al. (2001) did not find any potential for 

overturning of the structure (due to the flexibility of the GRS wall system and the reduction of 

loads behind and against the wall facing). Moreover, they found that the measured bearing 

pressures were well below the allowable soil bearing capacity. Figure 2.17 shows that the 

maximum outward movements experienced during the placement of the bridge superstructure were 

approximately 7–9 mm. 
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Figure 2.16. Instrumentation layout (after Abu-Hejleh et al. 2001) 
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Figure 2. 17. Facing deflection (after Abu-Hejleh et al. 2001) 

 

2.5.2. Lindsey (2015) 

Lindsey (2015) monitored the performance of a Geosynthetic Reinforced Soil – Integrated Bridge 

System (GRS-IBS) for the Rustic Road Bridge as shown in Figure 2.18. The GRS-IBS wall was 

a mechanically stabilized earth (MSE) wall used as the abutment with a bridge deck placed on top. 

Lindsey (2015) used inclinometers, settlement plates, crack gages, and surface survey points for 

field monitoring. Lindsey (2015) reported that the maximum lateral deflection of the wall facing 

under the footing pressure of 85 kPa was 7.62 mm. 

 



28 

 

 

Figure 2. 18. GRS-IBS (after Lindsey 2015) 

 

2.5.3. Saghebfar et al. (2017) 

Saghebfar et al. (2017) monitored the performance of a GRS-IBS by measuring bridge deflections, 

settlements, strains along the reinforcement, vertical and lateral stresses within the abutment, and 

pore water pressures.  Figure 2.19 shows the cross-section of the GRS-IBS. Saghebfar et al. (2017) 

reported that the maximum lateral movement occurred near the top of the wall. Following the 

construction of the bridge abutment, the facing wall experienced some appreciable outward (away 

from backfill) lateral deflection, as shown in Figure 2.20. Figure 2.20 also shows that after placing 

the girders, the lateral movement close to the wall significantly increased. 
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Figure 2. 19. GRS-IBS (after Saghebfar et al. 2017) 

 

Figure 2. 20. Facing deflection (after Saghebfar et al. 2017) 
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2.6. Numerical Studies 

2.6.1. Gotteland et al. (1997) 

Gotteland et al. (1997) conducted a finite different analysis (FDA) and a finite element analysis 

(FEA) on the walls with nonwoven geotextile (NW) and woven geotextile (W) reinforcements 

described in Section 2.4.2.  Figure 2.21 shows the central slab load-settlement curves. Gotteland 

et al. (1997) stated that the difficulty to simulate the construction of the walls and particularly the 

effect of compaction during the construction gradually resulted the differences between the FDA 

and FEA, as shown in Figure 2.21.  
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(a) 

 

(b) 

Figure 2.21. Load-settlement curves: (a) wall with nonwoven geotextile (NW) and (b) wall with 

woven geotextile (after Gotteland et al. 1997) 
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(a) 

 

(b) 

Figure 2. 22. Lateral deflection: (a) NW wall and (b) W wall (after Gotteland et al. 1997) 
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2.6.2. Helwani et al. (2003) 

Helwani et al. (2003) investigated the potential of GRS bridge abutments to alleviate bridge 

approach settlements. The finite element method incorporated in the computer program DACSAR 

was used in this study. This program was first calibrated by comparing its results with the measured 

data from the Founders/Meadows bridge abutment. Moreover, a parametric study was conducted 

to evaluate the effects of different foundation soils, ranging from loose sand to stiff clay, on the 

performance of a GRS abutment.  

 

2.6.3. Wu et al. (2006) 

Wu et al. (2006) used the finite element method to investigate the allowable bearing pressures of 

bridge sills over GRS abutments with flexible facing. A finite element parametric study was 

conducted to examine the effect of sill type, sill width, soil stiffness/strength, reinforcement 

spacing, and foundation stiffness on the load-carrying capacity of GRS abutment sills. Wu et al. 

(2006) determined the allowable bearing pressures of GRS abutments based on two performance 

criteria: (1) a limiting displacement criterion and (2) a limiting shear strain criterion. 

 

2.6.4. Fakharian and Attar (2007) 

Fakharian and Attar (2007) conducted a numerical analysis of a GRS bridge abutment with 

modular block facing subjected to construction-induced loads and seismic loads. The static 

performance of the Founders/Meadow bridge abutment during construction and in-service was 

used for numerical modeling verification purposes. The finite-difference FLAC 2-D program was 
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used for model verification and parametric studies. They found that the current active earth 

pressure theories applied to reinforced soil walls significantly overestimate the horizontal 

reinforcement forces as compared with the measurements and the numerical model predictions. 

 

2.6.5. Helwani et al. (2007) 

Helwani et al. (2007) conducted a finite element analysis of two full-scale loading tests of GRS 

bridge abutments with modular block facing using the computer program Dyna3d. The effects of 

the backfill properties, reinforcement stiffness properties, and reinforcement vertical spacing were 

investigated on the performance of these bridge abutments subjected to live and dead loads from 

a bridge superstructure.  

 

2.6.6. Xie and Leshchinsky (2015) 

Xie and Leshchinsky (2015) conducted a parametric analysis study on the effects of reinforcement 

spacing, reinforcement strength, and footing location on the bearing capacity and factor of safety 

of footing placed upon the reinforced soil of MSE walls. Xie and Leshchinsky (2015) found that 

increasing the reinforcement strength provided increased stability and bearing capacity in context 

of constant surcharge or increasing surcharge, respectively. Moreover, Xie and Leshchinsky 

(2015) found increased distance between the footing and the wall facing allows for increased 

bearing capacity of factor of safety as it reduces the influence of the wall, transitioning the critical 

collapse mechanism to a bearing capacity failure. In addition, they stated that the non-uniform 

reinforcement spacing produced an efficient design of surcharged MSE walls. 

 



35 

 

2.6.7. Fakharian and Kashkooli (2018) 

Fakharian and Kashkooli (2018) conducted a finite different analysis on the behavior of a 

reinforced soil abutment wall of a single-span bridge under seismic excitations. The abutment wall 

had a height of 7 m as shown in Figure 2.23. The foundation soil type was soft to medium stiff 

clayey deposit with a high groundwater level. Fakharian and Kashkooli (2018) reported the post-

cyclic facing lateral deflections and bridge deck footing settlements, and the seismic behavior of 

the wall.  Figure 2.24 shows that at the end of construction, the maximum lateral facing deflection 

occurred at the mid-height. Due to the eccentricity of the deck load under a static condition, the 

bridge deck footing had a clockwise rotation at the end of construction, as shown in Figure 2.25. 
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Figure 2.23. Grid, interface elements, boundary conditions, and seismic loading of the numerical 

model (after Fakharian and Kashkooli 2018)  
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Figure 2.24. Facing deflection profile before and after seismic excitations (after Fakharian and 

Kashkooli 2018)  

 

Figure 2.25. Settlements and rotation of bridge deck footing (after Fakharian and Kashkooli 

2018) 
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2.7. Methods for Predicting Lateral Deflection of Wall Facing  

 

2.7.1. Jewell-Milligan method (Jewell, 1988; Jewell and Milligan, 1989) 

Jewell (1988) and Jewell and Milligan (1989) proposed design charts for estimating lateral facing 

deflections of walls based on the analysis of stresses and displacements in a reinforced soil mass. 

The design charts show the graphical relationships between a normalized deflection factor, 

𝛿ℎ𝐾𝑟/𝐻𝑃𝑏, and the normalized depth, Z/H, where δh = lateral deflection of the facing, Kr = stiffness 

of the reinforcement, Pb = calculated reinforcement tensile force at the base of the wall,  Z = depth 

from the top of the wall, and H = height of the wall.  

 

2.7.2. Geoservice method (Giroud, 1989) 

Giroud (1989) developed the Geoservice method based on a limit equilibrium analysis to calculate 

lateral deflections of reinforced retaining walls or abutments by using the maximum strain 

generated in reinforcement layers and assuming a triangular distribution of strain in the 

reinforcements. Error! Reference source not found.2.26 shows the assumed strain distribution for c

alculating wall lateral movement as follows:  

 

𝛿ℎ =
𝜀𝑑 𝐿

2
                                                                                 Eq. 2.2 

 

where 𝛿ℎ  = lateral deflection, and 휀𝑑  = strain limit or maximum strain in each layer of 

reinforcement (εmax), and L = length of reinforcement. Giroud (1989) suggested that when the 
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reinforcement strain is unknown, the lateral deflection can be determined by first choosing a strain 

limit for the reinforcement that is usually less than 10%. The limit of strain depends on the type of 

wall facing, the deflection tolerance, and the type of reinforcement. 

 

 

Figure 2.26. Strain distribution assumption in the Geoservices Method 

 

 

2.7.3. FHWA Method (Christopher et al., 1990)  

Christopher et al. (1990) suggested an empirical method for calculating the maximum lateral 

deflection of a reinforced retaining wall during construction. This method correlates the ratio of 

the reinforcement length (L) to the height of the wall (H) with deflection coefficient of reinforced 

soil wall (𝛿𝑅). Error! Reference source not found.2.27 presents the relationship between L/H and 
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𝛿𝑅, the empirically derived relative displacement coefficient. The curve in Error! Reference source 

not found.2.27 has been approximated by a fourth-order polynomial equation:  

 

𝛿𝑅 = 11.81 (
𝐿

𝐻
)

4

− 42.25 (
𝐿

𝐻
)

3

+ 57.16 (
𝐿

𝐻
)

2

− 35.45 (
𝐿

𝐻
) + 9.47                   Eq. 2.3 

 

where 𝛿𝑅 = deflection coefficient of reinforced retaining wall; L = length of reinforcement; H =  

height of wall. The value of L/H should be between 0.30 and 1.17. The maximum lateral wall 

displacement, 𝛿𝑚𝑎𝑥 can be estimated from by the following equation: 

 

𝛿𝑚𝑎𝑥 = 𝛿𝑅  (
𝐻

75
)           𝑓𝑜𝑟 𝑒𝑥𝑡𝑒𝑛𝑠𝑖𝑏𝑙𝑒 𝑟𝑒𝑖𝑛𝑓𝑜𝑟𝑐𝑒𝑚𝑒𝑛𝑡                                 Eq. 2.4 

 

𝛿𝑚𝑎𝑥 = 𝛿𝑅  (
𝐻

250
)           𝑓𝑜𝑟 𝑖𝑛𝑒𝑥𝑡𝑒𝑛𝑠𝑖𝑏𝑙𝑒 𝑟𝑒𝑖𝑛𝑓𝑜𝑟𝑐𝑒𝑚𝑒𝑛𝑡                            Eq. 2.5 

 

Christopher et al. (1990) suggested that for a 6.1 m high wall, each extra 19.15 kPa of surcharge 

load increases the relative deflection by approximately 25%; however, the surcharge effect may 

be greater for higher walls. 
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Figure 2. 27. Empirical curve for estimating maximum wall movement during construction in 

the FHWA method (after Christopher et al., 1990) 

 

 

2.7.4. CTI Method (Wu, 1994) 

Wu (1994) developed a semi-empirical relationship for calculating the lateral deflections of 

reinforced retaining walls and abutments for the Colorado Transportation Institute (CTI). The CTI 

method is a service load-based design method. The maximum lateral displacement of a wall can 

be calculated by the following equation: 
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𝛿𝑚𝑎𝑥 =
𝜀𝑑 𝐻

1.25
                                                                       Eq. 2.6 

 

where 𝛿𝑚𝑎𝑥 = maximum lateral deflection; and 휀𝑑 = strain limit or maximum strain in each layer 

of reinforcement; and H = height of the wall. For a reasonable estimation, the strain limit should 

be between 1 to 3% for permanent walls and up to 10% for temporary walls. This method can be 

applied to walls of less than 6.1 m high with flexible facing, such as walls with wrapped-around 

facing. For walls with modular block facing, however, the maximum lateral deflection is 

approximately 15% smaller than the calculated deflection. 

 

2.7.5. FHWA Method for Geosynthetic Reinforced Soil Integrated Bridge System (GRS-

IBS) 

Adams et al. (2011) considers a zero volume change in the geosynthetic-reinforced abutment walls 

to predict the lateral facing deflections of the walls. FHWA provides the following equation to 

estimate the maximum lateral deflection by assuming the volume loss at the top of the abutment 

due to the settlement equal to the volume gain at the face due to lateral deflection: 

 

𝐷𝐿 =
2 𝑏𝑞 𝐷𝑣

𝐻
                                                                      Eq. 2.7 

 

where bq  is the width of the load along the top of the wall, Dv is the vertical settlement above the 

wall, and H is the wall height. 
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Chapter 3: Geogrid Properties Evaluation 

 

 

 

3.1. Introduction 

This chapter includes: (1) stress distributions and pullout responses of geogrid in soil using 

different normal loading methods and (2) investigation of combined effects on measured strains of 

geogrid.  

In design of reinforced soil structures (i.e., GRR walls), pullout capacity of reinforcement 

in an anchorage zone is an important parameter for stability analysis. This parameter is generally 

quantified by conducting laboratory or field pullout tests. In the laboratory pullout test, the 

reinforcement is embedded in the soil mass at a normal stress, which is commonly applied by a 

pressurized airbag or a hydraulic jack through a rigid plate, and then a horizontal tensile force is 

applied to the reinforcement. The first part of this chapter reports an experimental study conducted 

to evaluate the effect of the load application method using an airbag with and without stiff wooden 

plates on the vertical stress distribution and the pullout capacities and deflections of extensible 

(geogrid) reinforcement (steel strip) in the soil in a large pullout box. This part of the study 

monitored the distributions of the vertical earth pressures at the top and bottom of the soil mass in 

the pullout box, and at the level of reinforcement using earth pressure cells.  

To determine tension in the geosynthetic, strain gauges are often attached on the 

geosynthetic. In many studies, foil electrical resistance strain gauges have been attached on one 
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side of the geosynthetics to measure their strains. Such attachment of strain gauges is acceptable 

if only pure tension develops in the geosynthetics. However, in some applications, such as 

geosynthetic-reinforced column-supported (GRCS) embankments and geosynthetic-reinforced 

retaining (GRR) walls, the geosynthetic is subjected to bending and friction in addition to tension. 

Bending and friction may happen locally during construction, especially around aggregates. To 

address this issue, two strain gauges attached on the upper and lower sides of the geosynthetic at 

the same location have been suggested and used in the practice. The second part of this chapter 

reports the combined effects of tension, bending, and friction on the measured strains on the upper 

and lower sides of uniaxial geogrid specimens. The specimens were instrumented with resistance 

strain gauges and subjected to tension, bending, and friction at the same time, which were 

simulated by wrapping the specimen around three cylinders of different diameters. Moreover, the 

effect of the confined pressure induced by applied normal stress on the calculated CF was 

investigated by using pullout box. 

 

3.2. Stress Distributions and Pullout Responses Using Different Normal Loading Methods 

 

3.2.1. Test Device and Materials 

 

Pullout box 

In this study, a newly developed pullout box designated as “RJH Box”1 was used. This box was 

designed and fabricated in the Geotechnical Laboratory at the University of Kansas in accordance 

                                                      

1 The RJH represents the initials of last names of the people who developed and fabricated this box: S.M. Rahmaninezhad, Y. Jiang, 

and J. Han. 
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with ASTM D6706-01 recommendations. The box was made of steel and has inner dimensions 

measuring 1.5 m long, 0.6 m wide, and 0.6 m high, which exceeds the minimum dimensions 

recommended by ASTM D6706-01. The pullout box has a 0.045-m-high by 0.5-m-long slot on the 

front wall. To minimize the arching effect during pullout tests, a 0.15-m-wide sleeve was fixed on 

the inner side of the front wall, right above the slot. In addition, the sleeve may reduce the influence 

of the box front face (Palmeira 2009). Figure 3.1 shows the pullout box after the fabrication. 

 

 

 

Figure 3. 1. RJH box 
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Materials 

The laboratory pullout tests were carried out on extensible reinforcement (polypropylene punched-

drawn uniaxial geogrid) embedded in Kansas River sand. Particle size distribution test was 

conducted using the ASTM D422 (2007), Standard Test Method for Particle-Size Analysis of Soils. 

A standard direct shear test was used to determine the friction angle for the sand compacted at 70% 

relative density. That test was according to ASTM D3080 (2011), Standard Test Method for Direct 

Shear Test of Soils under Consolidated Drained Conditions. The minimum and maximum dry 

densities for both backfill materials were obtained by the index density methods according to 

ASTM D4254 (2016), Standard Test Methods for Minimum Index Density and Unit Weight of Soils 

and Calculation of Relative Density, and ASTM D4253 (2016), Standard Test Methods for 

Maximum Index Density and Unit Weight of Soils Using a Vibratory Table, respectively. Table 3.1 

summarizes the physical properties, the Unified Soil Classification System (USCS) classification, 

and the angle of friction of the backfill material used in the pullout tests. 

A uniaxial geogrid modified from a punched-drawn biaxial PP geogrid, as an extensible 

reinforcement, was used in this experimental study. This geogrid was selected because it has been 

adopted in our model tests and its in-air load-strain properties were determined by a previous study 

(Xiao, Han, and Zhang 2016). Considering the fact that uniaxial geogrid is commonly used in 

reinforced walls or slopes, three transverse ribs (i.e., the crossmachine direction ribs) of the biaxial 

geogrid were removed in every four ribs to create a shape of uniaxial geogrid. Xiao, Han, and 

Zhang (2016) first adopted this modification, and then Rahmaninezhad et al. (2016), Kakrasul et 

al. (2016), and Rahmaninezhad et al. (2018) used it in their model studies. The longitudinal ribs 

(i.e., the machine direction ribs) and the transverse members of the geogrid contribute to the total 

pullout resistance. In other words, the total pullout resistance is the sum of the frictional resistance 
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on the geogrid surface and the bearing resistance of the transverse members (Tran, Meguid, and 

Chouinard 2013). Alagiyawanna et al. (2001) found that removal of 75 % of the transverse ribs 

reduced the reinforcing effect of the geogrid on the sand movement. Table 3.2 provides the 

properties of the biaxial geogrid. In this study, one uniaxial geogrid that was 300 mm wide and 

600 mm long was used in the evaluation of vertical pressure distribution while another uniaxial 

geogrid specimen that was 370 mm wide and 765 mm long was used in the evaluation of pullout 

behavior. These geogrid samples before the removal of transverse ribs had an ultimate tensile 

strength of 12.4 kN/m in the machine direction and 19 kN/m in the cross-machine direction. 

 

Table 3.1. Properties of backfill materials 

Property Kansas River sand 

Coefficient of uniformity, Cu 3.18 

Coefficient of curvature, Cc 0.93 

USCS classification SP 

Mean particle size, D50, mm 0.56 

Minimum dry unit weight, kN/m3 16.0 

Maximum dry unit weight, kN/m3 18.8 

Angle of friction, deg. 37 
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Table 3.2. Properties of the biaxial geogrid (provided by the manufacturer) 

Index properties MD XMD 

Aperture dimensions, mm 25 33 

Minimum rib thickness, mm 0.76 0.76 

Tensile strength at 2% strain, kN/m 4.1 6.6 

Tensile strength at 5% strain, kN/m 8.5 13.4 

Ultimate tensile strength, kN/m 12.4 19 

Note: MD= machine direction; XMD = cross-machine direction. 

 

Instrumentation 

The instrumentation included a load cell, displacement transducers, pressure cells, a pressure 

gauge, and a data acquisition system. An S-shaped load cell with a capacity of 50 kN was used to 

measure the pullout force. Five displacement transducers were used to measure the displacements 

at the junctions of the geogrid. These transducers were connected to the geogrid by steel rods that 

were extended from junctions out to the rear side of the box. Strain gauge–type earth pressure cells 

25 mm in diameter were installed to evaluate the normal stresses at different levels of the soil mass. 

The capacities of these earth pressure cells were 200 and 500 kPa, respectively. A pressure gauge 

was used to control the pressure applied to the airbag. 
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3.2.2. Test Procedure 

The procedure for preparing a pullout test included filling half of the box with the backfill material 

and compaction, placement of the reinforcement, installation of sensors and connection to the data 

acquisition system, and continuous filling of the box with the remaining backfill. The backfill 

material was placed into the box in two layers, and each layer was compacted until the minimum 

relative density of 70 % was achieved. The effect of compaction on the reinforced sand for 

reduced-scale models was discussed in Rahmaninezhad, Yasrobi, and Eftekharzadeh (2009). The 

geogrid was embedded in the middle of the backfill height (i.e., at the same elevation of the clamp), 

and attached to the pullout load assembly. Because the connection between the hydraulic jack and 

the clamp was relatively rigid, the pullout force was applied horizontally. Moreover, the clamp 

was placed between the sleeves, which prevented the rotation of the clamp. Finally, all the sensors, 

including the displacement transducers, the earth pressure cells, the load cell, and the pressure 

gauge, were installed at their desired locations. Normal stress was applied with a pressurized airbag 

placed on the top of the compacted backfill. This airbag allowed soil dilation or contraction during 

pullout testing and maintained a constant normal stress. To simulate the reinforcement at different 

elevations of a wall in the field, three normal stresses were selected. In some tests, five wood plates 

that were 0.58 m long, 0.29 m wide, and 0.05 m thick were placed on top of the compacted backfill, 

one next to another, before the placement of the airbag. Once the whole pullout test setup was 

completed, all sensors were activated to allow the data acquisition system to start recording. After 

the normal stress distribution throughout the soil mass became stable, the pullout load was applied 

using a double-acting hydraulic jack. Figure 3.2 shows the schematic view of the cross sections 

of the pullout box, in which one did not have stiff wood plates and the other did. 
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Figure 3. 2. Schematic view of the cross sections of the pullout box with: (a) the air bag on the 

soil; (b) the air bag on the stiff wood plates 

 

 

3.2.3. Test Results 

 

Distribution of normal stress 

In this study, 21 earth pressure cells were used to examine the distributions of the vertical pressures 

at the top and the bottom of the soil mass and at the level of the reinforcement in the pullout box. 

Figure 3.3 illustrates the arrangement of the earth pressure cells on the top of the reinforced soil 
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mass. The variations of the measured vertical pressures under different normal stresses across the 

box width (axis A-A) and the box length (axis B-B) are shown in Figs. 4 and 5, respectively. The 

measured vertical pressures presented in these figures are the additional vertical stresses induced 

by the applied normal pressures. In these two figures, it was assumed that the distributions of the 

vertical pressures across the box width (i.e., the transversal section) were symmetric. Fig. 4a shows 

that when the airbag was used without stiff plates, the vertical pressure concentrated in the middle 

of the box. On the other hand, when the normal stress was applied by the airbag with stiff plates, 

the maximum measured vertical pressures were close to the sides of the box (Figure 3.4 (b)). 

Likewise, on the longitudinal section of the box (i.e., the axis B-B), when the airbag was used 

without any stiff plates, the measured maximum vertical pressures were higher than those using 

the stiff plates as shown in Figure 3.5 (a) and b. However, Figure 3.4 and 3.5 imply that the 

application of the normal load by the airbag without any stiff plates (as a flexible diaphragm) 

resulted in a more uniform pressure distribution than that by the airbag with stiff plates. 
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Figure 3. 3. The arrangement of the earth pressure cells on the top of the soil mass 
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(a) 

 

(b)  

Figure 3. 4. Variations of the measured vertical pressures on the top of the soil and across the 

box width (axis A-A) under different normal stresses applied by: (a) the air bag without stiff 

plates; (b) the air bag with stiff plates 
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(a) 

 

(b) 

Figure 3. 5. Variations of the measured vertical pressures on the top of the soil and across the 

box length (axis B-B) under the normal stresses applied by: (a) the air bag without stiff plates; 

(b) the air bag with stiff plates 

 



55 

 

Sugimoto, Alagiyawanna, and Kadoguchi (2001) and Palmeira (2009) found that the 

conditions of the frontal face of the pullout box might have a noticeable effect on the pullout 

behavior of the reinforcement. Researchers suggested using a lubricated frontal or 

movable/flexible frontal face, or both, with a sleeve, to keep the reinforcement distant from the 

front wall of the pullout box (e.g., Wilson-Fahmy, Koerner, and Sansone 1994; Perkins and Cuelho 

1999; Sugimoto, Alagiyawanna, and Kadoguchi 2001; Palmeira 2009). Palmeira (2009) found that 

the use of a sleeve yielded the maximum pullout resistance that was higher than that observed in 

the case of using a lubricated frontal face. It appears that the sleeve had less influence on the 

pullout test result than the box frontal wall; however, the sleeve still changed the uniformity of the 

distribution of the vertical pressure near the front of the box as shown in Figure 3.5 (a). The result 

indicates that the measured vertical pressure behind the sleeve was consistently lower than the 

applied normal stress. This finding is consistent with that by Bathurst et al. (2001) on the vertical 

load transfer from the soil to the rigid sleeve. 

Figure 3.6 shows the layout of the earth pressure cells on the bottom of the box. Figure 

3.7 (a) and (b) shows the variations of the measured vertical pressures along the box width (i.e., 

the axis C-C) and length (i.e., the axis D-D), respectively, under different normal stresses applied 

by the airbag without any stiff plates. The maximum measured normal pressures on the bottom of 

the box happened in the center of the transverse section of the box. In the longitudinal section, the 

maximum vertical pressures were also in the center (Figure 3.7 (b)). On the top of the soil mass, 

however, the maximum vertical pressures happened near the front of the box (Figure 3.5 (b)). 
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Figure 3. 6. The layout of the earth pressure cells on the bottom of the soil mass 

 

Figure 3.8 shows the layout of the earth pressure cells and the telltales on the level of the 

geogrid that was 300 mm wide and 600 mm long. The earth pressure cells were placed to determine 

the distribution of vertical pressures, while the telltales were fixed on the junctions of the geogrid 

following ASTM D6706-01 to determine the displacements of the geogrid along its length. The 

detail of the telltale measurements will be discussed later in this article. Figure 3.9 (a) shows the 

variations of the vertical pressures along the F-F section under different normal stresses applied 

by the airbag without any stiff plates. The concentration of the vertical pressures was on the center 

of the transverse section of the box, on the level of the reinforcement. Figure 3.9 (b) displays the 

variations of the measured vertical pressures along the E-E section under different normal stresses 

applied by the airbag without any stiff plates. These distributions were measured just along the 

length of the geogrid. In some research (e.g., Jayawickrama et al. 2014; Wang, Jacobs, and Ziegler 

2016), one or two earth pressure cells were placed along the central line of the pullout box under 

the airbag or stiff plates. Based on this study, the distribution of the vertical pressures along the 

centerline may not reflect the actual distribution of the vertical pressures. 
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(a) 

 

(b) 

Figure 3. 7. Variations of the measured vertical pressures on the bottom of the box under 

different normal stresses applied by the air bag without any stiff plates along: (a) the axis C-C; 

(b) the axis D-D 
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Figure 3. 8. Layout of the geogrid, the earth pressure cells, and the telltales 
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(a) 

 

(b) 

Figure 3.9. Variations of the measured vertical pressures along the geogrid under different 

normal stresses applied by the air bag without any stiff plates along: (a) the axis F-F; (b) the axis 

E-E  
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Pullout resistance of reinforcement 

Pullout tests were carried out in this study to evaluate the effects of two different methods of 

applying the normal stress on the pullout resistance of the uniaxial geogrid embedded in the soil. 

In the geogrid tests, 370-mm-wide and 765-mm-long geogrids were used.  

Figure 3.10 presents the pullout test results of the geogrids with two different methods of 

applying the normal stress. These figures show that at the normal stress of 10 kPa applied by the 

airbag without and with stiff plates, the pullout forces were 15.87 and 11.11 kN/m, respectively, at 

the front displacement of 20 mm. Also, at the normal stress of 7 kPa applied by the airbag without 

and with stiff plates, the pullout forces were 9.32 and 7.47 kN/m, respectively, at the same front 

displacement (20 mm). Therefore, the pullout resistance of the geogrid under the airbag without 

any stiff plates was higher than that under the airbag with stiff plates. Under the normal stresses of 

10, 7, and 3.5 kPa, the pullout resistance values of the geogrid when the airbag was used with stiff 

plates were 30, 20, and 3 %, respectively, lower than those measured without stiff plates. Evidently, 

at the low normal stress, there was a minor difference between the pullout resistances using these 

two different loading methods. 
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(a) 

 

(b)  

Figure 3. 10. Pullout force versus displacement of the geogrid under normal stresses applied by: 

(a) the air bag without stiff plates; (b) the air bag with stiff plates 
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Displacement and strain of geogrid 

To investigate the effect of these two different methods of applying the normal stress on the 

deflection of the geogrid, two tests were conducted by attaching five telltale rods on the junctions 

of one transverse rib as shown in Figure 3.11.  Figure 3.12 shows the measured displacements at 

these junctions under different pullout forces when a normal stress of 10 kPa was applied using 

the airbag without and with stiff plates. Figure 3.12 (a) shows that the displacements of the geogrid 

at the junctions were nearly uniform because the airbag without stiff plates generated the nearly 

uniform distribution of the vertical pressures in the center of the box as shown in Figure 3.12 (a) 

and Figure 3.9 (a). 

Figure 3.12 (b) shows that when the stiff plates were used, the maximum displacement at 

the junctions of the geogrid occurred in the middle of the longitudinal ribs, and the minimum 

displacements at the junctions occurred near the sides of the box. This result can be explained 

based on the distribution of the vertical pressures in the transverse section of the box as shown in 

Figure 3.4 (b), i.e., the lowest vertical pressure at the center and the highest vertical pressure at 

the edges of the box. Figure 3.12 shows that the measured displacements along the transverse bar 

of the geogrid were different. However, most researchers have placed the telltales on the junctions 

of 
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Figure 3. 11. Telltale rods attached on the junctions of the transverse rib 
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(a) 

 

(b) 

Figure 3. 12. Displacements of the junctions on the transverse rib under different applied pullout 

forces under the normal stress of 10 kPa by: (a) the air bag without stiff plates; (b) the air bag 

with stiff plates 
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3.3. Combined Effects on Measured Strains of Geogrid 

 

 

3.3.1. Adopted tensile tests, results, and discussion 

 

Test apparatus 

Figure 3.13 shows the setup of the tensile test of a geogrid specimen. The ASTM D6637 standard 

(ASTM, 2015) for measuring tensile strength of a geogrid was adopted for this test. Bending and 

friction on a geogrid were simulated by wrapping the geogrid specimen around a cylindrical pipe. 

Three cylindrical pipes were used and had nominal outside diameters of approximately 65, 100, 

and 160 mm. One end of the geogrid was connected to the frame using a metal bar clamp like a 

bodkin connector. Another end of the geogrid was connected to a load cell. Loads were applied 

using placing weights in a bucket hanging under one end of the geogrid.  One load cell was used 

to measure the actual load. 
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       (a)                                                                           (b) 

Figure 3. 13. Test Setup: (a) schematic cross-section and (b) picture of the test setup 
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Geogrid 

One type of uniaxial (UX) HDPE geogrid was used in these tests. Since the UX geogrid is thicker 

than biaxial (BX) HDPE geogrids, the tension that induced by bending on the upper and lower 

sides of the UX geogrids might be higher than BX geogrids. Therefore, the UX geogrid was used 

for this part of the study. The physical and mechanical properties of the geogrid provided by the 

manufacturer are shown in Table 3.3.  To avoid possible property variability of different ribs, only 

one rib was used for loading and measurements. 

 

 

Table 3.3. Properties of Geogrids (Provided by the Manufacturer) 

Geogrid Properties  

Tensile Strength @ 5% Strain (kN/m) 27.0 

Ultimate Tensile Strength (kN/m) 58.0 

Junction Strength (kN/m) 54.0 

Flexural Stiffness (mg-cm) 500,000 

Minimum Reduction Factor for Installation Damage (RFID) 1.05 

Reduction Factor for Creep for 120 yr design life (RFCR) 2.60 

Minimum Reduction Factor for Durability (RFD) 1.00 
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Measurements 

The applied load was measured using an S-shape load cell with a capacity of 10 kN. The 

elongations of the rib of the geogrid at two locations were measured using three displacement 

transducers (DTs) with a displacement limit of 50 mm. The global strains were calculated using 

the elongations in the ribs of the geogrid measured by DTs. Furthermore, the geogrid was 

instrumented with four strain gauges: SG1, SG2, SG3, and SG4, as shown in Figure 3.13. The 

strain gauges were attached on both sides of the geogrid rib in the middle of the aperture (Figure 

3.14). The strain gauges had a gauge length of 5 mm and a resistance of 120 Ω. The measured 

strains from these strain gauges s represent the local strains. 

 

 

 

                                                          (a)                                                                        (b) 

Figure 3. 14. (a) Location of strain gauge on the middle of the geogrid rib; (b) arrangement of 

the geogrid and strain gauges on one cylinder 
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Global strain 

Figure 3.15 shows the relationships of the applied load versus the global strain of the geogrids. 

The rib with DT2 and DT3 was under tension only.  Therefore, the slope of the trend-line for the 

rib with DT2 and DT3 represents the tensile stiffness of the geogrids.  With different cylinder 

diameters, the tensile stiffness of the rib was similar (i.e., 12-13 kN/rib). However, the global 

strains calculated from DT1 and DT2 were affected by the combination of tension, bending, and 

friction. The results show that at the same applied load, the global strain in the rib induced by 

tension only was higher than the one induced by tension, bending, and friction. In addition, Figure 

3 shows that at the same global strain, the load carried by the geogrid rib induced by tension only 

was less than that induced by tension, bending, and friction because the friction was in the opposite 

direction to the tension and additional load was required to overcome the friction to induce the 

same strain on the geosynthetic. For example in Figure 3.15 (a), at the global strains of 0.5%, 1%, 

and 1.5%, the differences between the loads carried by the geogrid rib under tension only and the 

rib under tension, bending, and friction were approximately 0.03, 0.04, 0.03 kN, respectively. 

Since bending does not induce any tensile resistance, this difference is the load carried by friction 

between the geogrid and the cylinder. The average loads carried by friction on the cylinders with 

diameters of 65, 100, and 160 mm were approximately 0.025, 0.020, and 0.016 kN, respectively, 

from the beginning to the end of the tests.  
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(a) 

 
(b) 

 
 (c) 

 

Figure 3. 15. Applied load versus global strain with the cylinder diameter of: (a) 65 mm; (b) 100 

mm; and (c) 160 mm  
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Global strain and average local strain 

The calibration factor, CF, is the ratio of the measured global strain by the displacement transducers 

to the local strain by the strain gauge. The CF can be estimated using the following equation: 

 

𝐶𝐹 =
𝐺𝑙𝑜𝑏𝑎𝑙 𝑆𝑡𝑟𝑎𝑖𝑛

𝐿𝑜𝑐𝑎𝑙 𝑆𝑡𝑟𝑎𝑖𝑛
      Eq. 3.1 

 

Figure 3.16 shows the relationship of the global strain versus the average local strain of the 

geogrids. The average local strain represents the average of the measured strains from strain gauges 

attached on the upper and lower sides of the geogrid and can be estimated using the following 

equation: 

 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐿𝑜𝑐𝑎𝑙 𝑆𝑡𝑟𝑎𝑖𝑛 =
𝜀𝑢𝑝𝑝𝑒𝑟+ 𝜀𝑙𝑜𝑤𝑒𝑟

2
                   Eq. 3.2 

 

where εupper = the measured local strain from the strain gauge attached on the upper side of the 

geogrid; εlower = the measured local strain from the strain gauges attached on the lower side of the 

geogrid. The calculated CFs from SG1 (εupper) and SG2 (εlower) placed on the cylinders with 

diameters of 65, 100, and 160 mm were 2.15, 1.77, and 2.65, respectively, with an average of 2.19. 

However, the calculated CFs from SG3 (εupper) and SG4 (εlower) using the cylinders with diameters 

of 65, 100, and 160 mm were 1.44, 1.53, and 1.78, respectively, with an average of 1.58.  Therefore, 

the friction increased the CF by 39%. 
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(a) 

 
(b) 

 
 (c) 

Figure 3. 16. Global strain versus average local strain with the cylinder diameters of: (a) 65 mm; 

(b) 100 mm; and (c) 160 mm  
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Average local strain ratio 

Since the friction is in the opposite direction to the tensile load, the measured strains on the rib on 

top of the cylinder were lower than those on the vertical rib.  Their differences could be calculated 

and are the indication of the friction effect. Figure 3.17 shows the differences between the average 

local strains induced by tension (SG3 and SG4) and those induced by tension, bending, and friction 

(SG1 and SG2) versus their global strains. The results indicate that the diameter of the cylinder 

had no effect on the differences between the average local strains. In other words, the cylinders of 

different diameters had the same friction effect on the measured strains. 

 

 

 

Figure 3. 17. Global strain versus the differential average local strain ratio 
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The local strain ratio is the ratio of the average local strain induced by tension only to the average 

local strain induced by tension, bending, and friction. 

 

𝐿𝑜𝑐𝑎𝑙 𝑆𝑡𝑟𝑎𝑖𝑛 𝑅𝑎𝑡𝑖𝑜 =
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐿𝑜𝑐𝑎𝑙 𝑆𝑡𝑟𝑎𝑖𝑛 (𝑡𝑒𝑛𝑠𝑖𝑜𝑛 𝑜𝑛𝑙𝑦)

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐿𝑜𝑐𝑎𝑙 𝑆𝑡𝑟𝑎𝑖𝑛 (𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑)
   Eq. 3.3 

 

Figure 3.18 shows the average local strain ratio versus the applied load. At a small load (<0.025 

kN), the effect of friction was significant.  With an increase of the tensile load, this effect became 

smaller and stable.  The result shows that the local strain ratios in the tests with the geogrids 

wrapped around the cylinders with diameters of 65, 100, and 160 mm were 1.23, 1.22, and 1.38, 

respectively, with an average of 1.28, after the applied load was higher than 0.025 kN.  Figure 6 

also shows that regardless of the cylinder diameter, the measured strains induced by tension were 

approximately 28% higher than the average strains of the upper and lower strains induced by the 

combination of tension, bending, and friction. 
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Figure 3. 18. The average local strain ratio versus the applied load 

 

 

3.3.2. Tensile tests in soil 

A set of pullout tests were carried out to evaluate the CF of the embedded geogrid in soil.   

Test aperture  

The local and global strains on the embedded geogrid were evaluated using pullout tests. The RJH 

Box was used to conduct pullout tests.  The specification of the RJH Box was presented on Section 

3.2.1. Figure 3.19 shows the setup of the tensile test of a geogrid specimen inside the pullout box.  
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Figure 3. 19. Setup of the tensile test inside the pullout box 

 

 

Materials 

The UX HDPE geogrid as discussed in Section 3.3.1 was used in these tests. The geogrid was 

embedded in Kansas River sand. Table 3.1 summarizes the physical properties, the Unified Soil 

Classification System (USCS) classification, and the friction angle of the backfill material used in 

the pullout tests.  
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Instrumentation 

The instrumentation included DTs and strain gauges. Four displacement transducers were used to 

measure the displacements at the junctions of the geogrid. These transducers were connected to 

the geogrid by steel rods that were extended from junctions out to the rear side of the box. The 

results from the DTs were used to calculate global strains. Two strain gauges were installed on the 

upper and lower sides of the geogrid specimens in the middle of the aperture.  

 

Test procedure 

The procedure for preparing a pullout test was similar to that explained in Section 3.2.2. Each 

backfill layer was compacted to the relative density of 70 %. A normal stress was applied with a 

pressurized airbag placed directly on the top of the compacted backfill. To simulate the 

reinforcement at different elevations of a wall in the field, two normal stresses were selected. Once 

the whole pullout test setup was completed, all sensors were activated to allow the data acquisition 

system to start recording. After the normal stress distribution throughout the soil mass became 

stable, the pullout load was applied using a double-acting hydraulic jack.  

 

Results and discussions 

Figure 3.20 presents the relationship of the global strain versus the average local strain of the 

geogrid. The average local strains were calculated using Eq. 3.2. The calculated CFs from the 

strain gauges (εupper and εlower) and the telltales placed on the geogrid under the applied normal 
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stresses of 35 and 70 kPa were 0.84 and 0.86, respectively, with an average of 0.85. Comparing 

the average CF, obtained from the pullout test, with the average CF from the strain gauges 

subjected to tension only in air, as discussed in Section 3.3.1, shows that the normal stress had a 

significant effect on the calculated CF.  

 

 

Figure 3.20. Global strain versus average local strain of the geogrid embedded in soil 
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3.4. Summary 

The first objective of this study was to evaluate the effects of stiff plates under an airbag on the 

distributions of the vertical stresses, the pullout resistance, and the displacements of the 

reinforcement in the pullout tests. To achieve this objective, six large-scale pullout tests were 

conducted, in which the geogrid was placed within the soil mass. The following findings can be 

summarized based on this study: 

(1) When the normal stresses were applied by the airbag without any stiff plates, the measured 

maximum vertical pressures in the transverse direction on top of the soil mass occurred in 

the middle of the pullout box. However, in the case of the airbag with stiff plates, the 

maximum vertical pressures in the transverse direction were measured near the edges of the 

box. 

(2) When the normal stress was applied by the airbag without any stiff plates, the displacements 

at the transverse bar of the geogrid were approximately uniform. When the stiff plates were 

used, however, the low vertical pressures in the central zone of the box led to the maximum 

displacement of the geogrid at that location. 

The second objective of this study was to evaluate the combined effects of tension, bending, 

and friction on the relationship between local and global strains in the geogrid and on the measured 

local strains from the upper and lower sides of uniaxial geogrid specimens subjected to tensile 

force. Moreover, the effect of the confined pressure induced by applied normal stress on the calculated 

CF was investigated by using pullout box. The following conclusions can be made based on this 

experimental study:  
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(1) The effect of friction on the strains in the geogrid could not eliminated by averaging the 

strains measured by the strain gauges on upper and lower sides of the geogrid.  

(2) The calibration factors (CFs) calculated from the strain gauges subjected to tension, 

bending, and friction were approximately 39% higher than those calculated from the strain 

gauges subjected to tension only in the test in air.  

(3) In the tests using pullout box for evaluation the CF, the normal stress had a significant 

effect on the calculated CF comparing with that from the test in air. 
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Chapter 4: Experimental Study on GRR Walls 

 

4.1. Introduction 

The main objective of this study was to evaluate and compare the performance of GRR abutment 

walls with wrapped-around facing with that with modular concrete block facing. The physical 

models were constructed in a test box with a rigid base and subjected to static footing loading. This 

paper evaluates the settlement of the footing, the vertical deflections of the backfill, the lateral 

displacements of the facing, the vertical and lateral pressure distributions, the strains and tensile 

forces along the reinforcement, and the failure surfaces through the GRR abutment fill. 

 

4.2. Model Tests 

 

4.2.1. Test apparatus 

Eight model tests were carried out to investigate the behavior of the GRR abutment walls with 

wrapped-around and modular block facing subjected to static loading on a rigid footing up to the 

failure under a plane strain condition. This experimental study investigated the effect of the facing 

type (also stiffness) on the performance of GRR abutment walls. The model tests were conducted 

in a test box with an inside dimension of 2.4 m long, 0.45 m wide, and 1.1 m high as shown in 

Error! Reference source not found.4.1. The frame of the box was made of structural steel profiles. T

he two sides of the box were made of 20 mm thick plexiglass. The plexiglass sides allowed visual 

observation and photogrammetry of the failure modes, the footing settlement, and the deflections 
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of the GRR walls during construction and loading. To reduce the boundary effect due to the friction 

of the sides of the box, lubricant was applied onto the plexiglass inside. The loading system 

consisted of a long-stroke hydraulic jack, which was controlled by a hand-operated regulator, a 

check valve, and a high-precision pressure gauge to apply the load. 

 

 

Figure 4. 1. View of the geotechnical test box 

 

4.2.2. Strip footing 
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Two rigid strip footings were made from a 25-mm thick steel plate. The steel plate was reinforced 

by two steel profiles to minimize its bending under loading. The smaller footing was 0.20 m wide 

and 0.45 m long. However, the larger footing was 0.75 m wide and 0.45 m long. To ensure a plane 

strain condition, the length of the footing was equal to the internal width of the test box. 

 

4.2.3. Backfill  

The poorly-graded dry Kansas River sand that was used in pullout tests in chapter 3 was used in 

this study as the backfill. The mean grain size (D50) was 0.56 mm. The uniformity coefficient (Cu) 

and the coefficient of curvature (Cc) of the sand were 3.18 and 0.93, respectively. The maximum 

and minimum dry unit weights of the sand were 18.9 and 16 kN/m3, respectively. The effect of 

compaction on the reinforced sand for reduced-scale models was discussed in Rahmaninezhad et 

al. (2009). A standard direct shear test (ASTM D3080) was used to determine the friction angle of 

the sand compacted at 70% relative density. The measured peak friction angle of the sand was 37o. 

 

4.2.4. Geogrid reinforcement 

As discussed in the section 3.3.1.2, considering the scale effect in this study, uniaxial geogrid was 

prepared by modifying punched-drawn biaxial polypropylene (PP) geogrid. The selection of this 

type of geogrid for reduced-scale model walls was discussed in Xiao et al. (2016). Three transverse 

ribs of the biaxial geogrid were removed in every four ribs on the machine direction in order to 

achieve a form of a uniaxial geogrid. Xiao et al. (2016) first adopted this modification and then 

Rahmaninezhad et al. (2016) and Kakrasul et al. (2018) used it for their studies. The provided 
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properties of this biaxial geogrid by the manufacturer had the ultimate tensile strength of 12.4 

kN/m in the machine direction and 19 kN/m in the cross-machine direction. The cross-machine 

direction of the biaxial was the same as the longitudinal direction of the uniaxial geogrid. Xiao et 

al. (2016) showed that the removal of the transverse ribs reduced the ultimate tensile strength of 

the geogrid in the longitudinal direction by 4%.   

Three tests with a tensile testing machine were conducted for determining the tensile properties of 

single rib of the geogrid in accordance with ASTM D6637/D6637M. Error! Reference source not f

ound.4.2 shows the tensile properties of the geogrid in the cross-machine direction. In Error! 

Reference source not found.4.2, the global strain refers a strain that determined by instruments 

(e.g., by pairs of extensometers) that are capable of measuring the distance between two reference 

points such as the tensile testing machine clamps. Table 3.2 shows the properties of the geogrid 

obtained from the manufacturer. As discussed in Chapter 3, a set of the pullout tests in accordance 

with ASTM D6706-01 were carried out using the RJH box to determine the pullout resistance of 

the modified geogrid that was embedded in the sand. From the pullout test, the coefficient of 

interaction (µ) was determined as 0.75. 
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Figure 4. 2. Tensile properties of geogrid in the cross-machine direction 

 

 

 

4.2.5. Facing 

Two types of wall facing were evaluated in this study: wrapped-around facing and modular block 

facing. In the wrapped-around faced GRR wall, the uniaxial geogrid sheets were placed with the 

machine direction perpendicular to the facing of the wall. Christopher and Holtz (1985) suggested 

that the geosynthetic sheet should be secured in place to prevent movement during fill placement. 

The wall with the wrapped-around facing was constructed by folding the extended geogrid sheet 

through 180° at the face over the current fill, anchoring it back into the backfill, and having it tied 

to another geogrid sheet at a higher elevation. Thin and low-strength gardening sheets were used 

between the wrapped geogrid and the backfill to keep the sand behind the facing and prevent it 
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from flowing out. In the block facing models, the wall facing was made with individual modular 

concrete blocks, which were prepared by cutting plain concrete blocks available in the market. 

Each block was 150 mm long, 50 mm high, 50 mm wide and had a mass of about 0.85 kg. The 

concrete blocks were placed one above another. The geogrid layers were placed at 200 mm vertical 

spacing and connected mechanically to the facing units. All models were vertical with a zero-

degree facing batter during the construction. 

 

4.2.6. Instrumentation 

Pressure cells were used to measure vertical and lateral pressures. The capacities of the pressure 

cells were 200 or 500 kPa. A pressure gauge was used to control the hydraulic pressure applied to 

the footing. Survey targets and colored sand were used for measuring the wall displacements and 

footing settlements, and photos were taken to evaluate slip surfaces in the backfill. A laser tape 

with the accuracy of 0.1 mm was used to measure displacements and settlements. 

The strains of the geogrids were measured by foil-type strain gauges that attached on both upper 

and lower sides of the geogrid. This type of strain gauge had a matrix length of 0.32 inches and a 

matrix width of 0.17 inches, and could measure a tensile strain up to 3%. For the geogrid, the strain 

gauge length lead to measure localized strain. The shape of the geogrid ribs and junctions produces 

stress concentration in the special zones (Min et al., 1995; Allen and Bathurst, 2003). Therefore, 

the measured local strains from the strain gauges glued to the geogrid were correlated with global 

strains. The global strain can refer to an averaged strain over a length (in the case of a geogrid, one 

or more aperture lengths) that is larger than the length of the strain gauge (Bathurst et al., 2002). 
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The calibration factor, CF, presents the ratio between the measured local strain of the strain gauge 

and global strain. 

In-isolation laboratory tests were carried out to determine the calibration between local and 

global strains of the geogrids used in this study. Error! Reference source not found.4.3 (a) shows t

he location of a strain gauge on the geogrid and the setup of the test using universal tensile machine. 

Figure 4.3 (b) shows the setup of the tensile test of a geogrid specimen inside the pullout box as 

discussed in section 3.3.2.1.  Error! Reference source not found.4.4 (a) shows the local strain from 

strain gauges versus to the global strain of the geogrid in air. A single-value CF is approximately 

CF = 1.04. However, the calculated CFs from strain gauges (εupper and εlower) and telltale system 

placed on the geogrid under applied normal stress of 3.5, 7.0, and 10.0 kPa were 1.00, 0.96, and 

0.97, respectively, with an average of 0.98. The average CF calculated from the test in the air was 

approximately equal with that from the tests in soil.  
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(a) 

 

(b) 

Figure 4. 3. Location of strain gauge and the setup of the test: (a) in air; (b) in soil 

 

Strain gauge 

Strain gauge 

Clamp 
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(a) 

 

(b) 

Figure 4. 4. Global strain versus local strain gauges: (a) in air; (b) in soil 
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Figure 4.5 presents the pullout test results of the geogrid. These figures show that at the normal 

stress of 10 kPa applied by the airbag without and with stiff plates, the pullout forces were 15.87 

and 11.11 kN/m, respectively, at the front displacement of 20 mm.  

Also, at the normal stress of 7 kPa applied by the airbag without and with stiff plates, the pullout 

forces were 9.32 and 7.47 kN/m, respectively, at the same front displacement (20 mm). Therefore, 

the pullout resistance of the geogrid under the airbag without any stiff plates was higher than that 

under the airbag with stiff plates. Under the normal stresses of 10, 7, and 3.5 kPa, the pullout 

resistance values of the geogrid when the airbag was used with stiff plates were 30, 20, and 3 %, 

respectively, lower than those measured without stiff plates. Evidently, at the low normal stress, 

there was a minor difference between the pullout resistances using these two different loading 

methods. 
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Figure 4. 5. Pullout resistance of geogrid versus global strain 

 

 

4.2.7. Test configurations 

The GRR model walls were constructed to investigate the effect of two types of wall facing on the 

performance of the GRR walls subjected to footing loading. The walls were constructed on 50 mm 

sand above a rigid base and subjected to static strip loading. Regarding the type of the facing, the 

models walls were categorized into two series including: (1) series W and (2) series B. The walls 

series W represented the walls with a wrapped-around facing. The walls series B represented the 

walls with a modular block facing. Figure 4.6 and 4.7 show the cross sections of the model walls, 

which had the height, H, of 1 m, the vertical spacing between geogrid layers, Sv, of 0.2 m, and the 

offset distance of the footing to the back of the wall facing, D, of 0.2 m. However, in these model 

walls the geogrid length, L, and the retained zone length, l, were variable. Table 4.1 shows the 

details of the model walls. 
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(a) 

 

(b) 

Figure 4. 6. Schematic view of model walls with wrapped-around facing: (a) Wall W-1; (b) Wall 

W-2, (c) Wall W-3, and (d) Wall W-4 (continued) 
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(c) 

 

(d) 

Figure 4.6. Schematic view of model walls with wrapped-around facing: (a) Wall W-1; (b) Wall 

W-2, (c) Wall W-3, and (d) Wall W-4  
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(a) 

 

(b) 

Figure 4. 7. Schematic view of model walls with modular block facing: (a) Wall B-W; (b) Wall 

B-1, (c) Wall B-2, (d) Wall B-3, and (e) Wall B-4 (continued) 
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(c) 

 

(d) 

Figure 4.7. Schematic view of model walls with modular block facing: (a) Wall B-W; (b) Wall 

B-1, (c) Wall B-2, and (d) Wall B-3  
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Table 4.1. Details of the model walls 

No. Wall 
Type of 

Facing 

Height, 

H 

(m) 

Vertical 

Spacing, 

Sv (m) 

Geogrid 

Length, 

L (m) 

Offset, D 

(m) 

Retained 

Zone 

Length, l 

(m) 

Footing 

Width, B 

(m) 

1 W-1 
wrapped-

around 
1 0.2 0.7 0.2 0.5 0.2 

2 W-2 
wrapped-

around 
1 0.2 0.7 0.2 0 0.2 

3 W-3 
wrapped-

around 
1 0.2 0.5 0.2 0.5 0.2 

4 W-4 
wrapped-

around 
1 0.2 0.5 0.2 1.5 0.2 

5 B-W 
modular 

block 
1 0.2 0.7 0.2 0.5 0.2 

6 B-1 
modular 

block 
1 0.2 0.7 0.2 0.5 0.2 

7 B-2 
modular 

block 
1 0.2 0.7 0.2 0 0.2 

8 B-3 
modular 

block 
1 0.2 0.7 0.2 0.25 0.75 
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Walls W-1, W-2, W-3, and W-4 were constructed with six layers of the uniaxial geogrid but without 

the hard facing. In these walls, the sixth geogrid layer was extended back from the facing wrap of 

the fifth layer into the reinforced zone. During the construction, wooden plates were placed to 

temporarily support the wall facing at zero facing batter. Each facing wrap was connected to the 

geogrid layer above using zip ties instead of metal bar clamp like bodkin connection. Except for 

of the top layer, the facing wrapped geogrids were not extended back into the reinforced zone.  

Wall B-W was constructed with six layers of the uniaxial geogrid in an identical manner to Wall 

W-1 but with modular blocks for the facing. This wall was designed to evaluate the effect of facing 

rigidity as compared with Wall W-1. Hence, the layout of geogrids may not resemble those in 

typical walls with block facing (i.e., the bottom layer may not be placed at such a location in the 

field). Mechanical connections were used to connect the geogrid to the blocks. 

Walls B-1, B-2, and B-3 were constructed with five layers of the uniaxial geogrid. This wall was 

designed to represent a typical GRR wall with modular block facing in the practice. 
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4.3. Measured Data and Discussion 

 

4.3.1. Settlement 

The settlement of the center of the footing at each applied pressure was measured using the laser 

tape. Error! Reference source not found.4.8(a) shows the pressure-settlement curves of the footing o

n the GRR walls with wrapped-around facing.  Under the same applied footing pressure, Wall W-

1, with the retained zone, had a lower settlement than Wall W-2, without the retained zone (Error! R

eference source not found.4.8(a)). Wall W-1, with longer geogrid reinforcement layers, had a lower 

settlement than Wall W-3, with shorter geogrid reinforcement layers under the same applied 

footing pressure. Error! Reference source not found.4.8(a) also shows Wall W-4 with short geogrid r

einforcement layers and larger retained zone had larger settlement than Wall-3 with short geogrid 

reinforcement layers and smaller retained zone. 

Error! Reference source not found.4.8(b) shows that the pressure-settlement curves of the footing o

n the GRR walls with modular block facing.  When the applied pressure was lower than 200 kPa, 

Wall B-W had larger settlements than Walls B-1, under the same applied footing pressure (Error! R

eference source not found.4.8(b)).  However, after 200 kPa, Walls B-W and B-1 behaved similarly.  

Wall B-1, with the retained zone, and Wall B-3, without the retained zone, also behaved similarly 

as shown in Error! Reference source not found.4.8(b). Error! Reference source not found.4.8(b) 

also shows Wall B-3 with a larger footing had a less settlement than other walls.  

Error! Reference source not found.4.9 shows that the pressure-settlement curves of the footing on W

alls W-1, W-B, and B-1 together. When the applied pressure was lower than 175 kPa, all three 

walls behaved similarly.  However, after 175 kPa, Wall W-1 with wrapped-around facing had larger 
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settlements than Walls B-W and B-1.  For instance, under the applied pressure of 230 kPa, the 

settlements of the footing on Walls W-1, B-W and B-1 were approximately 138, 87, and 86 mm, 

respectively.  
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(a) 

 
(b) 

Figure 4. 8. Pressure-settlement curves of footings on GRR walls: (a) model walls with 
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wrapped-around facing and (b) model walls with modular block facing 
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Figure 4. 9. Pressure-settlement curves of footings on GRR walls 
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Error! Reference source not found.4.10 presents the settlements at different elevations of Walls W-1

, W-B, and B-1 under the applied footing pressure of 230 kPa using the photogrammetry method. 

Error! Reference source not found.4.10 also shows that the settlements in Wall W-1 were much l

arger than Walls B-W and B-1. Furthermore, Wall W-1 started to tilt toward the facing. However, 

in Walls B-W and B-1, the maximum settlements were localized under the footing. In Wall W-1, 

large compression occurred in the backfill under the footing.  The large deflections happened 

between the wall facing and the centerline of the footing.  The compressions of the upper three 

wraps at the facing were 21, 23, and 28 mm, respectively. Small compressions were observed in 

the lower two wraps. Since the facing units of Walls B-W and B-1 were relatively rigid, no facing 

compression was observed during and after the construction and loading. The 2:1 distribution lines 

(AASHTO, 2012; Berg et al., 2009) are also plotted in Figure 4.10, which shows most of 

compressions happening within the distributed areas.  Clearly, the settlements under the footing in 

Walls B-W and B-1 are approximately symmetric to the centerline of the footing due to the 

existence of the relative rigid facing.  On the other hand, the settlements under the footing in Wall 

W-1 are not symmetric to the centerline of the footing due to the existence of the flexible facing 

(i.e., larger settlements toward the facing). 
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(a)                                                       

 

(b) 

Figure 4. 10. Settlements at different elevations under the applied footing pressure of 230 kPa: 

(a) Wall W-1, (b) Wall B-W, and (c) Wall B-1 (continued) 



105 

 

 

 

(c) 

Figure 4.10. Settlements at different elevations under the applied footing pressure of 230 kPa: 

(a) Wall W-1, (b) Wall B-W, and (c) Wall B-1  

 

 

4.3.2. Facing deflection 

After the construction, the temporary supporting wooden plates were removed. In the walls with 

wrapped- around facing, the wrapped face of each layer was allowed for lateral movement. This 

movement caused backfill settlement of approximately 23 mm at the back of the wrapped facing. 

Moreover, an outward inclination of approximately 3o was observed after removal of the temporary 

support. In the walls with block facing after the construction, the photogrammetry showed an 

outward inclination of approximately 1.5o.   
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In addition to the photogrammetry method, targets were placed along the centerline of the wall 

facing to measure its lateral displacements by a laser tape.  Figure 4.11 shows the lateral 

displacements of the targets along the height of the walls with wrapped- around facing, under the 

applied footing pressures, without considering the facing settlements. The measurement of the 

photogrammetry was taken from sides of the wall while that of the laser tape was taken along the 

centerline of the walls. Even though they measured different magnitudes of wall facing movement, 

they showed similar patterns of the wall facing deflections. The maximum lateral displacements 

for Walls W-1, W-2, W-3, and W-4 occurred at 0.3H, 0.22H, 0.42H, and 0.4H from the top of the 

walls, respectively (Figure 4.11). These results indicate that in the walls with longer geogrid 

reinforcement layers (Walls W-1 and W-2) the maximum lateral displacements occurred within the 

upper third of the wall height. However, in the walls with shorter geogrid reinforcement layers 

(Walls W-3 and W-4) the maximum lateral displacements occurred within the middle third of the 

wall height as shown in Error! Reference source not found.4.11(c) and (d). Figure 4.11 also shows t

hat the maximum lateral displacement of Walls W-1, W-2, W-3, and W-4 were 80, 59, 94, and 78 

mm, respectively, under the applied footing pressure of 230 kPa.  

Figure 4.12 shows the lateral displacements of the targets along the height of the walls with 

modular block facing, under the applied footing pressures. The maximum lateral displacements 

for Walls B-W, B-1, B-2, and B-3 occurred at 0.37H, 0.13H, 0.15H, and 0.25 H from the top of the 

walls, respectively.  The short reinforcement layer on the top of Wall B-W affected the deflection 

of the wall under the footing loading. With an increase of the applied pressure, the top 

reinforcement dragged the top of the facing inward as shown in Figure 4.12 (a). However, in Wall 

W-1, because of the flexibility of the facing, there was no inward deflection (Figure 4.12 (a)). The 

maximum lateral displacement of Walls B-W, B-1, and B-2 were 22, 36, and 33 mm, respectively, 
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under the applied footing pressure of 230 kPa. Since the footing of Wall B-3 was longer than other 

walls, the capacity of the loading system was not enough to apply more than 100 kPa. The 

maximum lateral displacement of the Wall W-1 was 3.5 times larger than that of the Wall B-W and 

2.2 times larger than that of the Wall B-1 under the applied footing pressure of 230 kPa. Abu-

Hejleh et al. (2001) reported the maximum displacement of a 6 m high modular block facing wall 

Induced by placement of bridge superstructure (estimated as 115 kPa) was about 10 mm occurred 

within the upper third of the wall height. Bathurst et al. (2006) reported that under a surcharge 

pressure of 80 kPa, the maximum post-construction facing displacement of the wrapped-around 

facing wall was three times larger than that of the stiff facing wall.  
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 (a)                                                                     (b) 

Figure 4. 11. Deflections of the model walls with wrapped-around facing under the applied 

pressures: (a) Wall W-1, (b) Wall W-2, (c) Wall W-3, and (d) Wall W-4 (continued) 
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(c)                                                                     (d) 

Figure 4.11. Deflections of the model walls with wrapped-around facing under the applied 

pressures: (a) Wall W-1, (b) Wall W-2, (c) Wall W-3, and (d) Wall W-4  
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(a)                                            (b) 

Figure 4. 12. Deflections of the model walls with modular block facing under the applied 

pressures: (a) Wall B-W, (b) Wall B-1, (c) Wall B-2, and (d) Wall B-3 (continued) 
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 (c)                                                                  (d) 

Figure 4.12. Deflections of the model walls with modular block facing under the applied 

pressures: (a) Wall B-W, (b) Wall B-1, (c) Wall B-2, and (d) Wall B-3 
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4.3.3. Vertical earth pressure 

Figure 4.13 presents the vertical earth pressures (Δσv) induced by footing loading along the 

distance to the wall facing at the wall height of 0.8 m (i.e. Layer 5) for Walls W-1 and B-W, and at 

the wall height of 0.7 m for Wall B-1. The vertical pressures calculated by the Boussinesq’s 

equation and the 2:1 distribution method proposed by FHWA (Berg et al., 2009), AASHTO 

(AASHTO, 2012), and Holtz and Kovacs (1981) are also plotted with the measured vertical 

pressures for comparison. The Boussnisq’s solution based on the theory of elasticity is commonly 

used to compute the vertical and lateral pressure profile against walls from the surface surcharge 

(Point, line, or strip) loading (Bowles, 1996). It should be noted that the measured and the 

calculated earth pressures presented in this paper are the additional pressures induced by the 

footing loading and do not include the pressure due to self-weight of the wall. 

The measured vertical earth pressures generally increased with the increase of the applied footing 

pressure for Walls B-W and B-1. However, the pressure cells installed in the Wall W-1 model 

behaved somewhat differently. In the Wall W-1 and B-W, the pressure cells placed at the distances 

of 0.62 and 0.47 m from the wall facing measured very low pressures during the loading.  The 

maximum vertical earth pressures in Walls W-1, B-W, and B-1 were measured from the pressure 

cells that placed at 0.17 m, 0.17 m, and 0.25 m from the wall facing, respectively which 

approximately were located under the outer edge of footing. In all three walls, the maximum 

measured vertical earth pressures had higher magnitudes as the calculated vertical pressures. The 

maximum measured vertical earth pressures in Walls W-1, B-W, and B-1 at the applied pressure 

of 230 kPa were 1.46, 1.41, and 1.72 times higher than the calculated maximum vertical pressure 

magnitudes by 2:1 method. 
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(a) 

 

 (b)  

Figure 4. 13. Additional vertical earth pressure distribution: (a) Wall W-1, (b) Wall B-W, and (c) 

Wall B-1 (continued) 
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 (c) 

Figure 4.13. Additional vertical earth pressure distribution: (a) Wall W-1, (b) Wall B-W, and (c) 

Wall B-1 
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Figure 4.14 shows the measured vertical earth pressure (Δσv) versus the applied vertical pressure 

by footing at two locations (i.e., EPC1 and EPC2) at the base of Walls W-1, B-W, and B-1, which 

were located at the distances of 0.02 and 0.2 m from the facing wall, respectively.  The vertical 

pressures calculated using the 2:1 distribution method are also plotted with the measured vertical 

pressure for comparison. Figure 4.14 shows that the measured vertical pressures increased with 

the applied pressures at the both locations for Walls W-1, B-W, and B-1. At the same applied 

pressure, the pressure cells close to the centerline of the footing measured higher pressures than 

those close to the toe.  This pressure distribution may result from the Boussinesq’s stress 

distribution and the soil arching effect behind the wall facing.  The calculated pressures using the 

2:1 distribution method proposed by FHWA and AASHTO (Berg et al., 2009; AASHTO, 2012) 

were less than the measured ones close to the centerline of the footing in all three walls.  However, 

in the Walls W-1 and B-W, the calculated pressures were higher than the measured ones close to 

the facing. 
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(a) 

 

 (b) 

Figure 4. 14. Vertical earth pressure distribution at the base of the wall: (a) Wall W-1, (b) Wall 

B-W, and (c) Wall B-1 (continued) 
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(c) 

Figure 4.14.  Vertical earth pressure distribution at the base of the wall: (a) Wall W-1, (b) Wall 

B-W, and (c) Wall B-1 
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4.3.4. Lateral earth pressure 

Figure 4.15 shows the measured lateral earth pressures (Δσh) induced by footing loading from the 

pressure cells installed along the height of wall facing for the Walls W-1, B-W, and B-1. The lateral 

earth pressures estimated based on a theoretical method (i.e. Boussinesq’s solution) are also plotted 

with the measured lateral earth pressures for comparison. 

The measured lateral earth pressures generally increased with the increase of the applied pressure 

in both walls. The maximum lateral earth pressure was recorded at the top-height of the wall (i.e. 

at the height of 0.9 m) for Wall W-1, at the height of 0.7 m for Wall B-W, and about the height of 

0.6 m for Wall B-1 under the entire application of loads. The theoretical method suggested by 

Boussinesq was based on unyielding wall facing (i.e., rigid facing).  However, Wall W-1 had 

flexible facing, the measured lateral earth pressures generally agreed with the calculated ones by 

the theoretical method.  For Walls B-W and B-1 with relatively rigid facings, the calculated lateral 

earth pressure distributions by the theoretical method were quietly different from the measured 

distributions because of the rigidity of the walls facing. 
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(a)                                                              (b) 

Figure 4. 15. Lateral earth pressure distribution: (a) Wall W-1, (b) Wall B-W, and (c) Wall B-1 

(continued) 
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 (c) 

Figure 4.15. Lateral earth pressure distribution: (a) Wall W-1, (b) Wall B-W, and (c) Wall B-1 
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4.3.5. Strain 

Figure 4.16 shows the average measured local strains induced by footing loading from the strain 

gauges installed along the geogrid at layer 5 (G5) of the Walls W-1 and B-W as shown in Figures 

4.6(a) and 4.7(b). The average local strain calculated from the strain gauges attached on the upper 

and lower sides of the geogrid using Eq. 3.2. The average measured local strains generally 

increased with the increase of the applied footing pressure for Walls W-1 and B-W.  The maximum 

measured local strains in Walls W-1 and B-W were measured from the strain gauges that placed at 

0.17 m from the wall facing which approximately were located under the outer edge of footing. 

The maximum average measured local strains in Walls W-1 and B-W at the applied pressure of 

230 kPa were 6.6% and 7.7%, respectively.  
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(a) 

 

 (b) 

Figure 4. 16. Lateral earth pressure distribution: (a) Wall W-1 and (b) Wall B-W 
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4.3.6. Coefficient of earth pressure 

Figure 4.17 shows the lateral earth pressure versus measured vertical pressure induced by footing 

loading at three locations (i.e., Toe, Layer 4, and Layer 5) of Walls W-1, B-W, and B-1.  The lateral 

earth pressure was measured from the earth pressure cells, and calculated from the measured 

tension in the reinforcement per unit width of wall using the following equation: 

 

𝜎ℎ =  
𝑇

𝑆𝑣
       Eq. 4.1 

 

where T = measured tension in the reinforcement; Sv = vertical spacing of reinforcement. The 

tension in the reinforcement was estimated by using the measured local strain of the geogrid (from 

strain gauges) multiplied by CF and the geogrid tensile stiffness. In additional, the measured lateral 

and vertical earth pressure, and the measured maximum tension in the reinforcement were used 

for determining Kr behind the wall (Jiang et al. 2016; AASHTO, 2012; Berg et al., 2009). The Kr 

was calculated from the maximum tension in the reinforcement per a defined unit width of wall 

using the following equation: 

 

𝐾𝑟 =  
𝑇𝑚𝑎𝑥

𝑆𝑣×𝜎𝑣
      Eq. 4.2 
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where Tmax = measured maximum tension in the reinforcement; σv is the vertical earth pressure. 

Therefore, Figure 4.17 essentially represents the Kr induced by footing loading at different 

elevations (i.e., Toe, Layer 4, and Layer 5). Based on the findings of this study the maximum 

vertical pressure (Δσv, max) and maximum tension in the reinforcement (ΔTmax) induced by the 

footing loading occurred close to the center line of the applied footing (i.e., Figure 4.13). Thus, 

the measured Δσv, max and ΔTmax were used for calculating the coefficient of lateral earth pressure 

(Kr). In addition, the coefficient of lateral earth pressure (Kr) was also calculated based on the 

measured tension (ΔT) in the reinforcement and measured vertical earth pressure (Δσv) behind the 

wall facing induced by the footing loading, and the results are presented in Figure 4.17. For 

comparison purpose, the calculated coefficient of active (Ka), at rest (Ko), and passive (Kp) earth 

pressure (using the peak friction angle of 37°) are also plotted in this figure. The Ka, Ko, and Kp 

were about 0.25, 0.4, and 4.02, respectively.  

In the Wall W-1, the Kr values calculated from the earth pressure cells placed behind the facing at 

layer 5, layer 4, and toe were about 1, 0.75, and 0.38, respectively (Figure 4.17(a)). The Kr values 

at layer 5 and layer 4 were higher than Ko. However, at the toe of this wall, the Kr value was close 

to the Ko (i.e., 0.4) value. Moreover, at layer 5, the Kr values calculated based on the ΔTmax and Δσv, 

max was 0.41 which was almost the same as Ko value.  The Kr value calculated based on the ΔT and 

Δσv was 0.46 that was also close to the Ko. However, the Kr value calculated based on ΔTmax and 

Δσv was higher than the other Kr values. In other words, the Kr values calculated based on the 

measured data from the experimental tests were higher than the Ka value.   

In the Wall B-W, the Kr values calculated from the earth pressure cells placed behind the facing at 

layer 5, layer 4, and toe were 0.65, 0.75, and 0.85, respectively (Figure 4.17(b)). The Kr values 

calculated based on the ΔT and Δσv at layer 5 and layer 4 were 1 and 0.7, respectively. The Kr value 
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calculated based on the ΔTmax and Δσv, max (close to the centerline of the footing) at layer 5, was 

0.46 that was close to the Ko value. However, the Kr value calculated based on the ΔTmax and Δσv 

was close to the Kp value and higher than the other Kr values. 

In the Wall B-1, the Kr values calculated from the earth pressure cells placed behind the facing at 

layer 5, layer 4, and toe were about 0.75, 0.43 and 0.16, respectively (Figure 4.17(c)). At the layer 

4 of this wall, the Kr value was close to the Ko value. However, the Kr value of the layer 5 was 

higher than the Ko, and at toe, the Kr value was lower than Ka. 
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 (a) 

Figure 4. 17. Measured lateral earth pressure versus the measured vertical pressure: (a) Wall W-

1, (b) Wall B-W, and (c) Wall B-1 (continued) 
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(b) 

Figure 4.17. Measured lateral earth pressure versus the measured vertical pressure: (a) Wall W-1, 

(b) Wall B-W, and (c) Wall B-1 (continued) 
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(c) 

Figure 4.17. Measured lateral earth pressure versus the measured vertical pressure: (a) Wall W-1, 

(b) Wall B-W, and (c) Wall B-1 

 

Figure 4.18 presents the distribution of the normalized coefficient of lateral earth pressure with 

depth, Z, from measured lateral earth pressures and maximum tensile forces in Walls W-1, B-W, 

and B-1. Figure 4.18(a) shows the profile of the normalized coefficient of lateral earth pressure 

(Kr/Ka) with depth, Z. The coefficient of lateral earth pressures was determined from the measured 

lateral earth pressures behind the wall facing and the tensile forces in the geogrid. All Walls W-1, 

B-W, and B-1 had the Kr/Ka ratios calculated based on the measurements from the earth pressure 
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cells approximately between 1.5 and 4 within the upper half of the wall height as shown in Figure 

4.18(a). At the toe of the Walls W-1 and B-1, the Kr/Ka ratios calculated based on the earth pressure 

cells were close to 1.0. However, the Kr/Ka ratio in wall B-W was about 3.4.  

Figure 4.18(a) also shows that the value of Kr/Ka ratio calculated based on the maximum measured 

tension in the reinforcement (ΔTmax) and the maximum measured vertical earth pressure (Δσv, max) 

was 1.64 and 1.9 for the Wall W-1 and Wall B-W, respectively. In addition, The value Kr/Ka ratio 

calculated based on the measured tension in the reinforcement behind the wall facing (ΔT) and the 

measured vertical earth pressures behind the wall facing (Δσv) was 1.8 and 3.95 for the Wall W-1 

and Wall B-W, respectively. That is to say, the Kr/Ka ratios calculated based on ΔTmax and Δσv,max 

was closer to the ratio recommended by FHWA guideline (i.e., Kr/Ka =1.0) compared to the other 

Kr/Ka ratios. 

Figure 4.18(b) also shows that for Walls W-1, B-W, and B-1 subjected to footing loading, the Kr 

values calculated based on the measurements from the instruments placed within the 2:1 

distributed area, are close to the Ko value. Therefore, the lateral earth pressure within the 2:1 

distributed area using the following equation: 

 

                                                                                                                                           Eq. 4.3 

 

where σh = lateral earth pressure, γ = backfill density, Z = depth, ∆𝜎ℎ  = lateral earth pressure 

induced by footing loading, 𝐾𝑜 = coefficient of at rest earth pressure, and Δσv = vertical earth pressure 

induced by footing loading. 

𝜎ℎ =  𝐾𝑎𝛾𝑍 + ∆𝜎ℎ = 𝐾𝑎𝛾𝑍 + 𝐾𝑜∆𝜎𝑣 
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 (a) 

Figure 4. 18. Distribution of the normalized coefficient of lateral earth pressure ratio with depth 

from measured lateral earth pressures and maximum tensile forces: (a) using Ka and (b) using K0 

(continued) 
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(b) 

Figure 4.18. Distribution of the normalized coefficient of lateral earth pressure ratio with depth 

from measured lateral earth pressures and maximum tensile forces: (a) using Ka and (b) using K0 

 

4.3.7. Failure mode 

The plexiglass allowed the visual observation and photogrammetry of the failure modes of the test 

walls during construction and loading. Figure 4.19 shows the slip surfaces and deformed facing 

in the abutment Walls W-1, B-W, and B-1. In Wall W-1, no obvious failure was observed on the 

wrapped facing. However, in Walls B-W and B-1 the facing failed at the locations of the maximum 
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outward displacements. At these locations, because the upper and lower blocks were restrained by 

geogrids, local bulging occurred in the middle of the geogrid layers. As a result, the blocks at these 

locations rotated and gaps between blocks developed as shown in Figure 4.19 for Wall B-W. In 

Wall B-W, the geogrids also broke close to the mechanical connections. However, in Wall B-1 the 

blocks were fell down at the location of the maximum outward displacement. 

 

 

 (a) 

Figure 4. 19. Slip surfaces and facing deflections: (a) Wall W-1, (b) Wall B-W, and  

(c) Wall B-1 (continued) 
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(b) 

 

(c) 

Figure 4.19. Slip surfaces and facing deflections: (a) Wall W-1, (b) Wall B-W, and  
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(c) Wall B-1 

The observed slip surfaces were marked with dashed lines, which were traced based on the 

distortion of the colored sand layers and the wall facing. Based on the visual observation, the slip 

surfaces began from the edge of the footing and developed into the reinforced zone towards the 

wall facing. Moreover, all of the shallow, middle and deep slip surfaces that were mentioned by 

Xiao et al. (2016) were observed in these tests. No slip surfaces developed through the toe of the 

walls. Xiao et al. (2016) found that for the abutment walls with block facing, when the footing was 

close to the facing (D/H = 0.15, 0.2 and 0.3), the blocks within the upper portion of the wall had 

obviously relative movement.  
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4.4. Summary 

The objective of this study was to evaluate and compare the performance of the geosynthetic-

reinforced retaining (GRR) walls with the wrapped-around and modular block facing subjected to 

static footing loading under a plane strain condition. To achieve this objective, eight model tests 

were conducted in the laboratory to examine the effect of the facing stiffness on the pressure-

settlement curve, the deflection of the wall, the vertical and lateral pressures, and the failure modes. 

The following consequences can be summarized based on this chapter: 

(1) The modular block facing behaved as relatively rigid facing and reduced the footing 

settlement as compared with the wrapped-around facing.  

(2) The maximum lateral displacements in the wall with the wrapped-around facing was much 

larger than the walls with modular block facing.   

(3) In general, for all the walls the coefficient of lateral earth pressure, Kr, calculated  from the 

measured earth pressures and the tension in geogrid, were between the coefficient of 

passive (Kp) and at rest (Ko) earth pressures.  

(4) For the walls subjected to footing loading, the Kr values calculated based on the 

measurements from the instruments placed within the 2:1 distributed area, are close to the 

Ko value.  

(5) At failure, the slip surfaces began from the edge of the footing and developed into the 

reinforced zone toward the wall facing. The shallow, middle and deep slip surfaces were 

observed in these test walls. No obvious failure was observed on the wrapped facing. 

However, for the walls with the modular block facing, the failure occurred on the facing. 
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Chapter 5. Stability and Deflection of GRR Walls Subjected to Footing 

Loading 

 

5.1. Introduction 

Although several studies have been conducted to evaluate the behavior of the GRR walls with 

flexible facing under self-weight or surcharge, limited studies have been conducted to evaluate the 

behavior of the GRR walls with different wall facing under footing loading. Different from typical 

GRR walls, GRR abutment walls are generally subjected to high footing loading that are close to 

the wall facing. Therefore, not only the stability of the GRR walls but also the bearing capacity 

and settlement of the bridge footing should be considered in design. Although the GRR abutment 

walls with flexible facing have been the subject of a few studies, the interaction between the GRR 

wall and the footing is not well understood. In addition, very few studies have investigated the 

behavior of the GRR walls with wrapped-around facing. Moreover, so far, there is no solution for 

determining bearing capacity and settlement of the footing on the GRR walls, and not a proper 

method to predict deflection of the GRR wall facing induced by footing loadi. For instant, 

Saghebfar et al. (2017) found a significant difference between the predicted lateral deflection of 

the facing wall using FHWA method (discussed in Section 2.7.5) and measured lateral deflections 

underpredicted the. The difference between measurement and theoretical values was more 

significant during the construction of bridge, however, after open the bridge to traffic (10/6/2015), 

the difference between the predicted and measured lateral deflections and strains were decreased. 

As discussed in Chapter 4, an experimental study has been conducted including the 

physical models constructed in a test box under a plane strain condition and subjected to static 
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footing loading. Each model test wall had a dimension of 0.45 m wide, and 1.0 m high. Geogrid 

layers were used as reinforcement in the walls. The experimental study evaluated the settlement 

of the footing, the lateral displacements of the facing, the vertical and lateral pressure distributions, 

the strains and tensile forces along the reinforcement, and the failure surfaces through the GRR 

abutment fill.  

In this chapter, the effect of the footing loading on the global stability of GRR walls with 

wrapped-around and modular block facing was investigated. The limit equilibrium (i.e., the Bishop 

modified method and the Spencer method) in the ReSSA program was used to determine the 

critical slip surfaces and their corresponding factors of safety of the eight reduced-scale 

experimental models and ten case histories. Then, an analytical study was conducted to develop 

solutions for the settlement of the footing and the lateral deflection of the GRR walls with wrapped-

around and with modular concrete block facing induced by footing loading. 

 

5.2. Limit Equilibrium Method 

Limit equilibrium methods have been used for decades to analyze the stability of geosynthetic 

reinforced slopes and retaining walls. In this study, the limit equilibrium program, ReSSA version 

3.0, developed by the ADAMA Engineering, Inc., was used to determine the critical slip surfaces 

and calculate the factors of safety. ReSSA uses two methods of stability analysis: (1) the Bishop 

modified method (Bishop, 1955) and (2) the Spencer method (Spencer, 1967). The Bishop method 

uses circular arc slip surfaces.  The Bishop method is a common limit equilibrium method.  

However, the Bishop method does not satisfy horizontal force limit equilibrium (Leshchinsky and 

Han, 2004; Han and Leshchinsky, 2010).  In ReSSA version 3.0, Bishop’s modified method was 

modified to include reinforcement as a horizontal force intersecting the slip circle (Han and 
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Leshchinsky, 2010).  However, this modified method is consistent with the original developed 

method by Bishop (1955).  The Spencer method is considered rigorous since it explicitly satisfies 

equilibrium. Spencer (1976) utilized two- and three-part wedge mechanism. The two-part wedge 

is used to assess the potential for direct sliding along each reinforcement layer.  The slip surface 

divides the walls or slopes into unstable and stable zones (Rahmaninezhad et al., 2018). The rear 

pullout capacity of reinforcement, its long-term strength, and the soil strength have effects on the 

mobilization of tension in the reinforcement near the slip circle (Han and Leshchinsky, 2010; Han, 

2015; Rahmaninezhad et al., 2018).  

 

5.3. Limit Equilibrium Analysis 

The focus of this section is to investigate the effect of footing loading on global stability of GRR 

walls with wrapped-around and modular block facing. The limit equilibrium methods (i.e., the 

Bishop modified method and the Spencer method) in the ReSSA program were used to determine  

critical slip surfaces and their corresponding factors of safety of the model walls and 10 test walls 

which were described in Chapters 4 and 2, respectively.  

 

5.3.1. Reduced-scale walls subjected to footing loading 

 

GRR model walls with wrapped-around facing 

Figure 5.1 presents the calculated factors of safety using the Bishop and Spencer methods 

versus the applied pressures for Walls W-1, W-2, W-3, and W-4 with wrapped-around facing. The 

dimensions of these walls were described in Section 4.2.7 and Table 4.1. The comparison between 



139 

 

two methods indicates that the factors of safety evaluated by Spencer's two-part wedge method for 

all the walls were smaller than those by Bishop's method. Therefore, the two-part wedge failure 

was more critical than the circular failure in these walls. By applying pressure higher than 191, 

152, 100, and 100 kPa in Walls W-1, W-2, W-3, and W-4, the calculated factor of safety using the 

Bishop method became less than one, as shown in Figure 5.1. These pressures can be defined as 

the ultimate bearing capacity. In other words, the ultimate bearing capacity is the pressure at which 

the corresponding factor of safety using the Bishop method is one. Moreover, the ultimate bearing 

capacity identified by the Bishop method had a better agreement with the measured critical footing 

pressure in these walls than that by the spencer method, as shown in Chapter 4.   

Figure 5.1 also indicates that the walls with longer geogrid reinforcement length (Walls 

W-1 and W-2) had a higher ultimate bearing capacity than the walls with shorter geogrid 

reinforcement length (Walls W-3 and W-4). In addition, Wall W-1 with a retained fill zone had a 

higher ultimate bearing capacity than Wall W-2 without a retained fill zone.   

Figure 5.2 shows the critical slip surfaces under the ultimate bearing capacity identified 

by Bishop’s and Spencer’s methods for the walls with wrapped-around facing. Figure 5.2 also 

plots the locations of the maximum tensile force lines in walls with large surcharge slabs and 

inextensible reinforcements proposed by FHWA (Berg et al., 2009) as shown in Figure 2.1. The 

comparison between the Bishop and Spencer methods indicates that the factors of safety calculated 

by Spencer's two-part wedge method for all the model walls with the wrapped-around facing are 

smaller than those by Bishop's method. Therefore, the two-part wedge failure could be considered 

more critical than the circular failure.  

Figure 5.2 also shows that the slip surface, identified by the Bishop method, began from 
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the inner edge of the footing and developed into the reinforced zone towards the walls facing. 

However, the slip surfaces, identified by the Spencer method, began from the center of the footing 

toward the upper part of the walls facing. Moreover, the critical slip surfaces identified by the 

Spencer, Bishop, and FHWA methods agreed well with the observed shallow, middle, and deep 

slip surfaces in Wall W-1 shown in Figure 4.19(a). 
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(a) 

 

 (b)  

Figure 5. 1. Factor of Safety versus applied pressure: (a) Wall W-1, (b) Wall W-2, (c) Wall W-3, 

and (d) Wall W-4 (continued) 
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(c) 

 

(d) 

Figure 5.1. Factor of Safety versus applied pressure: (a) Wall W-1, (b) Wall W-2, (c) Wall W-3, 

and (d) Wall W-4 
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(a) 

 
 (b) 

 

Figure 5. 2. Slip surfaces and factors of safety for: (a) Wall W-1, (b) Wall W-2, (c) Wall W-3, 

and (d) Wall W-4 (continued) 
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(c) 

 
(d) 

Figure 5.2. Slip surfaces and factors of safety for: (a) Wall W-1, (b) Wall W-2, (c) Wall W-3, and 

(d) Wall W-4 
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GRR model walls with modular block facing 

Figure 5.3 presents the calculated factors of safety versus applied pressures using the Bishop and 

Spencer methods for Walls B-W, B-1, B-2, and B-3 with modular block facing. The dimensions of 

these walls were described in Section 4.2.7 and Table 4.1.  Figure 5.3 also illustrates that the 

ultimate bearing capacity for Walls B-W, B-1, B-2, and B-3 were 425, 300, 400, and 200 kPa. The 

comparison between Walls W-1 and B-W indicates that facing rigidity increased the ultimate 

bearing capacity by 55%. Moreover, the comparison between Walls B-W and B-1 shows that the 

layout of geogrids had a significant effect on the magnitude of the ultimate bearing capacity. For 

instant, the ultimate bearing capacity of Wall B-W with six geogrid layers was approximately 30% 

higher than Wall B-1 with five geogrid layers. In addition, Wall B-1 with a retained fill zone had a 

lower ultimate bearing capacity than Wall B-2 without a retained fill zone.   

Figure 5.4 shows the critical slip surfaces under the ultimate bearing capacity identified 

by Bishop’s and Spencer’s methods for the model walls with modular block facing and the 

locations of maximum tensile force lines in walls with large surcharge slabs and inextensible 

reinforcements proposed by FHWA (Berg et al., 2009). Similar to the walls with wrapped-around 

facing, the comparison between the Bishop and Spencer methods indicates that the factors of safety 

calculated by Spencer's two-part wedge method for all the model walls with the modular block 

facing are smaller than those by Bishop's method.  Therefore, the two-part wedge failure could be 

considered more critical than the circular failure. 

In Walls B-W, B-1, and B-2, the slip surfaces, identified by both Bishop’s and Spencer’s 

methods, began from the inner edge of the footing towards the wall facing, as shown in Figure 

5.4. In Wall B-3 with a wider footing, the slip surfaces, identified by both Bishop’s and Spencer’s 
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methods, began from the middle and inner edge of the footing and developed into the reinforced 

zone. Moreover, in Walls B-W and B-1, the slip surfaces identified by Spencer, Bishop, and FHWA 

methods agreed well with the observed shallow, middle and deep slip surfaces shown in Figure 

4.19(b) and (c). 
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(a) 

 

 (b) 

Figure 5. 3.  Factor of Safety versus applied pressure: (a) Wall B-W, (b) Wall B-1, (c) Wall B-2, 

and (d) Wall B-3 (continued) 
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(c) 

 
(d) 

Figure 5.3. Factor of Safety versus applied pressure: (a) Wall B-W, (b) Wall B-1, (c) Wall B-2, 

and (d) Wall B-3 
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(a) 

 
 (b) 

Figure 5. 4. Slip surfaces and factors of safety: (a) Wall W-1, (b) Wall W-2, (c) Wall W-3, and 

(d) Wall W-4 (continued) 
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(c) 

 
(d) 

Figure 5.4. Slip surfaces and factors of safety for: (a) Wall W-1, (b) Wall W-2, (c) Wall W-3, and 

(d) Wall W-4 
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Kakrasul (2018) 

As discussed in Section 2.3.2, Kakrasul (2018) conducted a series of laboratory model tests to 

investigate the performance of GRR walls constructed with limited fill space subjected to strip 

footing loading. Figure 2.4 shows one model wall with the height, H, of 1 m, the vertical spacing 

between geogrid layers, Sv, of 0.2 m, the offset distance of the footing to the back of the wall facing, 

D, of 0.05 m, and the geogrid length, L, of 0.5 m.  Error! Reference source not found.2.5 and 2.6 p

resent the pressure-settlement curves of the footing on the model wall and the lateral displacements 

along the height of the wall under the applied footing pressures , respectively.  

Figure 5.5 presents the results of the limit equilibrium analysis on the Kakrasul wall in the 

Kakrasul (2018) study using the Bishop and Spenser methods.  The result shows the ultimate 

bearing capacity was 200 kPa. The comparison between this wall and Wall B-2 (Section 5.3.1) 

indicates that the wall with longer geogrid reinforcement (Wall B-2) had a higher ultimate bearing 

capacity than the walls with shorter geogrid reinforcement length (Kakrasul’s wall). Figure 5.6 

shows the critical slip surfaces identified by Bishop’s and Spencer’s methods under the ultimate 

bearing capacity.  The slip surfaces began from the inner edge of the footing and developed into 

the reinforced zone towards the wall facing. 
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Figure 5.5. Factors of safety versus applied pressure for the wall with limited fill space 

 

Figure 5.6. Slip surfaces and factors of safety under the ultimate bearing capacity for the wall 

with limited space (after Kakrasul 2018) 
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5.3.2. Full-scale model walls subjected to footing loading 

 

Chemie Linz wall  

Werner and Resl (1986) evaluated the performance of a 2.4-m-high full-scale field geotextile-

reinforced wall with wrapped-around facing under static footing loading, as discussed in Section 

2.4.1. They exposed the wall to three years of climatic fluctuations and environmental influences 

until loading in 1984. The geometry, loading scheme, and material properties of the wall are shown 

in Figure 2.7. A polypropylene needle-punched nonwoven geotextile with an ultimate tensile 

strength of 16 kN/m was used as reinforcement.  Moreover, Figure 5.7 present the critical slip 

surfaces identified by Bishop’s and Spencer’s methods and their corresponding factors of safety.  

Under the applied pressure of 130 kPa, the calculated factors of safety using the Bishop modified 

method and the Spencer two-part wedge method were 1.03 and 1.08, respectively. Therefore, the 

applied pressure of 130 kPa can be considered as the ultimate bearing capacity. While the 

calculated factors of safety are approximately equal, the Spenser method presents a deeper slip 

surface than the Bishop method. Werner and Resl (1986) reported that the settlement of the footing 

and the maximum lateral displacement of the wall facing induced under footing loading of 130 

kPa were 160 and 110 mm, respectively. 
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Figure 5.7. Critical slip surfaces and factors of safety for Chemie Linz wall (Werner and Resl, 

1986) 

 

Trento Wall 

Benigni et al. (1996) evaluated the performance of a 5-m-high test wall, so-called the Trento test 

wall, with wrapped around facing, under static footing loading, as discussed in Section 2.4.2.  

Figure 2.8 shows the geometry and loading scheme of the Trento Wall.   A geocomposite with the 

tensile strength of 27 kN/m at 16 percent strain was used as reinforcement. The load was applied 

by a weight of two 3 m by 3 m wide loading platforms placed on top of the wall.  Figure 5.8 shows 

the calculated factors of safety using the Bishop and Spenser methods versus the applied load.  The 

results indicate that the ultimate bearing capacity is 450 kPa.  Figure 5.9 shows the critical slip 

surfaces identified by Bishop’s and Spencer’s methods and their corresponding factors of safety 
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under the ultimate bearing capacity.  The comparison between the Bishop and Spencer methods 

indicates similar slip surfaces with similar factors of safety. Benigni et al. (1996) reported that, 

under the applied pressure of 84 kPa, the settlements of the platform on the top of the wall was 50 

mm. Moreover, they reported that the induced maximum lateral displacements for the wall under 

the applied pressure of 130 kPa was 90 mm. 

 

 

 

Figure 5.8. Calculated factors of safety versus applied pressure for the Trento wall 
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Figure 5.9. Critical slip surfaces and factors of safety under the ultimate bearing capacity in the 

Trento wall (after Benigni et al. 1996) 

 

Garden test wall 

Gotteland et al. (1997) monitored the performance of a 4.35-m-high full-scale test wall to 

investigate the failure behavior of the geosynthetic-reinforced soil structure as a bridge abutment, 

as discussed in Section 2.4.3. The wall was divided into two parts corresponding to two different 

wall profiles: the first part reinforced by nonwoven geotextiles (NW) and the second part 

reinforced by woven geotextiles (W). Figure 2.9 shows the geometry, loading scheme, and 

material properties of the wall. The nonwoven and woven geotextiles had tensile strengths of 25 
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kN/m at 30% strain and 44 kN/m at 15% strain, respectively.  Figure 5.10 shows the calculated 

factors of safety using the Bishop and Spenser methods for the Garden test wall.  The result shows 

that the ultimate bearing capacity for both walls was 300 kPa. Figure 5.11 shows the critical slip 

surfaces identified by Bishop’s and Spencer’s methods and their corresponding factors of safety, 

under the ultimate bearing capacity.  The results indicate that the factors of safety calculated by 

Spencer's method for both walls were smaller than those by Bishop's method. Therefore, in this 

case, the two-part wedge failure could be considered more critical than the circular failure. The 

critical slip surface identified by the Bishop method in NW wall is deeper than that in W wall.  

Gotteland et al. (1997) reported that under the applied pressure of 190 kPa, the induced maximum 

lateral deflections of the wall facing with nonwoven and woven geotextiles were 110 and 90 mm, 

respectively, as shown in Figure 2.11. At the same applied pressure, in the wall NW, the calculated 

factors of safety using the Bishop method and theSpencer method were 1.37 and 0.99, respectively. 

However, those in the wall W were 1.26 and 0.93, respectively.   
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(a) 

 

 (b) 

Figure 5.10. Calculated factors of safety versus applied pressure for: (a) wall with nonwoven 

geotextile (NW) and (b) wall with woven geotextile (W) 
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(a) 

 
 (b) 

Figure 5.11. Critical slip surfaces and factors of safety for: (a) wall with nonwoven geotextile 

(NW) and (b) wall with woven geotextile (W) (after Gotteland et al. 1997) 
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5.3.2.4. Yoo and Kim (2008) 

Yoo and Kim (2008) investigated the performance of a 5-m-high full-scale two-tier geogrid-

reinforced retaining wall with modular block facing subjected to various levels of surface loading, 

as discussed in Section 2.4.4. Figure 2.12 shows the measured lateral displacements along the 

height of the wall.  Figure 5.12 presents the calculated factor of safety using the Bishop and 

Spenser methods for this two-tiered wall.  The result indicates that the ultimate bearing capacity 

for both walls is 850 kPa. The factor of safety calculated by Spencer's method was smaller than 

that by Bishop's method. Therefore, in this case, the two-part wedge failure could be more critical 

than the circular failure. In addition, the comparison between this wall and the other case histories 

shows that the tiered wall may allow higher footing pressure than un-tiered walls.  Figure 5.13 

shows the critical slip surfaces and their corresponding factors of safety using the Bishop and the 

Spencer methods, under the ultimate bearing capacity.  Figure 5.13 also shows the critical slip 

surfaces may occur in the upper tier in this wall.    
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Figure 5. 12. Calculated factors of safety versus applied pressure for the tiered wall 

 

 

Figure 5.13. Critical Slip surfaces and factors of safety for the tiered wall (after Yoo and Kim 

2008) 
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Ahmadi and Bezuijen (2018)  

Ahmadi and Bezuijen (2018) carried out a footing loading test on a full-scale mechanically 

stabilized earth (MSE) wall with a plywood face, as discussed in Section 2.4.5. The full-scale 

model had a height of 4 m, a width of 4 m, vertical spacing between geogrid layers of 0.5 m, an 

offset distance of the footing to the back of the wall facing of 0.5 m, and a footing width of 1 m.  

Error! Reference source not found.2.14 shows the configuration of the MSE walls.  Figure 2.15 p

resents the lateral wall deflection under a strip footing load.  Figure 5.14 shows the calculated 

factor of safety using the Bishop and Spenser methods for this wall. The result indicates that the 

ultimate bearing capacity for both walls is 500 kPa.  Figure 5.15 shows the critical slip surfaces 

identified by Bishop’s and Spencer’s methods and their corresponding factors of safety under the 

ultimate bearing capacity.  The comparison between the Bishop and Spencer methods indicates 

similar slip surfaces and factors of safety. 
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Figure 5. 14. Calculated factors of safety versus applied pressure in MSE wall with a plywood 

face 
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Figure 5.15. Critical slip surfaces and factors of safety in MSE wall with a plywood face (after 

Ahmadi and Bezuijen 2018) 
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5.3.3. Field studies on walls subjected to footing loading 

Founder/Meadows bridge abutments  

Abu-Hejleh et al. (2001) monitored the behavior of geogrid-reinforced segmental retaining walls, 

which supported the bridge superstructure and the approaching roadway, as discussed in Section 

2.5.1. Figure 2.16 shows the cross-section of one of the Founder/Meadows Bridge abutment walls. 

Three grades of geogrid reinforcement with their ultimate tensile strengths of 157.3, 64.2 and 39.3 

kN/m, in accordance with the ASTM D4595 test method, were used in the abutment walls. The 

vertical spacing between the reinforcement layers was 0.4 m. The average unit weight and dry unit 

weight of the backfill were 22.1 and 21.0 kN/m3, respectively. Figure 2.17 presents the lateral 

deflections of the facing of the abutment walls.  Figure 5.16 shows the calculated factors of safety 

using the Bishop and Spenser methods for this wall.  The result indicates that the ultimate bearing 

capacity for both walls is 850 kPa. Figure 5.17 shows the critical slip surfaces and their 

corresponding factors of safety using the Bishop and the Spencer methods, under the ultimate 

bearing capacity. The comparison between the Bishop and Spencer methods indicates similar 

factors of safety. Moreover, the slip surfaces, identified by both methods, began from the center of 

the footing and developed into the reinforced zone.  
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Figure 5. 16. Calculated factors of safety versus applied pressure for Founder/Meadows bridge 

abutment 

 

Figure 5.17. Critical slip surfaces for Founder/Meadows bridge abutment (after Abu-Hejleh et al. 

2001) 
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5.3.4. Numerical studies on walls subjected to footing loading 

 

Fakharian and Kashkooli (2018) 

Fakharian and Kashkooli (2018) conducted a finite different analysis on the behavior of a 

reinforced soil abutment wall of a single-span bridge, as discussed in Section 2.6.7. Figure 2.23 

shows the abutment wall. Fakharian and Kashkooli (2018) reported the post-cyclic facing lateral 

deflections, the bridge deck footing settlements, and the seismic behavior of the wall.  Figure 2.24 

shows the maximum lateral deflection of the facing at the end of construction. Figure 2.25 presents 

the bridge deck footing settlement.  

Figure 5.18 shows the calculated factors of safety using the Bishop and Spencer methods for this 

wall.  The result indicates that the ultimate bearing capacity for both walls is 150 kPa. Figure 5.19 

shows the critical slip surfaces and their corresponding factors of safety using the Bishop and the 

Spencer methods, under the ultimate bearing capacity. The result indicates that the factor of safety 

calculated by Spencer's method for this wall with the wrapped-around facing was smaller than that 

by Bishop's method. Therefore, in this case, the two-part wedge failure could be considered more 

critical than the circular failure. Figure 5.19 also shows that the slip surfaces identified by both 

methods began from the outer edge of the footing towards the walls facing.  
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Figure 5.18.  Calculated factors of safety versus applied pressure for reinforced soil abutment 

wall with wrapped-around facing 
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Figure 5.19. Critical slip surfaces and factors of safety for reinforced soil abutment wall with 

wrapped-around facing (after Fakharian and Kashkooli 2018) 

 

 

5.4. Prediction of Maximum Lateral Deflection of Facing and Settlement of Footing  

This section presents two empirical methods to calculate: (1) the maximum lateral deflection of 

the GRR wall with flexible facing subjected to the footing loading and (2) the settlement of the 

footing on the GRR wall. The empirical methods were developed based on eight reduced-scale 

model tests and ten case histories, which were presented in previous chapters.  Table 5.1 presents 

the main performance characteristics of these ten case histories, including one reduced-scale 

experimental study, five full-scale experimental studies, three field studies, and one numerical 

study on walls subjected to footing loading. The performance characteristics include wall height, 
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backfill, reinforcement type, reinforcement spacing, facing type, and measured maximum 

settlement of footing and maximum lateral deflection of wall facing, ultimate bearing capacity, 

and calculated factor of safety. 
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Table 5.1. Summary of case studies of with flexible wall facing under footing loading 

C
as

e 

Wall 

Heigth 

of 

Wall 

Type of 

Backfill 

Type of 

Reinforcement 

Vertical 

Specing 

Type of 

Facing 

Maximum 

Footing 

Settlement 

Maximum 

Facing 

Deflection 

Factor of Safety 

Bishop’

s 

Method 

Spencer’s 

Method 

1 

 

Kakrasul 

(2018) 

1 m 

ϕ = 37° 

c = 0kPa 

γ = 18.9 

kN/m3 

Geogrid  

Tult =19 

kN/m 

@ ε = 4% 

0.2 m 
Concrete 

Blocks 

98 mm 

@ 200 

kPa 

58 mm 

@ 200 kPa 

0.95  

@ 200 

kPa 

1.09 

@ 

200kPa 

54 mm 

@ 150 

kPa 

29.5 mm 

@ 150 kPa 

1.35 

@ 150 

kPa 

1.05 

@ 150 

kPa 

32.5 mm 

@ 100 

kPa 

15.5 mm 

@ 100 kPa 

1.92 

@ 100 

kPa 

1.24 

@ 100 

kPa 

16 mm 

@ 50 kPa 

6.5 mm 

@ 50 kPa 

4.13 

@ 50 

kPa 

1.72 

@ 50 kPa 

2 

Chemie Linz 

wall 

 
Werner and 

Resl (1986) 

2.4 m 

ϕ = 21° 

c = 20 

kPa 

γ = 19.3 

kN/m3 

Nonwoven 

geotextile  

Tult =16 kN/m 

@ ε = 80% 

0.35 m 
Wrapped-

around 

160 mm 

@ 130 

kPa 

110 mm  

@ 130 kPa 

1.26 

@ 130 

kPa 

1.08 

@ 130 

kPa 

3 

Trento Wall 

 
Benigni et al. 

(1996) 

5 m 

ϕ' = 40° 

c’ = 100 

kPa 

γ= 19.6-

20.4 

kN/m3 

Geocomposite 

T =27 kN/m 

@ ε = 16% 

0.5 m 
Wrapped-

around 

50 mm  

@ 84 kPa 

90 mm  

@ 130 kPa 

2.18 

@ 130 

kPa 

2.06 

@ 130 

kPa 

4 

Garden wall 

 
Gotteland et 

al. (1997) 

4.35 m 

ϕ = 30° 

c= 2 kPa 

γ = 16.6 

kN/m3 

Nonwoven 

Geotextile  

T =25 kN/m 

@ ε = 30% 

0.29 m 
Concrete 

Cells 

36 mm  

@ 140 

kPa 

110 mm  

@ 190 kPa 

1.37 

@ 190 

kPa 

0.99 

@ 190 

kPa 

Woven 

Geotextile  

T =44 kN/m 

@ ε = 15% 

0.29 m 
Concrete 

Cells 

33 mm  

@ 123 

kPa 

90 mm  

@ 190 kPa 

1.26 

@ 190 

kPa 

0.93 

@ 190 

kPa 

5 
Yoo & Kim 

(2008) 
5 m 

ϕ = 35°-

37° 

c= 5-10 

kPa 

γ = 20 

kN/m3 

Geogrid  

Tult =55 kN/m 

@ ε = 12.5% 

0.6 m 
Concrete 

Blocks 
- 

1.7 mm 

@ 60.4 kPa 

4.57 

@ 60.4 

kPa 

2.15 

@ 60.4 

kPa 

1.3 mm 

@ 53.5 kPa 

4.67 

@ 53.5 

kPa 

2.19 

@ 53.5 

kPa 
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1.0 mm 

@ 37.5 kPa 

4.87 

@ 37.5 

kPa 

2.32 

@ 37.5 

kPa 

0.45 

@ 25.5 kPa 

5.05 

@ 25.5 

kPa 

2.43 

@ 25.5 

kPa 

0.3 

@ 13.5 kPa 

5.25 

@ 13.5 

kPa 

2.55 

@ 13.5 

kPa 

6 

Ahmadi and 

Bezuijen 

(2018) 

4 m 

ϕ = 39° 

c= 1 kPa 

γ = 17.3 

kN/m3 

Geogrid  

Tult =40 kN/m 

@ ε = 6.6% 

0.5 m Plywood - 

16.5 mm 

@ 300 kPa 

1.62 

@ 300 

kPa 

1.18 mm 

@ 300 

kPa 

12 mm 

@ 250 kPa 

1.91 

@ 250 

kPa 

1.21 

@ 250 

kPa 

8.25 mm 

@ 200 kPa 

2.39 

@ 200 

kPa 

1.39 

@ 200 

kPa 

4.75 mm 

@ 150 kPa 

3.33 

@ 150 

kPa 

1.57 

@ 150 

kPa 

2 mm 

@ 100 kPa 

6 

@ 100 

kPa 

1.89 

@ 100 

kPa 

0.5 mm 

@ 50 kPa 

70.6 

@ 50 

kPa 

2.49 

@ 50 kPa 

7 

Founder / 

Meadows 

Abutments 

 
Abu-Hejleh et 

al. (2001) 

5.9 m 

ϕ = 34° 

γ = 21 

kN/m3 

HDPE 

geogrids with 

Tult =39, 64, & 

157 kN/m 

0.4 m 
Concrete 

Blocks 
- 

10 mm  

@ 101 kPa 

2.41 

@ 101 

kPa 

1.42 

@ 101 

kPa 

15 mm  

@ 150 kPa 

1.96 

@ 150 

kPa 

1.3 

@ 150 

kPa 
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8 
Lindsey 

(2018) 
3 m 

ϕ = 38° 

γ = 20 

kN/m3 

Geotextile  

Tult =70  and 

38 kN/m 

0.2 and 

0.4 m  

Concrete 

Blocks 
- 

7.62 mm  

@ 85 kPa 

4.37  

@ 85 

kPa 

2.78  

@ 85 kPa 

9 

Maree 

Michel 

GRS-IBS 

bridge 

 

Saghebfar et 

al. (2017) 

5.5 m 

ϕ = 

50.9° 

γ = 21.3 

kN/m3 

Woven 
Polypropylene 

Geotextile  

Tult =80 kN/m 

@ ε =2% 

0.2 m 

Concrete 

Masonry 

Units 

- 
2.75 mm  

@ 110 kPa 

5.34  

@ 110 

kPa 

4.5  

@ 110 

kPa 

10 
Fakharian & 

Kashkooli 

(2018) 

9 m 

ϕ = 35° 

γ = 22.1 

kN/m3 

HDPE 

geogrids with 

Tult =42.4 & 

56.5 kN/m 

@ ε =5% 

0.4 m 
Wrapped-

around 
- 

150 mm  

@ 65.8 kPa 

1.36  

@ 65.8 

kPa 

1.03  

@ 65.8 

kPa 

 

 

5.4.1. Method to predict the maximum lateral deflection of GRR wall facing  

Figure 5.20 presents the normalized maximum measured lateral facing deflections, induced by the 

applied pressures from the model tests and case studies versus their corresponding calculated 

factors of safety using the Bishop method. The results show an exponential relationship between 

the calculated factors of safety using the Bishop method and the maximum lateral facing 

deflections for both walls with wrapped-around and modular block facing. The trend line and its 

corresponding equation is also shown in Figure 5.20.  Therefore, the maximum lateral deflection 

of the facing induced by footing loading can be estimated using the following equation:  

 

𝛿𝑚𝑎𝑥 = 4.1 × 10−4 × 𝐻 × 𝑒5.5⁄FS                          Eq. 5.1 
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where δmax = the maximum lateral deflection of the facing, H = height of the wall, and FS = factor 

of safety using the Bishop method.   

 

 

 

Figure 5.20.  Normalized maximum lateral facing deflection versus calculated factor of safety 

using the Bishop method 
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5.4.1. Method to predict the settlement of footing above GRR Wall  

Figure 5.21 presents the normalized measured settlement values at the center of the footing under 

the applied pressures from the model tests and case studies versus their corresponding calculated 

factors of safety using the Bishop method. Figure 5.21 also show the exponential relationships 

between the calculated factor of safety using the Bishop method and the settlement of the footing. 

However, the relationship for the walls with wrapped-around facing is different from that for the 

walls with modular block facing. Figure 5.21 presents the trend lines and their corresponding 

empirical equations.  For the walls with wrapped-around facing, the footing settlement can be 

estimated using the following equation:  

 

𝑠 = 1.6 × 10−3 × 𝐻 × 𝑒3.3⁄FS                          Eq. 5.2 

 

where s = settlement at the center of the footing, H = height of the wall, and FS = factor of safety 

using the Bishop method. Moreover, for the walls with modular block facing, the footing 

settlement can be estimated using the following equation:  

 

𝑠 = 2.1 × 10−3 × 𝐻 × 𝑒5⁄FS                          Eq. 5.2 
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where s = settlement at the center of the footing, H = height of the wall, and FS = factor of safety 

using the Bishop method. 

 

 

 

Figure 5. 21. Normalized footing settlement versus calculated factor of safety using the Bishop 

method 
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5.5. Summary 

The objectives of this study were: (1) to evaluate the effect of footing loading on the global stability 

of GRR walls with wrapped-around and modular block facing and (2) to develop solutions for 

predicting the settlement of the footing, and the lateral deflection of the GRR walls with wrapped-

around and modular block facing induced by footing loading. The following findings can be 

summarized based on this chapter: 

(1) The comparison between the Bishop and Spencer methods indicates that the factors of 

safety calculated by Spencer's two-part wedge method for the GRR walls subjected to the 

footing loading were generally equal or less than those by Bishop's method. 

(2) The facing rigidity increased the ultimate bearing capacity by approximately 50%.  

(3) Based on the limit equilibrium analyses, the critical slip surfaces identified by Bishop's 

modified method and Spencer's two-part wedge method were similar to those observed in 

the walls under footing loading.  

(4) Exponential relationships were obtained between the calculated factor of safety using the 

Bishop method and the maximum lateral facing deflection and the footing settlement of 

the GRR walls under footing loading. 
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Chapter 6. Conclusions and Recommendations 

 

 

This study had four main objectives. The first objective was to evaluate the effects of stiff plates 

under an airbag on the distributions of vertical stresses, the pullout capacities, and the 

displacements of the reinforcement in the pullout tests. To achieve this objective, six large-scale 

pullout tests were conducted, in which the geogrid was placed within the soil mass. The following 

conclusions and recommendations can be made based on this experimental study: 

(1) When the normal stresses were applied by the airbag without stiff plates, the measured 

maximum vertical pressures in the transverse direction on top of the soil mass occurred in the 

middle of the pullout box. However, in the case of the airbag with stiff plates, the maximum 

vertical pressures in the transverse direction were measured near the edges of the box. 

(2) When the normal stress was applied by the airbag without any stiff plates, the distribution of 

the vertical pressures along the centerline in the longitudinal direction on top of the soil mass 

was relatively uniform, and the measured maximum vertical pressure was higher than that 

measured by the airbag on the stiff plates. Although the sleeve minimized the effect of the box 

front face, it still created the distribution of the vertical pressures in front of the box. 

(3) The maximum vertical pressure on the bottom of the box under the normal stresses applied by 

the airbag without stiff plates occurred in the middle of the box. 

(4) When the normal stress was applied by the airbag without any stiff plates, the maximum 

vertical pressures at the level of the reinforcement in the transverse and longitudinal sections 

were in the middle and close to the front of the box, respectively. 
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(5) Because of different distributions of the vertical pressures, the pullout resistance of the geogrid 

under the normal stresses applied by the airbag without any stiff plates was larger than that by 

the airbag with stiff plates. With the increase of the normal stress, their difference in the pullout 

resistance increased. 

(6) When the normal stress was applied by the airbag without stiff plates, the displacements at the 

transverse bar of the geogrid were approximately equal. When the stiff plates were used, low 

vertical pressures in the central zone of the box led to the maximum displacement of the 

geogrid at that location. 

The second objective of this study was to evaluate the combined effects of tension, bending, 

and friction on the relationship between local and global strains in the geogrid and on the measured 

local strains from the upper and lower sides of uniaxial geogrid specimens subjected to a tensile 

force. This study also investigated the effect of the confined pressure induced by the applied 

normal stress on the calculated calibration factor (CF) using the pullout box. The following 

conclusions can be made based on this experimental study:  

(1) The effect of friction on the strains in the geogrid could not eliminated by averaging the strains 

measured by the strain gauges on upper and lower sides of the geogrid.  

(2) The global strain in the geogrid induced by tension was higher than that induced by tension, 

bending, and friction.  

(3) The calibration factors (CFs) calculated from the strain gauges subjected to tension, bending, 

and friction were approximately 39% higher than those calculated from the strain gauges 

subjected to tension only in the test in air.  
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(4) The diameter of the cylinder had a minor effect on the ratio of the average local strain induced 

by only tension to the average local strain induced by tension, bending, and friction in the test 

in air. 

(5) In the  pullout box tests for evaluating the CF, the normal stress and friction had a significant 

effect on the calculated CF as compared with that from the test in air. 

The third objective of this study was to evaluate and compare the performance of the 

geosynthetic-reinforced retaining (GRR) walls with the wrapped-around and modular block facing 

subjected to static footing loading under a plane strain condition. To achieve this objective, eight 

model tests were conducted in the laboratory to examine the effect of the facing stiffness on the 

pressure-settlement curve, the deflection of the wall facing, the vertical and lateral pressures, and 

the failure modes. The following conclusions can be made based on this experimental study: 

(1) The modular block facing behaved as relatively rigid facing and reduced the footing 

settlement as compared with the wrapped-around facing. For the wall with wrapped-around 

facing under footing loading, the settlement began from the back of the footing, became the 

maximum value under the footing, and developed into the facing. For the walls with modular 

block facing, the settlement was nearly symmetric to the centerline of the footing and 

localized under the footing. 

(2) The maximum lateral deflections of the walls with the wrapped-around facing were much 

larger than the walls with modular block facing.   

(3) The measured maximum vertical pressures induced by footing loading in all the walls were 

higher than the calculated pressures from the Boussinesq and 2:1 methods.  
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(4) In both wrapped-around and modular block facing walls, the measured lateral earth pressure 

generally increased with the applied pressure. The measured maximum lateral earth pressure 

was recorded at the upper 1/3 of the wall with wrapped-around facing but at the mid-height 

of the wall with modular block facing. 

(5) The Boussinesq method suggested by FHWA and AASHTO approximately estimated the 

lateral earth pressure distribution for the wall with wrapped-around facing. However, this 

method did not accurately estimate the lateral earth pressure distribution for the wall with 

modular block facing.  

(6) In general, for all the walls, the coefficients of lateral earth pressure, Kr, calculated  from the 

measured earth pressures and the tension in geogrid, were between the coefficients of passive 

(Kp) and at-rest (Ko) earth pressures.  

(7) For the walls subjected to footing loading, the Kr values calculated based on the measurements 

from the instruments placed within the 2:1 distributed area, are close to the Ko values.  

(8) At failure, the slip surfaces began from the edge of the footing and developed into the 

reinforced zone toward the wall facing. The shallow, middle, and deep slip surfaces were 

observed in these test walls. No obvious failure was observed on the wrapped facing. However, 

for the walls with the modular block facing, the failure occurred on the facing. 

The last objective of this study was to evaluate the effect of footing loading on the global 

stability of GRR walls with wrapped-around and modular block facing. The limit equilibrium (i.e., 

the Bishop modified method and the Spencer method) in the ReSSA program was used to 

determine the critical slip surfaces and their corresponding factors of safety of the eight reduced-
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scale experimental models and ten case histories. Then, an analytical study was conducted to obtain 

the equations for the settlement of the footing, and the lateral deflection of the GRR walls with 

wrapped-around and with modular concrete block facing induced by footing loading.  The 

following conclusions can be made based on this study: 

(1) The comparison between the Bishop and Spencer methods indicates that the factors of safety 

calculated by Spencer's two-part wedge method for the GRR walls subjected to footing loading 

were generally equal or less than those by Bishop's method. 

(2) The walls with wrapped-around facing and longer geogrid reinforcement had higher ultimate 

bearing capacities than those with shorter geogrid reinforcement.  

(3) The walls with wrapped-around facing and a retained fill zone had higher ultimate bearing 

capacities than those without any retained fill zone.   

(4) The ultimate bearing capacity of the walls with modular block facing was approximately 50% 

higher than that with wrapped around facing. 

(5) The layout of geogrids had a significant effect on the magnitude of the ultimate bearing 

capacity.  

(6) The walls with modular block facing and retained fill zone had lower ultimate bearing 

capacities than those without any retained fill zone.   

(7) Based on the limit equilibrium analyses, the critical slip surfaces identified by Bishop's 

modified method and Spencer's two-part wedge method were similar to those observed in 

the walls under the footing loading.  

(8) Exponential relationships were established between the calculated factor of safety, using 

the Bishop method, and the maximum lateral facing deflection and footing settlement of 

the GRR walls under the footing loading. 
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