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CHAPTER 2 
 

LITERATURE REVIEW 
 

 

2.1 Introduction 

 

 This chapter presents a summary of literature that is relevant to the objectives of this 

study; particular emphases are placed on case studies of GRS structures that have been subjected 

to seismic events after construction, and prior research that provides the basis for this study.  A 

brief introduction to geogrids, followed by the features and design of GRS structures, is also 

given. 

 

2.2 Geogrids 

 

 According to the International Geosynthetics Society (IGS), the definition of a “geogrid” 

is: 

 

A planar, polymeric structure consisting of a regular open network of integrally 
connected tensile elements, which may be linked by extrusion, bonding or 
interlacing, whose openings are larger than the constituents, used in contact with 
soil/rock and/or any other geotechnical material in civil engineering 
applications. (IGS, 2000) 
 

The Tensar geogrid studied in this program of testing is an extruded polyethylene geogrid that has 

a series of long, slender ribs intersected by thicker transverse bars at regular spacings.  Further 

details of the geogrids used in this study are given in Section 4.3, and plan and profile views of a 

typical Tensar geogrid are given in Figure 4.1. 

 

 In practice, geogrids are used to reinforce soil or rock masses by taking up tensile stresses 

generated within these masses due to imposed and self-weight loads.  The geogrids are placed 

with the ribs aligned in the direction of primary stress and the transverse bars perpendicular to the 

direction of primary stress.  Shear stress is transferred to the geogrids through frictional contact 

with the soil/rock mass on the planar surface area of the ribs and transverse bars and through 

bearing contact with the mass on the front edge of the transverse bars, perpendicular to the plane 

of the geogrids.  Load tranfer occurs by “mobilization” (displacement) of the geogrid relative to 

the mass. 
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2.3 Geosynthetic-Reinforced Soil (GRS) Structures—Features and Design 

 

 The concept of reinforcing soil is analogous to reinforced concrete (although the practice 

of reinforcing soil is much older)—strengthening and stabilizing a mass from within is more 

intuitive than restraining from without, as well as being more cost-effective. 

 

 Typical GRS structures are retaining walls, slopes, abutments, and foundations (for roads 

or buildings).  While the external dimensions and shapes of these applications may differ 

significantly from each other, they all contain the same two components:  soil, reinforced with a 

geosynthetic that is aligned in such a way as to take up the resultant tensile forces from loads 

externally imposed on the soil mass (as discussed above).  GRS walls, abutments, and slopes 

typically have an additional facing component that provides additional stability to the system, 

prevents soil loss, and adds to the aesthetic value of the structures. 

 

 Design of GRS structures varies depending on the structure and application, but generally 

follows an approach given below: 

 

1. the geometric parameters of the project are defined (e.g., the height of the wall); 

2. the soil material properties are defined (usually it is desirable to utilize on-site 

materials); 

3. geosynthetic inclusions are sized and quantified based on steps 1 and 2; 

4. internal stability of the system is considered, which is focused on providing a 

geosynthetic that is capable of withstanding the resultant tensile forces and 

ensuring the inclusions will not displace exessively as loads are imposed; 

5. external stability of the project is investigated, including sliding and overturning 

(if a wall or abutment), bearing capacity of the foundation soils, and overall site 

stability if required; and 

6. other details are designed, primarily focused on providing positive drainage from 

the site. 

 

 Design of GRS structures to withstand seismic loads is incorporated into Steps 4 and 5 

above, with the addition of pseudo-static loads as described in the previous chapter. 
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 More specific design information and guidance can be found in publications such as 

AASHTO’s LRFD Bridge Design Specifications (1998) and NCMA’s Design Manual for 

Segmental Retaining Walls (Simac et al., 1997) with the NCMA Seismic Design Manual 

(Bathurst, 1998). 

 

2.4 Case Studies 

 

 Limited information exists from GRS structures that have undergone seismic loads; the 

short case studies given below are derived primarily from two sources that have documented two 

major earthquakes. 

 

 On January 17, 1994, a Magnitude 6.7 earthquake hit the Los Angeles, California area 

(Sandri, 1997).  The event was particularly significant in that vertical accelerations were far 

higher than anticipated, based on previous events.  This is a special concern for GRS structures, 

which derive their strength by the vertical confining stress from the soil self-weight. 

 

 Sandri (1997) documented the performance of 11 GRS structures in his paper, all within 

110 km of the epicenter.  According to site visits after the earthquake and a review of the design 

and construction records of each structure, it was concluded the performance of all structures was 

excellent—meaning no failures and only slight displacement and/or cracking of the wall/slope 

faces. 

 

Two structures were singled out for particular attention.  The first is the Valencia Water 

Treatment Plant wall, located 18 km from the epicenter.  The wall is 6.4 m high and 

approximately 8 km long and was constructed one year prior to the earthquake using Miragrid 

geogrid and Keystone Standard blocks for the wall facing.  It was subjected to an estimated peak 

horizontal acceleration of 0.5g, substantially higher than its 0.3g design.  Inspection after the 

earthquake showed minor surface tension cracking in the soils at the back of the reinforced soil 

mass.  Fill placed at the toe of the wall was noted to have substantial movement, from 

consolidation and surface fissures (the fill was supposed to be saturated at the time of the 

earthquake).  No relative movement between the facing and geogrid was noticed.  As a point of 

reference, two cantilevered walls located within 100 m of the Valencia wall “experienced 

significant cracking causing them to be taken out of service for repairs.”  The second is the Gould 

Tank walls, located 35 km from the earthquake epicenter, constructed to support an access road 
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adjacent to water storage tanks.  The wall is 5.8 m high and likewise constructed one year prior to 

the earthquake event.  It was constructed with Miragrid geogrid and Keystone Standard blocks.  It 

was subjected to an estimated peak horizontal acceleration of 0.3g+.  Seismic design was not 

specified for the wall, but overall slope stability analyses were performed using a peak horizontal 

acceleration of 0.15g.  Connection details (geogrid to facing units) were not considered in the 

design.  Prior to the earthquake, construction traffic over-surcharged the top of the wall, causing it 

to bow outward and create a reverse batter.  Post-earthquake inspections showed surface tension 

cracks near the back of the soil mass and no signs of absolute or relative movement of the wall 

face. 

 

One year later, on January 17, 1995, a Magnitude 7.2 earthquake hit the Hyogo 

Prefecture, encompassing Kobe City and its suburbs.  Tatsuoka et al. (1996) examined several 

types of retaining walls after the earthquake, all associated with a major railway system running 

through the extensively damaged areas of Kobe.  These wall types include masonry, leaning 

unreinforced concrete, gravity, cantilever, and GRS retaining walls.  Four GRS walls were 

constructed between 1990 and 1994 to support either road or railway traffic, to heights of 3 to 8 

m.  Damage to the GRS structures included small cracks in the facing (usually a concrete 

monolith poured after full-height completion of the reinforced zone), minor tilting of the walls, 

and movement of the reinforced soil mass relative to other adjacent structures that had not been 

tied into the GRS walls.  The Tanata wall was singled out for attention.  This wall is located on 

one side of a concrete box culvert on the railway alignment; on the other side of this box culvert 

is a reinforced concrete retaining wall cast on bored piles (the GRS wall was placed directly on 

the foundation soils).  The performance of both walls was similar during the earthquake—both 

walls displaced 150 mm relative to the box culvert, even though the GRS wall was designed for a 

peak horizontal acceleration of 0.2g, much smaller than the estimated peak horizontal 

acceleration at the site. 

 

It was concluded that the Kobe GRS walls performed “very well” compared to the 

conventional wall structures; many of the conventional walls failed due to a combination of 

structural failure and foundation failure, and were subsequently replaced with GRS walls. 

 

 From these observations, it can be inferred that there exists a degree of conservatism in 

the design of GRS structures, particularly for seismic events.  Recent research has focused on 
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identifying and quantifying the poorly understood mechanisms of dynamic pullout behavior in an 

effort to reduce the design conservatism. 

 

2.5 Previous Research in Static/Dynamic Soil-Geogrid Interaction 

 

 Laboratory research into the performance of geogrids used in GRS structures subject to 

cyclic and/or dynamic loading is limited.  Below is a description of relevant research to date. 

 

 Sitar and Nova-Roessig (1999) reviewed a number of laboratory and field studies on the 

seismic behavior of GRS structures.  Eighteen tests were reviewed, which comprised tilt-up, 

shake table, centrifuge, and large-scale (half to full) tests on reinforced walls and slopes.  

Findings typically showed that longer reinforcement with closer spacing and denser backfill 

compaction improved the seismic stability of the structures.  Most notably, however, was the 

clear indication that the structures endured large displacements but rarely underwent catastrophic 

failure unless they were clearly underdesigned by even static design standards.  Within the review 

was a caution that similitude laws were not closely adhered to in some of the studies, casting 

concern on the applicability of the results to full-scale reinforced structures.   

 

 Bathurst and Alfaro (1997) conducted a similar review of laboratory testing programs 

related to the seismic behavior of GRS structures, but their review encompassed elemental testing 

programs—those that examined soil/geosynthetic interaction and geosynthetic/facing 

connections—in addition to shake table and centrifuge tests on model-scale GRS structures.  

Three studies reviewed specifically addressed pullout tests on geogrids under dynamic loading:  

Yasuda et al. (1992), Raju (1995), and Min et al. (1995).  Yasuda et al. reported dynamic pullout 

loads in excess of the companion static pullout loads; Raju reported dynamic pullout loads up to 

20 percent higher than companion static pullout loads depending on geogrid manufacture; and 

Min et al. reported a reduced dynamic pullout load as compared the static value, on the order of 

20 percent.  In their conclusions, Bathurst and Alfaro suggest that the design methodologies used 

in the United States for seismic design of GRS structures (AASHTO/FHWA) have been based 

largely on numerical modelling of structures reinforced with inextensible steel strips, and that 

further testing should be conducted with extensible inclusions to verify (or correct) the current 

design methodologies.  Also indicated was a need for further testing to determine the proper 

distribution of seismic forces transferred to the extensible reinforcement in GRS structures. 
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 Details of the difficulties encountered in pullout testing and the accompanying 

interpretations were described in a paper by Wilson-Fahmy et al. (1994).  The objective of their 

research was to quantify and describe the mechanics of anchorage development (development of 

pullout resistance).  The testing program allowed back-calculation of the contribution to pullout 

resistance the geogrids’ transverse bars provide in bearing. 

 

 Cai and Bathurst (1995) set out to compare results of the dynamic response of a GRS 

wall using the conventional seismic pseudo-static limit-equilibrium (AASHTO/FHWA) approach 

to results of a finite-element analysis (FEA).  The comparisons led the authors to conclude that 

forces calculated in the reinforcing elements were larger using the AASHTO/FHWA method than 

given by the FEA.  Additionally, the static reinforcement loads were predicted to be higher using 

the AASHTO/FHWA method than given by the FEA.  As a sideline, their FEA indicated that 

horizontal accelerations varied little along the height of the wall, consistent with the standard 

practice of applying a single acceleration factor to the analysis prescribed by AASHTO/FHWA.  

This finding is contrary to the results of several laboratory testing programs reviewed by Sitar and 

Nova-Roessig (1999), which found acceleration magnification occurring with height in the wall. 

 

 In 1998, the National Concrete Masonry Association published Segmental Retaining 

Walls Seismic Design Manual, a companion manual to their Design Manual for Segmental 

Retaining Walls (Second Edition, 1997).  Although the general design methodology parallels that 

of AASHTO (1998), the NCMA publication addresses stability issues specific to GRS walls with 

dry-stacked masonry block facing that are absent in the AASHTO document.  The manual 

includes a commentary expressing a concern for applying a 20 percent discount to the coefficient 

of interaction for seismic design, because the AASHTO/FHWA discount is based on cyclic 

pullout tests on steel strip (inextensible) reinforcements. 

 

 The research that provides the direct impetus for this study originates in Muthu Raju’s 

1995 thesis, the relevant results of which are summarized in a paper by Raju and Fannin (1997).  

The research performed examines three geogrid specimens in displacement- (static) and load-

controlled (cyclic) pullout at varying frequencies.  Numerous conclusions were drawn from this 

work, but the relevant ones are given below: 
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1. loading frequency (in load-controlled monotonic tests) appeared to influence the 

incremental displacement incurred with each cycle, but not the absolute value of 

pullout resistance; 

2. “stable” versus “unstable” behavior in pullout under cyclic loading was denoted 

by the tendency toward increasing incremental displacements with each load 

cycle at a given load ratio (LR), defined as the ratio of demand load in cyclic 

pullout to the maximum pullout load measured in the corresponding 

displacement-controlled test; and 

3. the ratio of interaction factors generated under cyclic loading to those generated 

under displacement-controlled loading were equal to or greater than 0.8, a value 

specified in prominent regulations governing the design of GRS walls for 

discounting the seismic value of interaction from the static value. 

 

 In summary, it appears that GRS structures that have been subjected to seismic loads 

have performed admirably.  Laboratory testing and finite element analyses to date generally 

indicate a degree of conservatism that exists in the prevalent GRS seismic design methodology 

used in North America, and conclude by suggesting futher work be completed to justify or correct 

specific requirements of the design regulations. 

 

 Pullout testing on geogrids suggest in some cases better performance of soil/geogrid 

interaction under dynamic loading compared with static loading, while in other cases better 

performance was noted under static loading.  The variations in performance appear to stem from 

geogrid geometries and geogrid type. 

 

 The intent of this program of testing is to systematically address these variations of 

soil/geogrid interaction by subjecting three different geogrids of one manufacturer to static and 

dynamic loads under varying conditions of normal stress and soil type.  The results of these tests 

are then examined in light of current design practice. 


