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Embankments in the field of civil engineering were historically not given 
much attention in terms of their ability to withstand seismic activity, as 
they were considered to be non-critical structures. However, in recent 
years, the seismic stability of embankments has gained increasing 
importance in the field of geotechnical engineering. This increased 
significance is due to the need to quickly restore functional 
infrastructure after earthquakes. The occurrence of lateral spreading, 
resulting from foundation liquefaction, is the primary factor leading to 
embankment distress in geotechnical engineering during seismic events. 
To address this issue, this study presents a novel approach that employs 
geosynthetic basal reinforcement. The research paper presents a 
technique that uses geosynthetic basal reinforcement to manage the 
lateral spreading of embankments both pre- and post-earthquakes, 
guaranteeing their ongoing effectiveness. The proposed approach 
utilizes a pseudo-static limit equilibrium method for determining the 
tensile load produced in the basal reinforcement. The serviceability 
criteria establish the maximum strain permitted in the basal 
reinforcement by imposing a restriction on the horizontal movement of 
the embankment toe. By taking into account the tensile load of the 
reinforcement and the maximum allowable strain, it is feasible to 
establish an appropriate geosynthetic reinforcement that considers 
various factors including tensile strength, strain, design life, installation, 
and durability impacts. 
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1. Introduction 
In order to assess the magnitude and duration of an earthquake, it is important to take into account the effects of 
earthquake load on embankments. It is crucial to consider the expected changes in embankment shear strength 
and deformation that occur during and immediately after an earthquake, as well as the potential instability of 
slopes caused by aftershocks and the loss of maintainability. Fig. 1 demonstrates the instability of different 
slopes due to earthquake loads, as reported by [1–6]. These extend to the surface sliding of the embankment 
(Fig. 1a), To create a sliding surface within the embankment (Fig. 1b), Regarding the generation of sliding 
surfaces due to unstable foundations (Fig. 1c), Embankment deflection and lateral spreading on unstable 
foundations are initiated (Fig. 1d). Figs. 1a and 2 illustrate that the foundation remains stable despite instability, 
which occurs solely inside an embankment. 
 Fig. 2 illustrates the application of foundation reinforcement to increase stability and reduce the lateral 
extent of embankments when it is subjected to seismic loads. A decrease in strength is caused by seismic loading 
here, Liquefaction of the foundation layer causes lateral displacement, which ultimately leads to the 
embankment's collapse. The shear strength of the liquefied base layer evolves through several stages: initially 
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defined by the φ,p conditions before the earthquake loading, then transitioning to the residual shear resistance 
Sr at liquefaction, and finally reaching the critical state shear strength φ,cv once equilibrium is re-established. 
Changes in foundation shear strength conditions can lead to instability of the embankment, which can be 
prevented by reinforcement and lateral spread. The approach presented in this research presupposes that the 
liquefaction occurs solely at the foundation, without any elevation of the groundwater table in the embankment, 
which may result in resorption inside the embankment. 
 

 

Fig. 1 Various types of instability in slopes can result from earthquake loads 

 

   

Fig. 2 Embankments reinforcement to prevent instability and lateral spreading 

2. Liquefaction of Embankment 
The liquefaction caused by earthquakes is linked to the reduction of the soil's strength and stiffness, leading to 
significant excess pore pressures and substantial soil deformations. Depending on the slope load, shape (slope) 
of the liquefied layer and its in-site density, as well as the level of water table, the severity of this process and the 
ground deformation it generates is determined by the type of melted layer with in–situ density. Saturated recent 
sand deposits with low to moderate field densities are most susceptible to liquefaction, but silty sands, sandy 
silts, and gravelly sands are also susceptible to liquefaction. 
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 The length of an earthquake's duration ranges from 5 seconds to over 2 minutes, depending on the 
situation. In general, powerful earthquakes have a prolonged duration. Slope instability can be attributed to the 
initial earthquake shock, but there is also the possibility of earthquake aftershocks that cause instability and 
worsen the original condition. The most significant damage toe embankments has been caused by liquefaction 
events, which can occur after earthquakes of short or long duration [7–9]. 
 The design of a slope on liquefiable base layers involves taking into account the susceptibility to liquidation 
and the residual shear strength that may occur after lithification. Several techniques have been created to gauge 
the foundation's liquefaction potential and residual shear strength. According to [10–13] the vulnerability of 
foundation layers to liquefaction can be determined using SPT and CPT tests, and they also mention a connection 
between these methods. Sr is the measure of residual shear strength in liquefied soil. Measures for 
embankments design to mitigate the risk of liquefaction on the ground can range from shifting the embankment 
to suitable ground improvement. These methods seem to be very costly. Fig. 3 and Fig. 4 show features of a 
simplified SPT and CPT system. 
 

 

 
(a) (b) 

Fig. 3 (a) Setup and Equipment for the Standard Penetration Test (SPT); (b) Schematic drawing of the 
instrumented SPT 

 The thickness of the unliquefied surface layer (H1 in Fig. 5a) significantly affects the shape and extent of 
embankment instability. When the surface layer is substantial, with H1 exceeding 3 meters, the embankment 
typically remains stable and unaffected by foundation liquefaction because the thick surface layer can mitigate 
the effects of liquefaction [14–17]. When the surface layer is substantial, specifically with 2 m < H1 < 3 m, 
embankment instability manifests as lateral movement. This occurs due to the lateral deformations in the 
liquefied foundation layer being transmitted to the ground surface, as illustrated in Fig. 5a. This results in a 
horizontal expansion of the embankment. When there is a surface layer that is between 1 m and 2 m thick, slope 
instability is characterized by both lateral movement and rotational failure. These factors are influenced by the 
condition of the surface layer, as shown in Fig. 5b. Sand boils may appear on the soil surface, which can lead to a 
loss of surface integrity. On the other hand, if the surface layer is thin or nonexistent, with a depth less than 1 m, 
embankment instability is seen as rotational failure without any involvement from the surface layer, as depicted 
in Fig. 5c. The presence and potential damage caused by the non-liquefied surface layer during liquefaction 
depend on how far the embankment extends laterally. 
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(a) (b) 

Fig. 4 (a) Setup and Equipment for the Cone Penetrometer Test (CPT); (b) Schematic drawing of the instrumented 
CPT 

 It should be noted that the slope can undergo significant lateral expansion due to all three types of 
instability in Fig. 5. A straightforward method of analysing Figs. 5a and 5b can be used to focus on horizontal 
loads and deformations. A more complicated case of rotational failure is illustrated in Fig. 5c, which involves the 
examination of both vertical and horizontal loads and deformations. 
 
 

 

Fig. 5 The extent and shape of slope instability are influenced by the thickness of the non-liquefied surface layer 

3. Application of Reinforcement to Limit The Lateral Spread of Embankments 
Geosynthetic reinforcement has been utilized for decades to ensure the stability of embankments built on soft 
terrain. In the event that the embankment foundation is liquefied by seismic loads, the purpose of reinforcing it 
remains unchanged, with an initial goal of maintaining the stability of the structure and limiting horizontal 
displacement until the foundation stabilizes sufficiently to support the embankment. Geotechnical structures are 
often affected by seismic loads, which is why the pseudo-static limit equilibrium approach has been used and 
yielded reasonable results up to this point. This method takes into consideration the impact of earthquakes by 
utilizing a horizontal seismic coefficient, kh, (refer to Fig. 6) in relation to the weight of the embankment side 
slope, W. Typically, the value of kh is calculated as a percentage of the Peak Ground Acceleration (PGA) at the 
specific site. Various guidance documents recommend that kh ranges from 20% to 100% of the PGA. The wide 
range of recommended values has caused confusion and excessive caution in the selection of kh for pseudo-static 
analyses. Recently, more logical procedures have been developed to determine the appropriate values of kh [19] 
and [20]. 
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Fig. 6 Pseudo-static limit equilibrium method for determining the basal reinforcement load during and after 
earthquake events. 

 During and immediately after seismic loading, geosynthetic reinforcement is used to control the sideways 
movement of an embankment, as depicted in Fig. 6. When determining the shape of an embankment, it is 
common to consider the inclusion of peak shear strength parameters (φ,p) of the liquefiable base layer during 
periods of static equilibrium. However, seismic loading at some point along the slope can reduce shear strength 
of liquefiable layer to residual value Sr. The foundation's shear strength may be lost due to slope loading, 
resulting in significant lateral displacements until the liquefiable layer returns to its critical shearing state φ,cv. 
Throughout the reinforcement process, the objective is to uphold the stability of the embankment and hinder 
any lateral movement of the embankment toe beyond a safe threshold. 
 If the predominant directional instability of the slope is horizontal (outward) in nature (Fig. 5a and 5b), 
such as when a significant non-liquefied surface layer is present (Fig. 5a and 5b), it is difficult to withstand at the 
base during an earthquake. Once the reinforcement is generated, Trmax can be calculated as follows: 
 

 
(1) 

 
To prevent the reinforcement from being pulled out of the embankment during seismic loading, it is necessary to 
determine the required bond length of the reinforcement beyond the embankment failure plane (LE). 
 

 
(2) 

 
As shown in Fig. 6, α’ represents the bond coefficient between the basal reinforcement and the surrounding soil, 
and fp is the factor of safety against reinforcement pull-out, typically set at 1.3 or 1.5. In scenarios with little to no 
non-liquefied surface layer (Fig. 5c), a more sophisticated method, such as slip-circle stability analysis 
incorporating pseudo-static components, should be employed to determine Trmax. 
 

   or  (3) 

 
The parameters shown in Fig. 7 include fs, the factor of safety against sliding, typically set at 1.3 or 1.5. The left-
hand side of Equation (3) addresses only the horizontal seismic coefficient when evaluating sliding resistance 
along the basal reinforcement. However, for a more conservative approach, it is recommended to consider both 
horizontal and vertical seismic coefficients, as depicted on the right-hand side of Equation (3).  
 To keep embankments in serviceable condition, their maximum horizontal toe displacements should be 
limited to 0.2 meters for embankments up to 4 meters in height, and 0.3 meters for those exceeding 4 meters. 
The bridge abutment embankments may need to have stricter limitations on leg displacement if there is a pile 
foundation nearby. Fig. 8 provides a visual representation of the required foot displacement for different rebar 
heights (H) and side slope length ratios (n), with an upper limit set. In most practical scenarios, the maximum 
allowable elongation for reinforcement is typically found to be between 2% and 5%. The pseudo-static 
reinforcement load (Trmax) calculated using Equation (1) must correspond with the maximum allowable 
reinforcement strain shown in Fig. 8. This relationship is illustrated in Fig. 9. From this alignment, the design 
strength (TD) for the basal reinforcement is established. 
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Fig. 7 The parameters associated with Equation (3) 

 
(4) 

 
Tm represents the strength of the reinforcement that is compatible with the reinforcement load Trmax and the 
allowable reinforcement strain, as illustrated in Fig. 7. 
 

 
(a) Maximum limit of tensile strain on reinforcement 

  
(b) (c) 

Fig. 8 Maximum allowable strain in basal reinforcement to control horizontal toe displacement 
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Fig. 9 Maximum allowable strains and compatible reinforcement loads 

4. Reinforcement Load and Structural Strength Over Time 
The basal reinforcement in this application acts as a precautionary measure in case of a design earthquake 
occurring at any point during the embankment's intended lifespan. As depicted in Fig. 10, an earthquake event 
could potentially happen at any time throughout the embankment's design life. From a design perspective, the 
most critical scenario occurs when the design earthquake loading occurs towards the end of the embankment's 
design life (at td in Fig. 10). In such cases, the design strength TD of the reinforcement, determined by Equation 
(4), aligns with the in-situ strength of the reinforcement at the embankment's design life, td. 
 

 (5) 
 
The in-situ strength of reinforcement, Ti, at any point in time throughout the design lifespan of the embankment 
can be calculated as the characteristic initial tensile strength, Tu, divided by the reduction factor caused by 
installation damage, fid, and further divided by the reduction factor due to environmental effects, fen, as shown in 
Fig. 10. When reaching the design lifespan of the embankment, Ti is equal to TD. 
The three crucial performance properties for reinforcement are as follows: 

• The specified lifespan of the base reinforcement design. 
• The highest load capacity Trmax at the maximum permissible strain for reinforcement.  
• The initial tensile strength Tu that is characteristic of the reinforcement material. 

 

 

Fig. 10 Principle of basal reinforcement load and design strength over time 
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5. Conclusions 
Geosynthetic basal reinforcement offers a cost-effective solution to mitigate embankment instability and lateral 
spreading both before and after seismic events. In this context, the basal reinforcement acts as a safeguard, 
maintaining the embankment's functionality even during liquefaction of the foundation layer caused by 
earthquakes. A method is provided for calculating the reinforcement load using pseudo-static analysis. By 
incorporating this with considerations of maximum allowable reinforcement strain to ensure the embankment's 
integrity, the necessary characteristics of the reinforcement's ultimate tensile strength can be determined. The 
critical phase for earthquake loading impacting basal reinforcement performance occurs when it coincides with 
the embankment's design life. An example is provided to illustrate how the required ultimate strength of the 
reinforcement is computed by integrating both reinforcement load and strain considerations to meet 
earthquake loading requirements and embankment design life criteria. 
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