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ABSTRACT 

 

Retaining walls (RW) are among the most common geotechnical structures. They have been 

widely used in railways, bridges (e.g. bridges abutment), buildings, hydraulic and harbor 

engineering. Once built, the RW can be exposed to dynamic loads, such as those produced by 

earthquakes, machines, vehicles and explosions. They must remain operational in aftermath of the 

natural or human-induced dynamic events. Hence, the understanding of the geotechnical response 

of RW to these dynamic loads is critical for the safe design of several civil engineering structures 

such as railways, highways, bridges, and buildings. Although fairly reliable methods have been 

developed for assessing and predicting the response of RW to dynamic loads induced by 

earthquakes, there is very little information to guide engineers in the design of RW that are exposed 

to surface explosions (surface blast loadings). These methods for assessing RW response to 

earthquake loads cannot directly be applied to the design of RW subjected to surface blast loads. 

Indeed, blast loads are short duration dynamic loads and their durations are very much shorter than 

those of earthquakes. The predominant frequencies of a blast wave are usually 2-3 orders of 

magnitudes higher than those of earthquake wave, and the same can be said for blast wave 

acceleration as compared to the peak acceleration that results from an earthquake. Thus, RW 

response under blast loading could be significantly different from that under a loading with much 

longer duration such as an earthquake. There is a need to increase our understanding of the 

response of RW to surface explosion loadings since there is a significant increase of terrorist threat 

on important buildings and some lifeline infrastructures. Transportation structures (bridges, 

highway, and railway) are unquestionably being regarded as potential targets for terrorist attacks. 

The purpose of this PhD research is to investigate the geotechnical response of reinforced concrete 

retaining wall (RCRW) with sand as a backfill material to surface blast loads. The soil-RW model 

was subjected to a simulated blast load using a shock tube. The influence of the backfill relative 

density, backfill saturation, blast load intensity, and live load surcharge on the behaviour of RCRW 

with sand backfill was studied. The dimensions of the stem and heel of the retaining wall in this 

study were 650 mm (height) x 500 mm (width) x 60 mm (thickness) and 400 mm (width) x 500 

mm (length) x 60 mm (thickness), respectively. Soil-RW model was placed inside a wooden box. 
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The overall height of the box was 1565 mm. The retained backfill extended behind the wall for 

1300 mm. 

Based on the results, it is found that the maximum dynamic earth pressures were recorded at a time 

greater than the positive phase duration regardless of the backfill condition. The total earth pressure 

distribution along the height of the wall showed that the magnitude of total earth pressure for loose 

and medium backfill at the mid-height of the wall slightly exceeded the dense backfill. In addition, 

the lateral earth pressures increased with the increase in the blast load intensities. On the other 

hand, under the same load conditions, an increase in the wall movement was noticed in loose 

backfill, and a translation response mode was evident in this condition. The mobilized passive 

resistance of the RW backfill induced by blast load was used to determine the force-displacement 

relationship. Finally, the susceptibility of the RW with saturated dense sand to liquefaction was 

examined, and it was ascertained that liquefaction was not triggered when the RW was subjected 

to a blast load of 50 kPa.  

The results and findings of this PhD research will provide valuable information that can be used 

to evaluate the vulnerability of transportation structures to surface blast events as well as to develop 

guidance for their design.  
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 Introduction 

 

1.1 Problem Statement 

Two pioneers that developed analytical solutions of the problem of lateral static earth pressures on 

retaining structures are Coulomb (1776) and Rankine (1857). Their work provides basis for static 

earth pressure analyses and design procedures. The prediction of actual forces and deformations 

on retaining walls under static condition is a complicated soil-structure interaction problem. The 

dynamic response of retaining walls is more complex as it depends on the mass and stiffness of 

the wall, the backfill and the underlying ground, the interaction among them and the nature of the 

input motions (Al Atik, 2008).   

The damage mechanism of structures subjected to a blast wave will be different from structures 

subjected to a seismic motion (Hao and Wu, 2005; Lu and Fall, 2018a, b, c). Blast motions have 

higher amplitudes and frequency contents, but shorter duration than seismic motions.  

The global terrorist attacks against structures have increased intensely in recent years. Many 

strategic buildings, commercial centers, industrial facilities, residential buildings and some lifeline 

infrastructures have been targeted in the last three decades. Transportation structures such as 

bridges, railways and highways are regarded as potential targets for terrorist attacks because of 

their importance as lifelines, and difficulties associated in protecting them. Different types of 

explosive devices are used for these attacks. The US Department of State reported more than 

14,000 global terrorist attacks in 2007, killing more than 20,000 people (Buchan and Chen 2010).  

Few studies were conducted to evaluate underground structures (piles, tunnel, etc.) and 

embankment dams subjected to surface explosions as discussed later. However, there is no study 

available in the literature to address the vulnerability of retaining walls subjected to blast loading. 

There is a need to address this knowledge gap. 
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1.2 Objective 

The objective of this research is to investigate the geotechnical response of retaining walls (RW) 

to surface blast loads by conducting experimental study (shock tube tests). The influence of the 

following factors on the response of RW to blast load is investigated: 

i- Influence of backfill relative density; 

ii- Influence of backfill saturation; 

iii- Blast load intensity; 

iv- Influence of live load surcharge. 

 

1.3 Research Approach and Methods 

The research approach and methods adopted in this study are schematically shown in Figure 1.1. 

To fulfill the objective of this research, an experimental technique (simulated blast testing) was 

conducted to assess the dynamic response of retaining walls subjected to blast loading. Simulated 

blast testing was conducted in a laboratory testing environment with a little potential of 

experimental hazards. The shock tube, which is available at the structures laboratory of the 

University of Ottawa, is used in this study.  

The experimental program was divided into four test series. Test Series # 1 was devoted to study 

the influence of various relative densities of backfill on the dynamic response of soil-RW model 

when subjected to blast loading. Three sand samples with various relative densities (loose, 

medium, and dense) were examined. Test Series # 2 was dedicated to address the dynamic 

behaviour of soil-RW model along with the influence of different degrees of saturation. Three sand 

backfill samples with different saturation degrees (saturated, partially saturated, and dry) were 

tested. In Test Series # 3, the influence of blast load intensity on backfill retaining wall behaviour 

was investigated. In Test Series # 4, a live load surcharge was applied on the top of the backfill. 
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The influence of live load surcharge on behaviour of backfill retaining wall was addressed. For 

every test conducted in this study, the system (RW and soil) was subjected to a single blast shot. 
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Figure 1.1: Research approach and methods 
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1.4 Tasks and Organization of the Thesis 

This PhD manuscript is organized into seven chapters. Chapter one contains the introduction, 

which includes problem statement, objective and research approach and methods. Chapter two 

provides background and literature review. Chapter three to five are structured into a paper-based 

thesis format. It should be emphasized that because the main results of these chapters are presented 

as articles, some information is repeated in these chapters. The reason is that each article is 

independently written in accordance with the manuscript preparation instructions of the 

corresponding journal. The influence of various relative densities, degrees of saturation of backfill, 

blast load intensities, and live load surcharge on the dynamic response of soil-RW model was 

addressed in these chapters. Chapter three consists of technical paper I. The chapter addresses 

the effects blast shots on the lateral earth pressures of a sand backfill retaining wall. Chapter four 

includes technical paper II. This chapter deals with the influence of a single shot on the modes of 

wall movement of cantilever retaining walls. Chapter five contains technical paper III which 

describes the variations in the pore pressure due to blast loading. Chapter six provides a synthesis 

of the results as well as implications for geotechnical design of retaining structures while a 

summary of the major findings and conclusions are presented in Chapter seven.   
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 Theoretical and Technical Background 

 

This chapter provides technical information and data that facilitate the understanding of the results 

presented in the thesis. This background information and data are discussed in five sections. The 

first section presents the fundamentals of air blast load effects, a general description of blast 

process, structural response to blast loading, material behaviour under high strain rates and blast 

wave-structure interaction. The second section is devoted to addressing the blast wave propagation 

in soil, general material stress-strain response, the dynamic deformation mechanism of soils under 

blast loading and cratering processes. The third section addresses the design of retaining walls. 

The fourth section provides a literature review on previous studies on the response of RW to 

dynamic loadings. Finally, the fifth section provides a detailed technical description of the shock 

tube and instruments used.  

 

2.1 Fundamental of Air Blast Load Effects 

2.1.1 Introduction 

Air blasts generate dynamic impulsive loads. An impulsive load can be defined as a load (or 

pressure) applied on the target within a short period of time. Many analytical methods are available 

to calculate the dynamic response of a structure subjected to blast loading (Lu and Fall, 2018a,bc). 

The methods consist of simplified analysis using a single degree of freedom (SDOF) system and 

advanced methods like finite element method (FEM) ((Fujikura and Bruneau 2012). The equation 

of motion of undamped SDOF system is given by Equation 2.1 (Biggs, 1964).   

   𝑚𝑢̈ + 𝑘𝑢 = 𝐹(𝑡)                                                                                                                     (2.1) 

where, 

m is mass; 
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u is displacement; 

𝑢̈ is acceleration of the mass; 

k is spring constant (stiffness); and, 

F(t) is external force. 

The significance of damping in controlling the maximum response of a structure under impulsive 

loading is much less than the corresponding response of a structure subjected to periodic or 

harmonic loading. This is because the maximum response to an impulsive load is reached quickly, 

before the damping forces can absorb much energy from the structure (Lu et al. 2017). However, 

damping may be important during the free vibration phase of response, following the initial 

impulsive load. 

The response of an undamped, linearly responding SDOF system subjected to general dynamic 

loading, including the effects of initial conditions, is given by Equation (2.2) (Mario Pas, 1991). 

 𝑢(𝑡) = 𝑢°𝑐𝑜𝑠𝜔𝑡 +
𝑣°

𝜔
𝑠𝑖𝑛𝜔𝑡 +

1

𝑚𝜔
∫ 𝐹(𝜏)𝑠𝑖𝑛𝜔(𝑡 − 𝜏)𝑑𝜏

𝑡

0
                                                       (2.2) 

where, 

𝑢(𝑡) is total displacement; 

𝑢° is initial displacement; 

𝑣° is initial velocity; 

𝜔 is angular frequency;  

𝑡 is time 

𝜏 is short duration of time, known as the lag; 

𝑑𝜏 is incremental time; 

m is mass; and, 

𝐹(𝜏) is impulse of the force. 
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Based on the relationship between the duration of the blast load (td) and the natural period of 

vibration of the structure (T), the loading can be categorized into three design ranges; quasi-static 

(pressure loading), impulsive loading, and dynamic loading (Mays and Smith, 1995).  

 Quasi-static (pressure loading) 

When td is longer than T, the loading is referred to as quasi-static loading. In this case, the structure 

reaches its maximum displacement before the blast load undergoes any significant decay. The 

maximum displacement is a function of peak blast load and stiffness.  

 Impulsive loading 

Where td is shorter than T, the situation is described as impulsive loading. In this case, the blast 

load pulse decays before any significant displacement occurs. Since most deformation occurs at 

times greater than td, the displacement is a function of impulse, stiffness and mass.  

 Dynamic loading 

When td and T are close to each other, the assessment of the response is more complex. A complete 

solution of the equation of motion of the structure is required. 

 

For designers, predicting the final state of the blast loaded structures is often the principal 

requirement rather than the detailed knowledge of the displacement-time history (Mays and Smith, 

1995).  

 

2.1.2 Explosion and Blast Process 

Explosion can be defined as a rapid and sudden release of a large amount of energy to the 

atmosphere, forming a blast wave. Explosion can be classified as physical, nuclear, or chemical 

events (Ngo et al., 2007).  
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The detonation of a high explosive generates hot gases under pressure ranging between 100 and 

300 kilobar (kb) associated with a temperature of about 3000 to 4000 °C (Ngo et al., 2007). When 

an explosion is initiated, a blast wave is formed and rapidly moved outward from the explosion 

center at very high speed in all directions. This leads to an increase in air pressure above the 

ambient atmospheric pressure (Po). The rapid increase of pressure produced by the blast shock 

wave is called incident overpressure, or only overpressure (Pso) (Kadhom, 2015). When the shock 

front arrives at a given point, the overpressure at that point suddenly increases from zero to peak 

overpressure in less than a microsecond. The magnitude of the peak overpressure and the variation 

of the overpressure with time depends on the type and amount of explosive materials, the height 

of the explosion from the ground, and the distance from the explosion epicenter (Ngo et al., 2007; 

Lu and Fall 2017, 2015).   

Typically, the blast pressure-time history profile consists of two phases, as shown in Figure 2.1.  

It can be seen that in the positive phase, the overpressure increases instantaneously from the 

ambient pressure to the peak pressure and then drops back to the ambient pressure over a period 

equal to td (positive phase duration). Conversely, in the negative phase, suction is produced, and 

as a result, the blast wind moves toward detonation centre rather than radiating away from it. The 

under-pressure at the negative phase is lower in magnitude and longer in duration than that of the 

positive phase (Draganic and Sigmund, 2012). Therefore, only the blast pressure profile's positive 

phase is considered in blast resistant design of structures (Biggs 1964). 

The impulse of blast wave is defined as the area under the pressure-time curve. The positive phase 

impulse (Io) can be found as follows (Clough and Penzien, 1975): 

Io=∫ 𝑃(𝑡)𝑑𝑡
𝑡𝑑

0
 

where, 

                           (2.3) 
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P(t) is overpressure function with respect to time; and, 

td is duration of positive phase. 

 

 

Figure 2.1: Blast wave pressure with time history (Kadhom, 2015) 
𝑃𝑜: Ambient atmospheric pressure; 𝑃𝑠𝑜: Peak overpressure 

 

Charge weight (W) and standoff distance (R) between the blast center and the target are the two 

parameters that are used to determine the magnitude of a bomb threat. It is convenient to scale 

these blast parameters and express them as “scaled distance” (Z), where Z = R/W1/3, also known 

as the Hopkinson-Cranz Scaling. This scaling law indicates that bombs with different change 

weights produce similar blast waves if their scaled distances are equal. Scale distance is frequently 

used in blast analyses and design (Kadhom, 2015, Jayasinghe, 2014 and Smith and Hetherington, 

2011). The most common expressions that used in calculating the peak overpressure (𝑃𝑠𝑜 ) as a 

function of scaled distance are shown in Table 2.1.    
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Table 2.1: Different expressions for predicting peak overpressure (Pso) (Ngo et al. 2007) 

𝑃𝑠𝑜 =
6.7

𝑍3
+ 1 𝑏𝑎𝑟 (𝑃𝑠𝑜 > 10 𝑏𝑎𝑟) 

𝑃𝑠𝑜 =
0.975

𝑍
+

1.455

𝑍2
+

5.85

𝑍3
− 0.019 𝑏𝑎𝑟 (0.1 < 𝑃𝑠𝑜 < 10 𝑏𝑎𝑟) 

Brode (1955) 

𝑃𝑠𝑜 = 6784
𝑊

𝑅3
+ 93 (

𝑊

𝑅3)

1

2
  (𝑏𝑎𝑟)  

Newmark and Hansen 

(1961) 

𝑃𝑠𝑜 =
1772

𝑍3
−

114

𝑍2
+

108

𝑍
  (𝑘𝑃𝑎) 

 

Mills (1987) 

where, 

𝑃𝑠𝑜 is the peak overpressure; 

W is the charge weight; 

R is the standoff distance between the blast center and the target; and, 

Z is the scaled distance  

 

 

Reflected pressure is generated as a result of blast wave reflection soon after the incident pressure 

interacts with a solid surface at an angle of incidence relative to the direction of wave (Figure 2.2). 

The reflected pressure (Pr) can be predicted using Equation 2.4 (Cormie et al. 2009). 

𝑷𝒓 = 𝟐𝑷𝒔𝒐 (
𝟕𝑷𝒐 + 𝟒𝑷𝒔𝒐

𝟕𝑷𝒐 + 𝑷𝒔𝒐
)   

where, 

Pr is reflected pressure; 

𝑷𝒐 is ambient atmospheric pressure; and, 

𝑷𝒔𝒐 is peak overpressure. 

 

  (2.4) 
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Figure 2.2: Blast loads on building (Kadhom, 2015) 

 

2.1.3 Structural Response to Blast Loading  

The analysis of dynamic response of a structure subjected to blast loading is a complex process 

since it involves the effects of high strain rates, non-linear behaviour of materials, and uncertainties 

in blast load characteristics (Ngo et al. 2007). To simplify the blast analysis, both the structure and 

loading can be idealized. The structure is idealized as a SDOF system, while the blast load is 

idealized as a triangular pulse having a peak force of 𝐹𝑜 and positive phase duration 𝑡𝑑  (Figure 

2.3). The forcing function is determined as follows (Chopra, 2007): 

𝐹(𝑡) = 𝐹𝑜(1 −
𝑡

𝑡𝑑
)                                                                                                                      (2.5) 

where, 

𝐹𝑜 is peak force; 
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td is duration of positive phase; and, 

t is time. 

The area under the force-time curve is represented as blast impulse (I), and is given by: 

𝐼 =
1

2
𝐹𝑜𝑡𝑑                                                                                                                                    (2.6) 

Thus, the equation of motion for undamped SDOF system becomes (Biggs, 1964): 

𝑚𝑢̈ + 𝑘𝑢 = 𝐹𝑜(1 −
𝑡

𝑡𝑑
)                                                                                                               (2.7) 

where, 

𝑚 is mass of structure; 

𝑘 is spring constant; 

𝑢 is displacement of mass; and, 

𝑢̈ is acceleration of mass. 

Large inelastic deformations are expected to occur in structural elements due to the effects of blast 

loads. Thus, it is necessary to determine the inelastic response. Dynamic inelastic response can be 

calculated using a step-by-step numerical solution to determine exact analysis results. However, a 

simplified method, called graphical solution, is often used in blast analysis and design of structural 

elements. This method involves the use of transformation factors to transform distributed mass 

and blast pressure to equivalent lumped mass and concentrated force, respectively. The resulting 

idealized mass-spring model is illustrated in Figure 2.3(a). Furthermore, elasto-plastic stiffness 

can be used to generate an equivalent idealized elasto-plastic SDOF model that represents the 

behavior of the element. Simple expressions and charts can then used to obtain the maximum 

dynamic response of the element for a corresponding resistance function and a given blast forcing 
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function, as shown in Figure 2.4. Charts from TM 5-1300 (1990) are generally used to predict the 

maximum displacement of the element. This is illustrated in Figure 2.5. 

 

 

Figure 2.3: (a) Equivalent SDOF system and (b) Idealized blast loading (Kadhom, 2015) 

 

 

Figure 2.4: Simplified resistance function of an elasto-plastic SDOF system (Ngo et al. 2007 -

reproduced by Kadhom, 2015) 
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Figure 2.5: Maximum response of elasto-plastic SDF system to a triangular load (Ngo et al. 

2007) 

 

2.1.4 Material Behaviour under High Strain Rates 

Very high strain rates result from blast loads. The high strain rates could alter the mechanical 

properties of materials, such as concrete and steel. Due to the strain rate effects, the steel 

reinforcement tensile strength and concrete compressive strength are significantly increased. 

Figure 2.6 shows the ranges of strain rates related to different types of loads.  

Compressive stress-strain curves of plain concrete tested under different loading rates are 

illustrated in Figure 2.7. It can be seen that the compressive strength of concrete under dynamic 

loading is greater than concrete compressive strength under static load. In contrast, concrete 

stiffness is less sensitive under different loading conditions.  

Compressive stress-strain curves of rocks (granite and marble) tested under different loading rates 

are also presented in Figures 2.8 and 2.9. It can be noted that the striking speed or loading rate has 
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no effect on the stress-strain curves of granite before the first peak. However, after the utmost 

peaks, the stress-strain is related to the striking speed and broken state (Figure 2.8). At low striking 

speeds, and if the rock remains intact after being struck, the stress-strain curve after the utmost 

peak will rebound. When the striking speed is high, the strain increases continuously with stress, 

and the ability to withstand load decreases, even when the stress decreases to zero. The stress-

strain curve of marble (Figure 2.9) is different from granite, as marble is softer than granite. The 

slope in the post-failure region (elastic modulus) is related to the striking speed or strain rate. 

Higher strain rate leads to larger elastic modulus (Shan et al., 2000). 

 

 

Figure 2.6: Strain rates associated with different type of loading (Ngo et al. 2007-reproduced by 

Kadhom, 2015) 

 

 

Figure 2.7: Typical stress-strain curve for concrete under slow and rapid loads (Kadhom, 2015) 
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Figure 2.8: Complete dynamic stress-strain curves for granite (Shan et al., 2000) 

 

 

Figure 2.9: Complete dynamic stress-strain curves for marble (Shan et al., 2000) 
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2.1.6 Blast Wave-Ground Interaction 

If the explosive materials are near or on the ground surface, the above-ground or shallow buried 

structures will be subjected to ground shock. The term “air induced ground shock” is used when 

the explosive energy is transmitted through the air. While direct transmission of energy through 

the ground is described as directly induced ground shock. The former results from the air blast 

wave compresses the ground surface and sends a stress pulse into the underground layers. The 

latter results when the explosive energy is directly transmitted through the ground.  

The maximum vertical displacement at the ground surface (𝐷𝑣) due to dynamic loads from air 

induced ground shock can be obtained as follows ((Ngo et al. 2007): 

𝐷𝑣 =
𝑖𝑠

1000𝜌𝑣𝑝
                                                                                                                                          (2.8) 

where, 

𝑖𝑠 is impulse; 

𝜌 is mass density; and, 

𝑣𝑐 is wave seismic velocity in soil. 

An empirical formula is provided by TM 5-1300(1990) to estimate the vertical displacement in 

meter taking into account the depth of soil layers: 

𝐷𝑣 = 0.09𝑊
1

6(𝐻/50)0.6(𝑃𝑠𝑜)
2

3                                                                                                   (2.9) 

where, 

𝑊 is explosion yield in 109 kg; 

𝐻 is depth of the soil layers; and, 

𝑃𝑠𝑜 is peak incident overpressure. 
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The maximum vertical displacement at the ground surface (𝐷𝑣) due to dynamic loads from direct 

ground shock can be predicted using the empirical equations derived by TM 5-1300(1990): 

𝐷𝑣𝑟𝑜𝑐𝑘
=  

0.25𝑅
1
3𝑊

1
3

𝑍
1
3

                                                                                                                            (2.10) 

𝐷𝑣𝑠𝑜𝑖𝑙
=  

0.17𝑅
1
3𝑊

1
3

𝑍
2
3

                                                                                                                              (2.11) 

where, 

𝐷𝑣𝑟𝑜𝑐𝑘
 is maximum vertical displacement for rock; 

𝐷𝑣𝑠𝑜𝑖𝑙
 is maximum vertical displacement for dry soil; 

𝑅 is actual effective distance from the explosion; and, 

𝑍 is scaled distance. 

 

2.2 Blast Wave Propagation in Soil 

2.2.1 Introduction 

Numerous studies have been conducted in the field of soil mechanics since 1925. However, most 

of these studies were dedicated to the understanding of soil behaviour under static load conditions 

(Das, 1993). More attention has been paid to the effects of dynamic loads on soil behaviour and 

underground structures in the last 30 years.  

Surface explosions result in high-stress dynamic loading that may induce ground surface 

deformation and result in structural failure. Underground or surface explosions lead to the crater, 

and a blast wave that propagates through the surrounding soil. High-intensity shock waves 

originate in the ground around nuclear or conventional explosions or near earthquake epicentres. 
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These shock waves decay into seismic P-waves or pressure waves as they propagate away from 

the source (Majtenyi and Foster, 1992).  

 

2.2.2 Shock Wave Propagation 

A number of effects such as shock waves, a fireball, and a high-velocity wind, which are generated 

by the detonation of high explosives in the air, may cause severe damages to a structure. A shock 

wave is formed when a pressure front (overpressure) moves at supersonic speeds and pushes on 

the surrounding medium. The particle velocity of this medium (air, water, soil) will increase too. 

As the blast wave travels outward from the explosion, another pressure (dynamic pressure) is 

produced from the air mass flow behind the shock wave. The dynamic pressure is a function of the 

density of the air behind the shock wave (Karlos and Solomos, 2013). The shock wave compresses 

the air, which leads to an increase in its density. 

The shock wave velocity is a function of the peak overpressures, the ambient sound speed, and the 

ambient atmospheric pressure. The formation of pressure and shock waves over distance or time 

is shown in Figure 2.10 (Cooper, 1996).  The pressure wave velocity at point C of the pressure 

wave profile (Figure 2.10 (a)) is higher than that at point A and B because the wave velocity 

increases with increasing of the pressure. Increasing the intensity of the pressure leads to a steeper 

wave profile, as shown in Figure 2.10 (b) and (c). When points C and B reach a vertical front 

aligned with point A, the wave profile becomes steeper, and the wave develops into a shock wave, 

as shown in Figure 2.10 (d). 
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Figure 2.10: Pressure and shock wave profile vs. distance or time (Cooper 1996) 

 

The shock wave velocity at any point along the wave can be calculated by adding the sound wave 

velocity and particle velocity as given in equation 2.12 (Busch, 2016). 

𝑈 = 𝐶 + 𝑃𝑉                                                                                                                                (2.12) 

where, 

U is wave velocity at any point of a pressure wave; 

C is sound wave velocity; and, 

PV is particle velocity. 

Peak particle velocity (PPV) is used in practice to measure the damage in structures due to blast 

load, and it can be obtained as follows (R. Nateghi, 2012): 

𝑃𝑃𝑉 = 𝐾(
𝐷

𝑄𝑛
)−𝛽                                                                                                                                        2.13 

where, 

𝑃𝑃𝑉 is peak particle velocity; 

𝐾 and β are factors that include effects of both relief during blasting and geology; 

𝐷 is the distance from explosive source;  

𝑄 is the mass of the charge; and, 
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𝑛 is the square/cube root scaling. 

The front of the wave is called the shock front, and it moves outward from the explosion center at 

a very high speed. The pressure of the air of the shock front is higher than the region behind it. 

The velocity and peak pressure of the shock front decrease as the shock front propagates outward 

from the explosion centre (Figure 2.11 (a to d)). The Attenuation in the amplitude of the pressure 

wave and the alteration of the wave shape are due to energy dissipation (damping). The pressure 

is then reduced to the region of elastic behaviour, and the square-pulse shock wave decays into a 

sound wave, as shown in Figure 2.11 (e). 

 

 

Figure 2.11: Attenuation of a square shock wave (Cooper 1996) 

 

Explosion above or below the ground surface leads to the generation of body and surface waves. 

Body waves, which is consisted of compression (P), and shear (S) waves are dominant in buried 

explosions at a short-range while surface waves (Rayleigh or R waves) dominate surface 

explosions. As the R waves have a slower decay rate with distance, they dominate buried 

explosions at larger ranges. The propagation velocities of body and surface waves depend on the 

density and stiffness of the soil. Since S and R waves are associated with distortive movements in 

the soil, they travel at approximately the same speed (Smith and Hetherington, 2011).   
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𝑣𝑟 ≈ 𝑣𝑠 = √
𝐺

𝜌
                                                                                                                           (2.14) 

𝑣𝑝 = √
𝐾

𝜌
                                                                                                                                    (2.15)  

𝐾 =
2

3
𝐺

(1+𝜇)

(1−2𝜇)
                                                                                                                          (2.16)  

𝑣𝑐 = √
𝐸

𝜌
                                                                                                                                    (2.17) 

where,  

𝑣𝑠 is shear/torsional wave velocity in m/s2; 

𝑣𝑟 is Rayleigh wave velocity in m/s2; 

G is shear modulus of the soil in kPa; 

𝜌 is density of the soil in kg/m3; 

K is bulk modulus in kPa; 

𝑣𝑝 is compression wave velocity in m/s2; 

𝜇  is Poisson’s ratio; 

𝑣𝑐 is seismic/longitudinal wave velocity in m/s2; and, 

E is modulus of elasticity of the soil in kPa. 

 

2.2.3 General Material Stress-Strain Response 

Most materials exhibit linear behaviour when low stress is applied. When the relationship between 

the strain produced in the material and the applied stress is proportional, the upper-bound limit is 

called elastic limit (Figure 2.12). As the stress increases beyond the elastic limit, the material 

exhibits plastic behaviour and behaves like a fluid. Thus, permanent deformation occurs, and the 

material does not return to its original shape after the stress is released. When the stress levels are 

between elastic and plastic limit, the material exhibits elastic-plastic behaviour. The stress levels 

of this region are around ten times the elastic limit (Busch, 2016). The plastic limit region is 

generally studied when dealing with blast waves. 
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Figure 2.12: Compressive stress-strain curve for varying stress levels (Busch, 2016) 

 

2.2.4 Dynamic Deformation Mechanism of Soils under Blast Loading 

The soil consists of solid mineral particles (skeleton structure) and voids, which can be filled with 

water and/or air (Figure 2.13). These three components influence the response of the soil to blast 

loading. When surface explosion occurs, the soil remains in an undrained condition because of the 

rapid loading that prevents soil pore pressure from dissipating. During construction activities 

where loading occurs gradually, the soil response can be explained using conventional soil 

mechanics. However, conventional soil mechanics cannot be used to address the soil response 

under high-intensity pressure. The compressibility of the three phases must be taken into 

consideration when describing soil behaviour. 

 

The deformation mechanisms of soil subjected to blast loading depends on the degree of saturation 

of the soil. When low pressure is applied to dry soil, the soil exhibits elastic deformation along the 
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contact surfaces of the soil skeleton. However, as the pressure increases, the bonds between the 

soil particles are deformed, the skeleton is destroyed, and the soil is compacted. On the other hand, 

if saturated soil is subjected to a rapid dynamic loading, the deformation and the resistance of the 

soil would be determined by volumetric compression of the three phases, particularly of the 

mineral grains and water (Wang et al. 2004). Figure 2.14 depicts the typical compressibility 

response of a partially saturated soil (Busch, 2016). 

 

 

 

Figure 2.13: Phases of a soil (Busch, 2016) 
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Figure 2.14: Typical compressibility response of a partially saturated soil (Busch, 2016) 

 

2.2.5 Rate Dependency of Soil Behaviour 

Soil behaviour is affected by the strain rate. The soil's strain rate can reach up to 103 % /s when 

the soil is subjected to blast loads (Xu, 2015). Different laboratory tests were conducted to 

determine special characteristics of soil behavior under such a high strain rate. Researchers used 

modified triaxial tests to investigate the soil behaviour under high strain-rate (Whitman 1970, 

Ehrgott and Sloan 1971, Carrol 1988, Abrantes and Yamamuro 2002, Huy et al. 2006, Yamamuro 

et al. 2011). Dry sand was often used as a test material because a high strain-rate prevents the water 

in the soil specimens from being drained. Figure 2.15 shows typical stress-strain curves and 

volumetric strain response curves of dry sand. It was noted that the soil might produce a higher 

peak shear strength and a higher tendency of dilation when loaded under a higher strain rate. 

Abrantes (2003) suggested that these behaviours are related to the particle rearrangement during 

the triaxial compression. When soil is sheared, soil particles tend to move and rotate against each 

other to accommodate the deformation (Xu, 2015). Under static loading, the particle rearrangement 

occurs along the easiest trajectory. However, increasing the strain rate changes the path of soil 
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particles. As a result, more energy is consumed, leading to different behaviour than in the static 

cases. Furthermore, Karimpour and Lade (2010) mentioned that the crushing strength of soil 

particles is also dependent on the rate of loading. When soil is loaded at a high strain rate, there 

will not be enough time for the strain energy to accumulate. Less particle crushing happens, and 

therefore the soil specimens can generate a greater strength in macroscale (XU, 2015).  

The compressibility of soil under high strain rates was also studied by conducting high strain rate 

triaxial tests, high strain rate uniaxial compression tests (Whitman 1970, Jackson et al. 1979, Farr 

1990) and Split Hopkinson Pressure Bar (SHPB) tests (Charlie et al. 1990, Bragov et al. 2008, 

Martin et al. 2009, Huang et al. 2013). Based on the test results, it was noted that a larger modulus 

could be observed when the soil is loaded under a higher strain rate. A schematic diagram of soil's 

uniaxial compressive behavior is plotted according to the test results in Figure 2.16. 

On the other hand, sand may exhibit other rate dependency patterns when subjected to low strain 

rates (Figures 2.17, 2.18). Different types of sand were tested in the laboratory to determine the 

patterns of rate-dependency. As shown in Figure 2.17, when the strain rate is increased stepwise, 

the stress-strain curve temporarily jumps to a higher location and then gradually rejoins the original 

curve (Matsushita et al. 1999; Tatsuoka et al. 2002; Kiyota and Tatsuoka 2006; Di Benedetto 

2007). A unique stress-strain curve was obtained due to monotonic loading tests with different 

constant strain rates (Xu, 2015). Figure 2.18 showed the rate-dependency of Albany Sand, Hime 

gravel, Monterey sand (Enomoto et al. 2007a, b, Tatsuoka et al. 2008). When the strain rate is 

increased stepwise, the stress-strain curves first overshoot and then join a curve lower than the one 

for the initial strain rate. On the other hand, sand strength decreases with the increase of strain rate 

in monotonic loading tests (Xu, 2015). 
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Figure 2.15: Schematic diagram of sand behavior observed in high strain-rate triaxial tests: (a) 

stress-strain curves for loose sand; (b) stress-strain curves for dense sand; (c) volumetric strain 

response curves for loose sand; and (d) volumetric strain response curves for dense sand (Xu, 

2015) 
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Figure 2.16: Schematic diagram of compression behavior of sand under high strain rate (Xu, 

2015) 

 

 

Figure 2.17: Stress strain curves due to changes in strain rate in sand in plain strain tests: (a); 

tests with stepwise changed strain rate, (b); monotonic loading tests with different constant strain 

rates (Xu, 2015) 

(a) (b) 
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Figure 2.18: Stress strain curves due to changes in strain rate in triaxial tests on Albany Sand, 

Hime gravel, Monterey sand: (a); tests with stepwise changed strain rate, (b); monotonic loading 

tests with different constant strain rates (Xu, 2015) 

𝜀1̇ < 𝜀2̇ < 𝜀3̇ 

 

2.2.6 Cratering Processes 

Soils exposed to the surface explosion are subjected to air-induced ground shock that compresses 

the ground surface and sends a stress pulse into the underground layers, which results in the 

formation of a crater. Figure 2.19 represents a schematic of the crater geometry from an explosive 

event. As mentioned previously, shock waves and generation of gaseous products are produced by 

detonation of explosives in a very short period. The explosion first generates an initial shock that 

scours and compacts the soil, resulting in plastic flow and the formation of an initial “true” crater 

(Zimmie et al. 2010). Detonation gases are infused into the ground and eject soil (termed “ejecta”) 

into the air as they expand. As a rarefaction wave travels into the compressed soil, the direction of 

the soil particle velocity reverses and forms more ejecta (Cooper 1996). Some of the ejecta are 

deposited back into the true crater as a fallback, and the resulting crater geometry after this event 

is termed the “apparent” crater (Zimmie et al. 2010). 

(b) (a) 
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Figure 2.19: Crater geometry from an explosive event (Zimmie et al. 2010) 

 

Moisture content, shear strength, porosity and compressibility are the properties that influence 

cratering behavior. Soil water content has a significant impact on crater size. Increasing moisture 

content leads to a reduction of the soil's shear strength, which causes the formation of large craters. 

Saturated soils subjected to blast loading result in the largest craters. Porosity and compressibility 

of soil affect the amount of energy that is transferred into the soil. Soils with low relative density 

(loose soils) permit more energy to be transmitted into the soil and form larger craters (Zimmie et 

al. 2010).  

   

2.2.7 Blast Induced Increase in Pore Water Pressure 

Liquefaction may occur in saturated soil subjected to blast loads due to blast-induced cyclic 

shearing (Xu, 2015; Lu and Fall, 2016). Field blasting tests were conducted by researchers to 

evaluate the potential of liquefaction by measuring the excess pore water pressures induced by 

blasting. Gohl et al. (2001) performed 16 borehole blast tests in a silty sand layer with charge 

weights of 2 – 6 kg and borehole depths of 8 – 12 m. It was noted that peaks water pressure 

occurred when the blast pulses reached the transducer. After the tests, the pore water pressure ratio 
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was measured, and it was 62.5%. This ratio indicates that complete liquefaction did not happen. 

Ashford et al. (2004) carried out a blast-induced liquefaction test in the hydraulic fill and sand 

layers in San Francisco. Two sets of blast tests were conducted. In each set, 16 charges (each 

charge is equivalent to 0.5 kg TNT) were detonated in the boreholes at a depth of 3.6 m below the 

ground surface. Peak pore water pressure ratios of 90 – 100% were measured by the transducers 

located within a distance of 5.5 m to the center of the charge ring. In this experiment, liquefaction 

happened, and sand boils were observed 3 – 5 min after the detonation. Al-Qasimi et al. (2005) 

carried out single and multiple detonation tests in a level deposit of loose, saturated, sand-size 

mine tailings. It was noted that the threshold peak particle velocity for liquefaction in multiple 

detonation tests was smaller than that in single detonation tests. It is also found that the peak pore 

pressure ratio induced by the blast was proportional to the square root of the peak particle velocity, 

the inverse of the cube root of the initial effective vertical stress and the inverse of the fifth root of 

the relative density. Charlie et al. (2013) conducted field tests on saturated sands of different 

relative densities. Liquefaction was observed at locations with a cubic-root scaled distance smaller 

than 10. The study found that the threshold values of peak radial particle velocity and peak strain 

for inducing soil liquefaction increases as the relative density and confining pressure increase.  

 

2.3 Retaining Walls 

2.3.1 Introduction 

Retaining walls (RW) are structures designed and constructed to provide lateral support to the soil. 

They have been widely used in railways, bridges, building, hydraulic and harbour engineering. 

There are two types of retaining walls; conventional retaining walls (Figure 2.20) and 

mechanically stabilized earth (MSE) walls (Figure 2.21). Conventional retaining walls consist of 

gravity retaining walls, semi-gravity retaining walls, cantilever retaining walls, and counterfort 
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retaining walls. Gravity retaining walls, which are also called rigid retaining walls, are thick and 

stiff and depend on the self-weight to resist external pressures. While cantilever retaining walls are 

less thick and more flexible than gravity retaining walls (Das, 2016).  

Mechanically stabilized earth walls (MSE) are gravity type retaining walls in which the soil is 

reinforced by thin reinforcing elements (steel, fabric, fiber, etc.). MSE walls are flexible, and their 

main components are backfill (granular soil), reinforcing strips (thin and wide strips placed at 

regular intervals), and a cover on the front face (skin) (Das, 2016). 

Conventional retaining wall fails in the following types: sliding, overturning, global failure, and 

bearing capacity failure (Figure 2.22). Retaining wall fails in sliding when the lateral earth 

pressures exceed the horizontal resisting forces at the base of the wall. Overturning happens when 

the overturning moments exceed the stabilizing moments of the wall. Gross instability of the soils 

behind and beneath the retaining wall leads to stability failure of a slope including the retaining 

wall. This failure refers to as a global failure. Bearing capacity failure occurs when the foundation 

soil fails to support the weight of the retaining wall. Cantilever retaining wall may fail by the 

flexural failure of the wall in addition to the failure mentioned above mechanisms. If the applied 

bending moment exceeds the wall's flexural strength, flexural failure will occur (Jung, 2009).  

The terms yielding and non-yielding retaining walls are used in the analysis of RW. When retaining 

walls can move sufficiently to develop active earth pressures or passive earth pressures, the walls 

are called yielding retaining walls. However, some retaining structures do not satisfy this 

movement condition, such as basement walls. These walls are referred to as non-yielding retaining 

walls (Mikola, 2012).  
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Figure 2.20: Types of conventional retaining walls (Das, 2016) 
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Figure 2.21: Mechanically stabilized earth walls with geogrid reinforcement: (b) wall with 

gabion facing; (c) concrete panel-faced wall (Based on Berg et al., 1986) (Das, 2016) 

 



  

                                                                                                                                                        36 
 

 

Figure 2.22: Failure of retaining wall: (a) by overturning; (b) by sliding; (c) by bearing capacity 

failure; (d) by deep-seated shear failure (Das, 2016) 

 

2.3.2 Background on Design of Retaining Walls 

The analysis and design of earth retaining structures are one of the oldest and most fundamental 

studies in the geotechnical engineering field. Coulomb and Rankine provided the first scientific 

applications to design RW by defining the solution of the lateral static earth pressure problem. 

Their earth pressure theories are developed based on limit state analyses (Mikola, 2012 and Al 

Atik, 2008).  
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Following the Great Kwanto Earthquake in 1923, many researchers focused their studies on the 

problem of seismically induced lateral earth pressures on retaining structures and basement walls. 

Permanent deformations of retaining structures were noticed in many historical earthquakes. 

Below is a brief explanation of the theories and methods that have been developed to predict the 

dynamic response of retaining walls when subjected to seismic forces. 

 

2.3.2.1 Pseudo-static equilibrium methods: 

The Mononobe-Okabe method (1929) and the Seed-Whitman method (1970) are used to predict 

seismic earth force acting on a retaining wall. These methods are representative of Pseudo-static 

equilibrium methods, which are also called rigid plastic methods with force-based approaches. 

Modifications of the Mononobe-Okabe and the Seed-Whitman methods were provided by Koseki 

(1998) and Zhang (1998). 

 

a) Mononobe-Okabe method (1929) 

Mononobe and Matsuo (1929) and Okabe (1926) provided the earliest method to predict retaining 

walls' dynamic behaviour during earthquakes. Mononobe-Okabe method (M-O method) is an 

extension of Coulomb’s static earth pressure theory. The inertial forces due to the horizontal and 

vertical backfill accelerations are included in Coulomb’s theory. The M-O forces diagram is shown 

in Figure 2.23. 

The main assumptions of the methods are as follows (Seed and Whitman, 1970): (1) the retained 

backfill is a dry granular soil; (2) sufficient movement in the wall to produce minimum active earth 

pressure in the backfill that leads to mobilize the maximum shear strength of the backfill along the 

sliding failure surface; (3) the failure surface in the backfill passes through the toe of the wall and 

is a plane with an inclination angle measured from the horizontal plane; (4) constant vertical and 
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horizontal accelerations of the backfill throughout the soil wedge are used; (5) the resultant force 

of the lateral earth pressure acts at a third of the wall height (H), above the wall base; and (6) 

inertial effects of the wall itself are neglected. 

Based on the M-O method, static equilibrium of the soil wedge is utilized to determine the active 

lateral pressure as presented in Figure 2.23. The maximum dynamic active thrust per unit width of 

the wall, PAE, is given by (Al-Atik, 2008): 

𝑃𝐴𝐸 =
1

2
𝛾𝐻2(1 − 𝑘𝑣)𝐾𝐴𝐸                                                                                                            2.18 

𝐾𝐴𝐸 =
𝑐𝑜𝑠2(𝜑 − 𝜃 − 𝛽)

𝑐𝑜𝑠𝜃. 𝑐𝑜𝑠2𝛽. cos (𝛿 + 𝛽 + 𝜃) [1 + √
sin(𝜑 + 𝛿) sin (𝜑 − 𝜃 − 𝑖)
cos(𝛿 + 𝛽 + 𝜃) cos (𝑖 − 𝛽)

]

2                               2.19 

where, 

PAE is maximum dynamic active force per unit width of the wall; 

KAE is total lateral earth pressure coefficient; 

𝛾 is unit weight of the soil; 

H is height of the wall; 

𝜑 is angle of internal friction of the soil; 

𝛿 is angle of wall friction; 

i is slope of ground surface behind the wall; 

𝛽 is slope of the wall relative to the vertical; 

𝜃 = 𝑡𝑎𝑛−1(
𝑘ℎ

1−𝑘𝑣
); 

kh is horizontal wedge acceleration divided by g; 

kv is vertical wedge acceleration divided by g; and, 

g is gravitational acceleration. 
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Figure 2.23: Equilibrium of forces in Mononobe-Okabe analysis (Wood 1973) 

 

b) Seed-Whitman method (1970) 

Seed and Whitman (1970) performed a parametric study to estimate the influences of angle of wall 

friction, the friction angle of the soil, the backfill slope, and the vertical and horizontal acceleration 

on dynamic earth pressures. The results of their study showed that peak total earth pressure acting 

on a RW can be divided into the initial static pressure and the dynamic increment due to the base 

motion. The following equation gives the relationship between the static, dynamic increment, and 

total lateral earth pressure: 

𝑃𝐴𝐸 = 𝑃𝐴 + ∆𝑃𝐴𝐸                                                                                                                         2.20 

𝐾𝐴𝐸 = 𝐾𝐴 + ∆𝐾𝐴𝐸                                                                                                                       2.21 
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where,  

PAE is total lateral earth pressure; 

PA is initial static earth pressure;  

∆𝑃𝐴𝐸 is dynamic increment; 

KAE is total lateral earth pressure coefficient; 

KA is static lateral earth pressure coefficient; and, 

∆𝐾𝐴𝐸 is dynamic increment coefficient. 

Seed and Whitman (1970) further proposed the following expression for the case of backfill soil 

with friction angle of 35°, a vertical wall, and horizontal backfill slope: 

𝐾𝐴𝐸 = (
3

4
)𝑘ℎ                                                                                                                                2.22 

∆𝑃𝐴𝐸 = (
3

8
)𝑘ℎ𝛾𝐻2                                                                                                                       2.23 

Based on the review of laboratory test results by Mononobe and Matsuo (1929), Jacobsen (1939), 

and Ishii et al. (1960), Seed and Whitman (1970) concluded that the dynamic lateral resultant force, 

ΔPAE, acted at a height from 0.5H to 0.67H above the wall base (Figure 2.24). The authors also 

noticed that peak ground acceleration happens only one instant of time and has no sufficient 

duration to significantly move the wall. Therefore, it is recommended to reduce the ground 

acceleration of about 85% of the peak value in retaining walls' seismic design. Lastly, Seed and 

Whitman (1970) stated that "many walls adequately designed for static earth pressures will 

automatically have the capacity to withstand earthquake ground motions of substantial magnitudes 

and in many cases, special seismic earth pressure provisions may not be needed."  
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Figure 2.24: Forces considered in Seed-Whitman analysis (Mikola, 2012) 

 

c) Koseki's method (1998) 

Koseki (1998) proposed a method to resolve the problem of unrealistically high active seismic 

earth thrust provided by M-O method at high seismic load when the maximum acceleration is 

larger than 0.5 g. In M-O method, a flatter failure plane is formed in the backfill with increasing 

horizontal acceleration.   

In Koseki's method, the initial active failure occurs at kh = 0, and the failure plane is calculated 

based on the peak frictional resistance angle of the backfill. Along the initial failure plane, the 

shear resistance angle of the backfill soil decreases to the residual resistance angle, with a slight 

movement of the wall. The secondary active failure occurs when the mobilized frictional angle 

along the potential failure plane reaches the peak frictional resistance angle. The secondary failure 

plane is flatter than the initial one (Jung, 2009). 
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d) Zhang's method (1998) 

Zhang et al. (1998) proposed a method to predict the distribution of the seismic earth pressures on 

a wall and the resultant force of the pressure. Most limit equilibrium methods are built on the 

assumption that a sufficient movement in retaining wall leads to induce active earth pressures or 

passive earth pressures. Zhang's method introduced the concept “intermediate soil wedge” 

associated with mobilized frictional resistance. In the “intermediate soil wedge,” a critical surface 

plane is assumed in the backfill soil such that no adequate displacement in the wall to mobilize the 

shear strength of the soil.  

 

2.3.2.2 Methods based on displacements of retaining walls 

Neither the permanent displacement of a retaining wall due to seismic loading nor the effects of 

movements of the wall on the seismic earth pressure behind the wall are addressed in the pseudo-

static equilibrium methods. To address the abovementioned issue, Richards-Elms (1979), 

Whitman-Liao (1985), and Steedmann and Zeng (1996) proposed wall displacement-based 

methods for seismic design of retaining structures. 

 

a) Richards-Elms method (1979) 

Richards and Elms (1979) proposed a method based on allowable permanent wall displacement 

for the seismic design of gravity walls. The Newmark sliding block theory (1965), which was 

originally developed to evaluate seismic slope stability, is used to estimate the permanent wall 

displacements. Per the Newmark sliding block theory, lateral displacement of the block occurs 

when the ground acceleration exceeded the critical or yield acceleration of the soil mass. The yield 

acceleration is defined as the minimum acceleration which causes the wall to move permanently 
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along the wall's base. The yielding acceleration is a function of frictional angle of the backfill, 

frictional angle between the wall and the soil, and angle of the back of the wall with the vertical. 

 

𝑎𝑦 = [𝑡𝑎𝑛𝜑𝑏 −
𝑃𝐴𝐸 cos(𝛿 + 𝜃) − 𝑃𝐴𝐸sin (𝛿 + 𝜃)

𝑊
] 𝑔                                                                      2.24 

where, 

𝑎𝑦 is yield acceleration; 

𝑃𝐴𝐸  is resultant force of earth pressures against the wall; 

𝜑𝑏 is frictional angle of the backfill; 

𝛿 is frictional angle between the wall and the soil; 

𝜃 is angle of the back of the wall with the vertical; 

W is weight of the soil wedge; and, 

g is gravitational acceleration. 

To solve equation 2.20, Richards and Elms recommended that the resultant force (PAE) is to be 

calculated using the Mononobe-Okabe method. Since PAE is a function of ay in the M-O equation, 

the above equation should be solved iteratively with the M-O equation.  

Richards-Elms also proposed an approximate equation to determine the permanent wall 

displacement (d perm), which is based on Franklin and Chang (1977) work.  

𝑑𝑝𝑒𝑟𝑚 = 0.087
𝑣𝑚𝑎𝑥

2 𝑎𝑚𝑎𝑥
3

𝑎𝑦
4

                                                                                                                       2.25 

where, 

𝑑𝑝𝑒𝑟𝑚 is permanent wall displacement in (inch); 

vmax is peak ground velocity in (in/sec); 

amax is peak ground acceleration in (ft/sec2); and, 
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ay is threshold yielding acceleration in (ft/sec2). 

 

b) Whitman-Liao method (1985) 

Whitman and Liao (1985) proposed a probabilistic method to predict permanent wall 

displacements for seismic design of retaining structures. The method considers the effects of 

modelling error, uncertainty due to statistical variability of ground motions, and uncertainty of soil 

properties on permanent displacement. Therefore, Whitman and Liao stated that the permanent 

displacement is not a certain value but a range of values with a probabilistic distribution.  

 

c) Steedmann and Zeng method (1996) 

Steedmann and Zeng (1996) used the Newmark’s sliding block theory to predict a gravity wall's 

permanent rotational movement with a rigid foundation when subjected to seismic loading.  

A rocking model rotating about the wall base is used by Steedmann and Zeng (1996) to predict the 

movement. Rocking is defined as a permanent rotational movement of the wall. 

The rocking displacement is calculated by integration of the rotational velocity of the wall over 

time. The model was validated by laboratory centrifuge tests (Chul Min Jung, 2009). 

 

2.3.2.3 Methods based on elasticity 

Elastic methods are mostly used in the design of gravity retaining walls built on a rock foundation 

and basement walls that consider as rigid walls and yield very small displacement. The first 

publications of the elastic analytical solutions for seismic response of a rigid wall were by Scott 

(1973), and Wood (1973). Veletsos and Younan (1997), and Psarropoulos et al. (2005) extended 

the analytical solutions for flexible retaining walls with a rigid body motion. 
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a) Scott's solutions (1973) 

An analytical, linear elastic model called the “continuous shear beam” model, to calculate the 

dynamic earth pressure acting on a rigid retaining wall fixed at its base is developed by Scott 

(1973). Based on the results of the analyses, Scott concluded that when the backfill soil is assumed 

to have constant elastic material properties with depth, the lateral earth pressure distribution forms 

a cosine shape along the depth, with the maximum magnitude of the earth pressure at the top of 

the wall, and zero at the bottom of the wall. The resultant force is acting at a distance of 0.64H 

above the wall base. However, suppose the backfill soil is assumed to have elastic properties 

increasing with depth. In that case, the lateral earth pressure distribution forms a triangular shape 

along the depth, with the maximum magnitude of the earth pressure at the top of the wall and zero 

at the bottom of the wall. The point of application of the resultant active pressure is about 0.67H 

above the wall base.  

 

b) Wood's solutions (1973) 

Wood (1973) also provided analytical solutions using a linear elastic model to calculate the seismic 

earth pressure acting on a rigid retaining wall fixed at its base. Modal superposition dynamic 

analysis for an elastic structural beam that is excited at its base is used to obtain the solutions. The 

analytical solutions were compared with numerical solutions. Based on both solutions' results, 

Wood concluded that for a rigid wall, the analysis should be based on elastic theory. However, 

when a large displacement is created due to seismic loading, the wall-soil system's analysis should 

be based on a plastic theory. Therefore, the M-O method can be used to provide an approximate 

solution. Wood also noted that using the elastic theory to calculate the seismic earth pressure for a 

rigid wall was twice as large as the pressure determined by M-O method. Wood recommended 
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using a nonlinear model for the backfill soil to avoid the discrepancy in the elastic theory results 

and the plastic limit state. 

 

c) Veletsos and Younan (1994 and 1997)  

Based on Wood's study, Veletsos and Younan (1994) provided analytical solutions for the seismic 

response of a rigid retaining wall with an elastic backfill. The backfill was assumed as a semi-

infinite layer of linear elastic material that was bonded to a rigid base. Constant damping ratio was 

introduced to the backfill. The study addresses the effects of the frequency of an input motion on 

the response of the wall system.  

Veletsos and Younan (1997) developed an analytical solution for a flexible retaining wall that can 

rotate at its base. Failure mechanism in flexible retaining wall during seismic excitation is due to 

flexural bending and rotation at the base. In this model, the flexible retaining wall is fixed at its 

base to prevent rotational and horizontal movement.  Veletsos and Younan observed that forces 

acting on flexible walls are less than those acting on rigid walls. Veletsos and Younan introduced 

two non-dimensional parameters to investigate the dynamic behavior of the soil-wall retaining 

system due to the influences of the retaining wall flexibility and the rotational movement of the 

wall. The first parameter is the relative flexibility of the wall with respect to the retained medium, 

dw, and the following expression gives it: 

𝑑𝑤 =
12(1 − 𝑣𝑤

2 )𝐺𝑠𝐻3

𝐸𝑤𝑡𝑤
3

                                                                                                                            2.26 

The second parameter is the relative flexibility of the rotational constraint at the base of the wall 

with respect to the retained medium, dθ, and defined as follows: 

𝑑𝜃 =
𝐺𝑠𝐻2

𝑅𝜃
                                                                                                                                                  2.27  

where, 
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vw is the Poisson’s ratio of the wall; 

Gs is the shear modulus of the soil; 

H is the height of the wall; 

Ew is the Young’s modulus of the wall; 

tw is the thickness of the wall; and, 

Rϴ is a linear elastic rotational spring with elastic constant. 

 

d) Psarropoulos et al. (2005) 

The analytical solution developed by Veletsos and Younan (1997) was numerically verified by 

Psarropoulos et al. (2005) using a finite-element method (FEM). The method investigated 

parametrically in detail the effects of flexural bending of the wall and rotation at the base. The 

results showed that the dynamic earth pressure on a retaining wall determined from the numerical 

model is in good agreement with Veletsos and Younan's analytical solution. Furthermore, a non-

uniform soil layer with stiffness increasing linearly with depth induces a smaller seismic earth 

thrust on the wall than a uniform soil layer. Lastly, it is inaccurate to assume that complete bonding 

between the soil and the flexible retaining wall as tensile stresses may develop at the interface. 

 

2.3.2.4 Field investigation 

Field investigation following an earthquake can give a good indication of the seismic behaviour of 

retaining walls. The information available on the field performance of retaining walls in the recent 

major earthquake is limited due to the lack of well documented retaining structures failures in non-

liquefiable backfills (Al-Atik, 2008). The seismic response of retaining walls during an earthquake 

depends on the presence of liquefaction-prone loose cohesionless backfills (Gazetas et al. (2004). 

Case histories from recent major earthquakes (such as San Fernando (1971), Loma Prieta (1989), 



  

                                                                                                                                                        48 
 

Northridge (1994), Kobe (1995), Chi-Chi (1999), Kocaeli (1999), and Athens (1999)) show that 

retaining structures with saturated loose backfill are vulnerable to strong seismic loading. On the 

other hand, flexible retaining walls with dry sands or saturated clayey soils have exhibited better 

performance during earthquake events (Al-Atik, 2008). 

 

2.4 Review of Previous Studies on the Response of RWs to Dynamic Loadings and Blast 

Effects on Geotechnical Structures  

 

2.4.1 Review of Previous Studies on the Response of RWs to Dynamic Loadings 

Significant dynamic lateral earth pressure behind a soil retaining wall can result from an intensive 

ground motion. This pressure can create excessive lateral displacement behind abutments/retaining 

walls and can cause damage bridge superstructures (Al Homoud and Whitman, 1999; Bakeer and 

Ishibashi, 1990).  

Many experimental studies have been conducted to understand the mechanism of load transfer 

from the backfill to the wall when subjected to seismic loading, for examples: 

 

Sherif et al. (1982) 

Shaking table tests were performed by Sherif et al. (1982) on a rigid retaining wall to calculate the 

dynamic, active earth pressure and to determine the point of application of the resultant active 

pressure. It was observed that the active state initiated in the backfill soil when the horizontal 

displacement of the wall reaches about 1/6000 of the wall height (H). This value is less than the 

one generally used to define the active state, 1/1000 H. It was also noticed that the static and 

dynamic earth pressure on the wall in the tests were approximately 30% higher than the values 

estimated by the Coulomb’s equation and M-O method, respectively. Based on the test result, the 

authors concluded that the angle of the friction mobilized behind the wall should be used to define 
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the active state in the backfill soil. Furthermore, Wood's solution (1973) overestimates the 

magnitude of seismic earth pressure on a rigid retaining wall fixed to the base. 

 

Ishibashi and Fang (1987) 

Ishibashi and Fang (1987) conducted experimental works to investigate the dynamic earth pressure 

acting on the rigid retaining wall based on different failure mechanisms. The authors studied 

various movement types: rotation about the base of the wall, rotation about the top, translation, 

and combination of rotation and translation about the base. Based on the results, it was noticed that 

the total dynamic earth pressure for rotation about the base and rotation about the top was about 

30% and 10%, respectively, higher than the values determined by M-O method. In addition, the 

point of application of the resultant force is influenced by each type of wall movement. 

 

Koseki et al. (1998) and Watanabe et al. (2003) 

Different models of retaining walls, including gravity retaining walls, cantilever retaining walls, 

and MSE walls, were tested by Koseki et al. (1998) and Watanabe et al. (2003) using a shaking 

table. It was observed that the major failure type in the retaining wall models was overturning with 

tilting of the wall. The results showed that the resultant forces on walls obtained from the shaking 

table tests were smaller than the values calculated from the M-O method. It was also observed that 

the M-O method might overestimate the seismic earth pressure on a wall at high seismic loads. 

The M-O method can be used to estimate the resultant earth pressure on a wall subjected to a 

seismic excitation of less than amax = 0.3g. Lastly, the MSE walls are more ductile than gravity or 

cantilever walls, and their seismic performance is more effective than conventional walls.  
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Tiznado and Rodriguez-Roa (2011) 

Tiznado and Rodriguez-Roa (2011) investigated the seismic behavior of gravity retaining walls on 

normally consolidated granular soils using a series of 2D finite-element analyses. Chilean seismic 

waves were applied at the bedrock level. Backfill and foundation soil behaviour were represented 

by an advanced non-linear constitutive model. It was found that seismic amplification effects in 

both soil foundation and backfill have a strong influence on the permanent displacements of the 

wall. The authors stated that the accelerations generated on soil behind the wall is different from 

the accelerations applied at the bedrock level. In this study, design charts were derived using 

numerical analyses to predict lateral displacements at the base and top of gravity retaining walls 

located at sites with similar seismic characteristics to the Chilean subduction zone. Using the 

design charts, seismic wall rotation can be estimated too. 

 

Akhlaghi et al. (2013) 

Akhlaghi et al. (2013) investigated the effects of mechanical properties of the soil and the wall on 

the dynamic response of a cantilever retaining wall using finite element analysis. The paper also 

addressed the effects of amplitude and frequency of the harmonic motion on the response of the 

wall. The results showed that the dynamic response of the RW increases as the soil density and 

amplitude of harmonic load increase. On the other hand, an increase in the values of friction angle, 

cohesion, elasticity, damping of the soil and the wall's stiffness lead to decrease the dynamic 

response. Furthermore, the study showed that permanent displacement produces when the input 

motions coincide with the natural period of the backfill.  
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Ertugrul and Trandafir (2014) 

Ertugrul and Trandafir, 2014 presented their study on flexible cantilever retaining walls with 

deformable inclusions under the effect of seismic earth pressures. In this study, 1-g shaking table 

tests were performed on small-scale, flexible cantilever wall models with deformable inclusions 

and without geofoam inclusions. Granular cohesionless material and composite backfill were used 

in this experiment. The composite backfill consists of a deformable geofoam inclusion and 

granular cohesionless material. Two different polystyrene materials were utilized as deformable 

inclusions. The results obtained from the retaining walls with deformable inclusions were 

compared with those of the models without geofoam inclusions. Reduction (up to 50%) in dynamic 

earth pressures was observed in the retaining walls with deformable inclusions. The percentage of 

reduction was dependable on the inclusion characteristics and the wall flexibility. The authors 

stated that the efficiency of load and displacement reduction decreased as the wall model's 

flexibility ratio increased. While the dynamic load reduction efficiency of the deformable inclusion 

increased as the amplitude and frequency ratio of the seismic excitation increased.  

 

Kloukinas et al. (2015) 

Kloukinas et al. (2015) studied the earthquake response of cantilever retaining walls through 

theoretical analyses and shaking table testing. Limit analysis and wave propagation methods were 

used in the theoretical investigations. The experimental program included different combinations 

of retaining wall geometries, soil configurations and input ground motions. Three types of 

instruments, uniaxial accelerometers, linear variable differential transducer (LVDT), and strain 

gauges, were used for the measurement of accelerations, displacements and strains, respectively. 

The retaining wall model was made of aluminum alloy 5083 plates. Dry, yellow Leighton Buzzard 

silica sand, at different compaction levels, was used for both the backfill and the foundation soil 
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layer. The study provided a calculation of the dynamic earth pressure and its point of application. 

Modes of wall movement such as sliding versus rocking of the wall base and the corresponding 

failure mechanisms were addressed as well. It was concluded that the seismic Rankine analysis 

proposed in this study offers an exact solution for the pseudo-static seismic earth pressure acting 

on the vertical virtual back of the retaining wall. The authors stated that the experimental results 

confirmed the prediction of the theoretical stress limit analysis. When the retaining wall was 

subjected to seismic loads, it was shown that the soil thrust maximized the bending moment on the 

wall stem as the wall was moving toward the backfill (passive state).  

 

Wang et al. (2015) 

The seismic response of geogrid reinforced rigid retaining walls with saturated backfill sand using 

large-scale shaking table test models were investigated by Wang et al., 2015. Geogrid reinforced 

rigid retaining structures and unreinforced soil retaining structures were used in this experimental 

study. The backfill soil behind the walls was fine sand. A cohesive soil was used below the 

foundation of the walls. Low strength, plastic geogrid was selected for this study. Various 

instruments were used to measure accelerations, displacements, and pore water pressures. Three 

seismic waves were applied in the tests. They were near-field seismic waves in Shifang (SF wave), 

far-field seismic waves in Songpan (SP wave) during the Wenchuan earthquake in China in 2008, 

and middle-far-field seismic waves in Taft (TA wave) in the United States. The results showed 

that the seismic lateral deformation modes of the walls were inclining outwards, and in some 

situations, they were protruding swelling. The lateral displacements of the reinforced wall model 

were less than the ones of the unreinforced wall model. The geogrid reduced the seismic settlement 

at the surface of the backfill. It was also noticed that the geogrid layers could effectively decrease 

the development of excess pore pressures and dissipate excess pore water pressures at a quicker 
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rate. The authors concluded that geogrids for the reinforced soil rigid retaining wall have a good 

seismic resistance ability. 

 

 Deyanova et al. (2016) 

The results of a parametric study to evaluate the dynamic response of earth-retaining gravity walls 

were presented by Deyanova et al., 2016. Advanced numerical modelling (FLAC 7.0) was used in 

the analyses. Seventeen sets of ten fully non-linear time-history analyses were performed using 

different wall dimensions, ten compatible spectrum records, two types of backfill (loose sand and 

dense sand), and one soil type foundation (dense sand). The results were compared with the 

European Committee for Standardization (EN 1997-1 and EN 1998-5) and Newmark's sliding 

block procedures. The study concluded that the residual horizontal displacements from a set of 10 

spectrum-compatible records vary significantly (from 5 cm to 55 cm). It was also noted that the 

ground settlement behind the wall is not proportional to the amount of horizontal displacement or 

tilting, and the disturbed portion of the backfill behind the wall extended to a distance larger than 

the height of the wall. The authors stated that the EN 1998-5 procedure tends to underestimate the 

residual displacements. The authors also stated that some well-known Newmark's block-on-plane 

methods tend to underestimate the wall's permanent horizontal displacement when the yielding 

accelerations are obtained from static equilibrium using the M–O soil wedge. The study 

recommended that “if the wall with backfill of dense sand is designed for static loads with an over-

design factor (ODFsliding) for sliding greater than 1.3 or the wall with backfill of loose sand is 

designed with an ODFsliding greater than 1.2 (according to [EN 1997-1]), the wall is unlikely to fail 

in regions of medium-high seismicity with PGA ranging from 0.2 g to 0.35 g”. 

 

 



  

                                                                                                                                                        54 
 

Wagner and Sitar (2016) 

Wagner and Sitar, 2016 presented experimental and analytical studies of the seismic response of 

stiff and flexible retaining structures. A series of geotechnical centrifuge model tests were 

conducted on different types of structures with cohesionless and cohesive backfill. The stiff 

retaining wall was represented by a U-shaped channel that can deflect but cannot translate or rotate 

about its base. At the same time, the flexible retaining wall was represented by a free-standing 

cantilever wall that can translate and rotate. A numerical simulation of the centrifuge experiments 

was developed in FLAC 2-D. The findings of this study were compared with the Mononobe-Okabe 

(M-O) method. In general, the results showed that the M-O method of analysis provides a 

reasonable upper bound for the response of stiff retaining structures. In contrast, the M-O method 

tends to overestimate the loads for flexible retaining structures. It was also noted that the dynamic 

forces for deeply embedded structures did not increase with depth and gradually became a small 

fraction of the overall load on the walls. 

 

Candia et al. (2016) 

Seismic response of retaining walls with cohesive backfill, using a series of centrifuge tests, was 

studied by Candia et al., 2016. An embedded basement wall (6 m in height) and a cantilever wall 

(6 m in height) were modeled in the centrifuge with a scaling length factor of 1/36 and tested at 

36-g of centrifuge acceleration. The soil used in the experiment was lean clay. The results showed 

that the initial contact stresses between the wall and soil were reduced due to the natural soil 

cohesion and compaction. On the other hand, the dynamic loads were not influenced by cohesion 

or compaction. It was also noticed that the dynamic earth pressures increase approximately linearly 

with depth for both walls and the resultant applied at 0.33 H (H is the height of the wall).   
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Konai et al. (2017) 

Konai et al., 2017 investigated the effect of excavation depth on the ground surface settlement for 

embedded cantilever retaining wall using finite difference program FLAC-2D. The model 

consisted of a two-dimensional (plane strain) finite-difference analysis of small excavation. Two 

cantilever retaining walls, which are 200 mm in height and 2.4 mm in thickness, made of 

Plexiglass, are embedded in dry sand. A hysteretic model was used to model the soil under seismic 

conditions. The numerical model results were validated by comparing them with the laboratory 

shake table test results. Same as the numerical model, small-scale laboratory shake table tests of 

embedded cantilever walls were conducted on dry sand. The study concluded that the maximum 

lateral displacement of the wall occurred near the ground surface and the maximum bending 

moment occurred below the excavation level. It is also noted that the maximum ground surface 

settlement occurred near the wall. The maximum distance behind the wall that can be affected by 

surface settlement due to seismic events is approximately 0.8 times the wall's total depth. 

 

Jo et al. (2017) 

Jo et al., 2017 conducted a study to evaluate the seismic earth pressure for inverted T-shape stiff 

retaining wall in cohesionless soils when dynamic centrifuge was implemented. Two dynamic 

centrifuge tests were conducted to assess the magnitude and distribution of the dynamic earth 

pressure and the inertial forces effect of the inverted T-shape cantilever retaining wall. Two 

different stem heights were selected, 5.4 m and 10.8 m, at the prototype scale to address the effect 

of the wall height during seismic events. The natural periods of the walls were estimated based on 

the assumption that the RW was a fixed SDOF with distributed mass and elasticity. Dry medium 

silica sand was used in this experiment. Real earthquake and sine wave motions (Ofunato, 

Hachinohe and sine wave) were used in the study. The results found in this experimental study 
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were compared with the results calculated by the M-O and the Seed and Whitman (S-W) methods. 

Based on the results, it was concluded that the dynamic earth pressure changed with time, and the 

lateral earth pressure was not static during an earthquake. The dynamic earth pressure distribution 

is close to a triangular shape, and the point of dynamic thrust is located at 0.33 H above the wall 

base, which is not what was proposed by Seed and Whitman (1970). The M-O and S-W methods 

overestimated the coefficient of dynamic earth pressure for the model with a height of 10.8 m. In 

this study, the wall's inertial moment contributed to the total dynamic moment by approximately 

50–60%. 

 

Yazdandoust, Majid (2017) 

Yazdandoust, 2017 investigated the behavior and performance of steel-strip reinforced-soil 

retaining walls during seismic loading. The experimental program consisted of a series of 1-g 

shaking table tests on 0.9 m high reinforced-soil wall models using different strip lengths. Variable 

amplitude harmonic excitation at different peak accelerations and durations were applied to the 

models. A wet mixture of sand and silt with different relative densities was used for the backfill, 

reinforced zone and foundation. The results showed that the deformation mode of walls depends 

on the length of strips. It was noted that the main mode of deformation was a bulge of the facing 

and rotation about the wall base. The author found that the threshold acceleration corresponding 

to the onset of plastic displacements was equal to 0.5 g for all models, despite the steel strip's 

lengths. On the other hand, threshold acceleration corresponding to the initiation of active wedge 

failure was dependent on strip length. 
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Pain et al. (2017) 

Pain et al., 2017 studied the seismic rotational stability of gravity retaining walls by modified 

pseudo-dynamic method. Rotational stability analysis of gravity retaining wall on rigid foundation 

was addressed using limit equilibrium method. The soil behind the wall was dry cohesionless 

backfill. The authors concluded that the solution satisfied the zero-stress boundary condition at the 

free ground surface. It was noted that acceleration amplified towards the ground surface and it is 

time-dependent and non-linear. The authors stated that amplification of accelerations towards the 

ground surface depends on the height of the wall, shear wave velocity of backfill soil, a damping 

ratio of backfill soil and frequency content of input excitation. Stability factor (FW) is proposed in 

this study to determine the safe weight of the retaining wall against rotational failure.  

 

Lin et al. (2018) 

The seismic response of a combined retaining structure was addressed by Lin et al. (2018) using a 

shaking table test and numerical simulation. The combined retaining structure is used to support a 

steep slope. It consisted of a rigid structure, such as a gravity wall, to be used as a lower structure 

and a flexible structure, such as an anchoring frame beam, to be used as an upper structure. 

Wenchuan, Da-Rui and Kobe ground motions with different amplitudes were applied in both 

horizontal and vertical directions. The experimental results were compared with the results 

obtained from the numerical simulation. The results showed that the soil's horizontal acceleration 

response below the frame beam was more intensive than the horizontal acceleration response of 

the soil behind the gravity wall. The horizontal acceleration near the bottom of the frame beam 

was significantly amplified. An increase in the axial stress of anchors was noticed due to seismic 

excitation. The upper structure experienced shear and tension failures. Based on the results, the 

authors recommended that an enhancement in seismic design was required for the upper structure 
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of the combined retaining structure, especially at the bottom portion. An anchor with a high tensile 

strength should be used in the design of such a structure.  

 

 Jadhav and Prashant (2020) 

 Jadhav and Prashant (2020) proposed a displacement-based design methodology for cantilever 

retaining walls with shear key to improve the retaining structure performance when subjected to 

seismic loading. A two-dimensional plane strain finite element model of a cantilever retaining wall 

was developed. The model consists of a cantilever retaining wall with a shear key at the base and 

dry loose sand as backfill. Different sizes and locations for the shear key were implemented in this 

study. The model was subjected to four input ground motions (0.12 g, 0.24 g, 0.36 g, and 0.6 g). 

The numerical model was validated using case studies. The results showed that when the shear 

key was placed at the heel of the cantilever retaining wall, the translation movement was restricted 

by about 40 %.  Design factors were proposed to estimate peak rotational displacements, residual 

rotational displacements and peak sliding displacements by comparing the results from the finite 

element model analysis with the double wedge model. 

 

2.4.2 Review of Previous Studies on Blast Effects on Geotechnical Structures and Soils 

There is a demand in recent years to understand the dynamic behaviour of above ground and 

underground structures subjected to air blast. Previous studies addressed the dynamic response of 

various structural members under air blast load effects using different load application techniques. 

These techniques include: i) field blast test (involving the detonation of explosives), ii) quasi-static 

tests simulating blast pressure, and iii) shock wave generated by a shock tube. 

Researchers also investigated cases where the height of detonation of the bomb is close to the 

ground surface. In this case, an explosion on or near the ground surface can generate both air-blast 
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pressure and ground shock on structures that are close to the detonation point. Since the wave 

propagation velocities are different for soils and air, the ground shock exciting the structure 

foundation could occur before the arrival of air blast pressure to the structure.  

 

Shim (1996) 

Shim (1996) conducted centrifuge tests at 440 g-ton to investigate piles' response in saturated soil 

under buried blast loading. The objectives of the study were to understand the propagation of 

ground shock from the source of detonation, crater formation, the buildup of pore water pressure 

that may lead to liquefaction, and the response of piles. The author used a commercially available 

detonator equivalent to the selected conventional weapon to simulate the blast loading. Aluminum 

tube model piles were used in this experiment and placed in a container filled with saturated soil.  

Nine models were tested, consisting of five free-field tests and four model pile tests in the same 

soil environment. Based on the test results, empirical relations for the free-field motion were 

developed for practical uses. Blast-induced liquefaction was noted in the range of 1 to 2 radii of 

the crater. Due to liquefaction, large plastic deformations occurred in the piles that led to severe 

damage of the pile. The author stated that centrifuge modelling was shown to be a powerful tool 

for the study of buried structures subjected to an explosion. 

 

Ashford et al. (2004) 

Ashford et al. (2004) presented a study on blast-induced liquefaction for full-scale foundation 

testing. In this paper, a pilot test program was conducted to find the suitable charge weight, delay, 

and pattern that can be used to trigger liquefaction for full-scale testing of deep foundations. The 

authors selected the Treasure Island site, a National Geotechnical Experimentation Site in the 

USA, as a test location because of the loose nature of the hydraulic fill combined with a high 
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groundwater table. In this study, two sets of blasts were carried out. For each blast, a total of sixteen 

0.5 kg TNT-equivalent charges were detonated. In both cases, charges were detonated two at a 

time with a 250-ms delay between explosions. After a few seconds of the detonation, the pore 

water transducers indicated the occurrence of liquefaction. Sand boils began to form at several 

transducer boreholes as well as at some blast hole locations after 3-5 minutes. The excess pore 

pressure ratio was determined as a function of scaled distance from the blast point. The authors 

found that peak particle velocity attenuated rapidly and was generally below the upper-bound limit 

based on Narin van Court and Mitchell (1995) data. It was noted that settlement was around 2.5% 

of the liquefied soil layer, and about 85% of the settlement transpired 30 minutes after the blast 

event. The results showed that reduction in soil strength occurred after blasting; however, the 

strength had substantially increased after several weeks. 

 

Fujikura et al. (2008) 

Fujikura et al., 2008 addressed the development and experimental validation of a multi-hazard 

bridge pier-bent concept. It is a bridge pier system that can provide an acceptable level of 

protection against collapse under seismic and blast loading. The experimental program consisted 

of a multicolumn pier-bent with concrete-filled steel tube (CFST) columns. The CFST system was 

subjected to blast loading. A satisfactory ductile behavior was noted from CFST columns of bridge 

pier specimens when subjected to blast loads. The results from the experiments were compared 

with the obtained results from the simplified method of analysis assuming an equivalent single 

degree of freedom system. The comparison of the results showed that the blast effective pressures 

acting on a circular column are equal to 0.45 to that of the blast pressures applied on a flat surface.  
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Luccioni et al. (2009) 

Luccioni et al., 2009 presented a study on the generation of craters due to underground explosions. 

This study aimed to prove the accuracy of numerical simulation of craters produced by 

underground explosions. The authors used several numerical approaches with different model and 

processors for the soil. The numerical approach was validated by comparing its results with the 

experimental results. A good agreement was found between the crater diameter determined by an 

Euler processor for the soil and that determined by a Lagrange processor. The crater obtained by 

the latter model was deeper than the former model. It was also noted that the depth of crater 

obtained from both model was higher than the one observed in the experimental results. The final 

shape of the crater determined by Euler processor was a better representative of the actual crater 

shape. The authors concluded that the crater diameter was not influenced by the shape of the 

explosive load and the type of soil. 

 

Yang et al. (2010) 

Yang et al. (2010) discussed blast-resistant analysis for Shanghai metro tunnel in the soft soil using 

dynamic nonlinear finite element software LS-DYNA. The safety of the tunnel lining based on the 

failure criterion was evaluated in this analysis. It was assumed that the explosion would occur 

above the metro tunnel at the air-soil interface. Based on the tunnel structure's symmetries and the 

blast load, a 1/4 symmetrical geometrical model with a size of 25 m × 25 m × 30 m was used. The 

study considered three cases of TNT charge; 300, 500 and 1000 kg, and two depths were used for 

the tunnel, 7 m and 14 m. Furthermore, two research paths were selected to analyze the dynamic 

responses of the tunnel lining. The first path was along the transverse direction, 5 typical points 

were selected around the cross-section. The second path was along the longitudinal direction. The 

model was analyzed for horizontal distance ranging between 0 and 20 m from the explosion center. 
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The numerical results showed that the vulnerable areas of the tunnel were the upper portion of the 

tunnel lining cross-section in the directions of 0 to 22.5° and horizontal distances of 0 to 7 m from 

the centre of the explosion. 

 

Kumar et al. (2010) 

Kumar et al. (2010) studied the response of a semi-buried structure subjected to noncontact blast 

loading. Finite element analysis was carried out using ABAQUS. Mild steel panels of thickness 

30 mm were used to build the structure model. Buried depth of the structure was varied. The 

structure was supported by a hard surface made of lean concrete. The roof was made of corrugated 

steel. The structure was modelled using shell elements. The effect of soil-structure interaction was 

addressed by using Wolf’s spring-dashpot-mass elements. Blast loading was modelled using 

linearly decaying pressure-time history based on equivalent Trinitrotoluene (TNT) and standoff 

distance. In this study, the effect of scaled distance, type of soil and buried depth were presented. 

The results showed that the soil-structure interaction and the type of soil play an important role in 

the structure's dynamic behaviour. It was also noted that increasing the buried depth led to a 

reduction of the displacement and von Mises stress in the structure.  

 

Charlie et al. (2013) 

Charlie et al. (2013) presented results from experimental field program using spherical stress 

waves to induce residual excess pore pressure and liquefaction in large saturated sand specimens. 

Twenty-two single spherically-shaped explosive charges ranging from 0.00045 to 7.02 kg were 

suspended and detonated in water located over saturated sand. A specimen container, with a 

diameter of 4.27 m and a height of 1.83, was placed at the bottom of a test pit that was excavated 

to a depth of 5.5 m below the ground surface. The open top of the container was placed at the same 
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level of the site ground water table. The open bottom was sealed with an impermeable pond liner. 

In this study, loose, dense and very dense saturated sand was used. The authors concluded that 

sand relative densities influence attenuation laws for PPV, peak pressure, peak pore water pressure 

and residual pore pressure. The study also found that as the relative density and effective stress of 

soil increase, peak radial particle velocity and peak strain for inducing liquefaction in soil increase.    

 

Xia et al. (2013) 

Xia et al. (2013) presented a case study to address the effects of tunnel blast excavation on the 

surrounding rock mass and adjacent existing tunnels' lining systems. Field tests and numerical 

simulation are carried out to analyze the damage of the surrounding rock and the lining system 

under different blast loads. The case study was based on the Damaoshan highway tunnel project 

in China, which comprises a new tunnel located between two existing tunnels. The rock around 

the tunnels was consisted of clayey soil and weathered granite. Blast vibration monitoring and 

sound wave tests were conducted to study the characteristics of blast vibrations in the existing 

tunnels subjected to blasting in the adjacent new tunnel. It was noticed that, for a given blast load, 

the peak particle velocity (PPV) and the rock damage extent decrease with the excavation progress. 

A relationship was established between the rock damage extent around the tunnels and the PPV 

on the existing tunnel wall. A PPV of 0.22 m/s in the existing adjacent tunnel was proposed for 

the Damaoshan tunnel project to limit the damage extends to approximately 1.6 m at the exit and 

entrance portion. The authors stated that when the PPV was less than 0.3 m/s, no failure occurred 

in the linings or at the rock–lining interfaces of the existing tunnels. 
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Dogan et al. (2013) 

Dogan et al. (2013) evaluated the effects of blast-induced ground vibration on a new residential 

zone. Field experimental study was conducted to measure ground vibrations induced by surface 

and underground TNT blast operations. The soil consisted of alternating layers of gravelly, sandy 

and clayey units. The values of PPV and horizontal acceleration were recorded in two directions 

at three stations. The authors concluded that the PPV values for underground blasts are smaller 

than those measured for surface blasts for the same scaled distance. It was also found that the 

frequency resulted from underground blasts ranges between 10 and 15 Hz, with all values smaller 

than 40 Hz. For surface explosions, the frequency distribution was clustered in the ranges of 20–

30 Hz and 55–70 Hz. 

 

Jayasinghe (2014) 

Jayasinghe (2014) studied the response and the damage of reinforced concrete pile foundations 

embedded in a homogeneous single soil profile subjected to surface explosions and underground 

explosions. A comprehensive finite element modelling technique was used to evaluate the 

response. The model of the pile foundation system was developed using the finite element software 

LS-DYNA. In this research, the influence of soil type, the pile reinforcement and the spacing 

between piles in a pile group was studied. The results from the experimental program conducted 

by Shim (1996) and Woodson and Baylot (1999) were used to validate the modelling technique, 

and the concrete material model. The results showed that longitudinal reinforcement in a pile 

significantly affected the pile's blast response. Reduction in the pile deformations was noticed with 

the increase in the longitudinal reinforcement. 

Furthermore, the blast response of the pile foundation was influenced by explosive charge weight 

and shape. The author stated that the blast pressures generated by a cylindrical charge were 
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significantly greater than those generated by a spherical or a cubic charge. The effects of buried 

explosions were more significant on the blast response and damage of the pile than surface 

explosions under the same conditions. The study showed that soil properties had a strong impact 

on the blast response of pile foundations. Piles in saturated soil and loose dry soil were more 

vulnerable to blast loads than piles embedded in partially saturated soil, subjected to the same 

buried explosion.  

 

Mobaraki and Vaghefi (2015) 

Mobaraki and Vaghefi, 2015 presented numerical study of the depth and cross-sectional shape of 

a tunnel under surface explosion. The dynamic responses of a buried tunnel in depths of 3.5 m, 7 

m, 10.5 m, and 14 m under surface explosion was evaluated in this paper. Surface detonation of 

1000 kg TNT charge and sandy soil were used. The cross-sectional shape of the tunnel was 

modeled as the Kobe box shape, semi ellipse, circular and horseshoe shape tunnel. The finite 

element software LS-DYNA was used to model and analyze the impact of the surface explosion 

on the buried tunnel. The results showed that the box shape tunnel demonstrated higher resistance 

to surface explosion than the circular and horseshoe tunnels but lower resistance than the semi 

ellipse tunnel. The maximum residual deformation of the Kobe tunnel occurred at the center of the 

wall. It was also noticed that the blast load impact on the tunnel decreased with the increase of 

distance from the blast center.  

 

Gao et al. (2016) 

An exact solution for three-dimensional (3D) dynamic response of a cylindrical lined tunnel in 

saturated soil to an internal blast load was presented by Geo et al., 2016. The solutions were derived 

by using Fourier transform, and Laplace transform. The surrounding soil was modeled as a 
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saturated medium based on Biot's theory, and the lining structure modeled as an elastic medium. 

The numerical solutions for the lining and surrounding soil's dynamic response were determined 

using a numerical method of inverse Laplace transform, and Fourier transform. It was found that 

the dynamic responses, such as radial displacement, radial stress, pore water pressure, decreased 

sharply in an oscillating manner as the time elapsed. On the other hand, the dynamic responses 

attenuated exponentially with increasing distance away from the explosion source center in the 

tunnel's radial and axial direction. The authors stated that the proposed solutions could be used to 

evaluate the damage caused by the explosion to surround areas of the tunnel at any given elapsed 

time apart from the section at the source of the explosion. 

 

Han et al. (2016) 

The interaction between subway tunnels and soils subjected to medium internal blast loading was 

studied by Han et al. (2016). A series of numerical simulations were carried out to analyze this 

study using the software LSDYNA. Dense saturated soil was used. The authors observed that 

tunnel lining exhibited different failure modes due to different amounts of explosives. When a 

relatively large amount of explosive was used, severe rupture first appeared in the explosive 

vicinity and then propagated along the tunnel due to lining vibration. However, reducing the 

intensity of the blast loads led to less damage and fractures. The phase lag of vibration caused 

these fractures. Results showed that soil liquefied with blast loading from 50-200 kg TNT 

equivalents. Soil failed progressively due to vibration of the tunnel and blast loading. During 

extensive lining failure, the risk of liquefaction was reduced as only a small portion of blast energy 

propagated into the soil. However, when the lining failure was less severe, soil liquefaction 

occurred. Strong vibration in the lining causes more energy to propagate to the surrounding soil.  
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Karinski et al. (2016) 

Karinski et al. (2016) addressed the Mach stem phenomenon for shaped obstacles buried in soil. 

In this paper, the explosion characteristics of a buried explosive charge in proximity to a rigid 

cylindrical obstacle was investigated. The model was designed as a line-charge explosion close to 

a circular cross section rigid obstacle buried in a homogeneous isotropic irreversibly compressible 

soil medium. The study investigated the pressure distribution along an obstacle. It was found that 

for a short standoff distance and high-intensity pressure, the pressure distributions' envelope 

showed three maximum values that were located at distance away from the axis of symmetry. The 

pressure distribution analysis showed that the second (absolute-primary) and third (secondary) 

peaks are caused by the Mach stem effect appearing in a soil medium with full locking. 

 

Jiang et al. (2020) 

Jiang et al. (2020) presented a study that assessed the safety of buried pressurized gas pipelines 

subjected to blasting vibration. Blasting is a common technique that is used in the excavation of 

urban metro foundation pits in China. The second stage of Wuhan Metro line 8 was chosen as a 

case study in this paper to address the effects of the blasting excavation of the foundation pits on 

the adjacent gas pipelines. Using the data obtained from the field, a mathematical model was 

proposed to describe the attenuation of peak particle velocity (PPV) of ground surface soils. The 

authors also established a 3D numerical calculation model to analyze a buried gas pipeline's 

blasting vibration response, with a 0.4 MPa internal operating pressure. Based on the numerical 

simulation analysis of the buried gas pipeline, it was noticed that the highest values of PPV and 

peak von-Mises stress occurred on the pipeline side facing the explosion. The authors 

recommended that the pipeline should be suspended or operating at low pressure during blasting 

events to avoid dangers. 
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2.4.3 Conclusions 

From the review of the available literature, it was noticed that the pseudo-static approach was 

implemented for evaluating seismic stability of retaining walls. In this approach, the M-O equation 

was used to estimate the lateral earth pressures. The M-O method was derived by modifying 

Coulomb’s static earth pressure theory to account for inertial forces. However, one of the 

limitations is that the method was derived for a dry granular backfill. Therefore, for saturated 

backfill, it has become a common practice to assume that pore water moves with the soil grains 

(Lai, 1998). On the other hand, movements of the RW due to seismic loading was not addressed 

in the pseudo-static equilibrium method. Thus, many studies addressed this issue by proposing a 

wall displacement-based approach (such as, Richards-Elms, 1979; Whitman-Liao, 1985; and 

Steedmann and Zeng, 1996).   

Since the introduction of the M-O method, many experimental and analytical studies have been 

conducted to understand the mechanism of load transfer from the backfill to the wall when 

subjected to seismic loading. These studies investigated the dynamic lateral earth pressure and 

modes of wall movement on rigid and flexible retaining walls due to seismic motions (section 

2.4.1).  

Furthermore, there is a demand in recent years to understand the dynamic behaviour of above 

ground and underground structures subjected to air blasts. Various studies addressed the dynamic 

response of various structural members under air blast load effects. Other studies investigated the 

effect of blast loads on underground structures such as tunnels and piles (section 2.4.2). 

It can be concluded from the review of the available literature that past research did not address 

the dynamic response of soil retaining walls due to blast loading. Therefore, the geotechnical 

response of retaining walls when subjected to blast load was examined in this study. 
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2.5 Shock Tube 

Dynamic behaviours of different engineering components subjected to blast loads can be 

investigated using either actual explosives or blast simulators (Dusenberry 2010). Shock tubes are 

the most common blast simulators employed by different research organizations (Lloyd, 2015 and 

Burrell, 2012). Like those produced by actual explosions, shock waves are generated when the 

driver pressure forces air into the specimen at high velocities. Conducting blast tests by shock tube 

testing is cost and time effective. Moreover, these tests can be run within an environment subjected 

to far less restrictions than those in which real blast tests are performed (Dusenberry 2010). 

Shock tube testing facility located at the Blast Research Laboratory of the University of Ottawa 

(Figures 2.25 and 2.26) has been used by several researchers (e.g., Kadhom, 2015 and Lloyd, 2010) 

to simulate the blast loading on different structural components since 2009. The shock tube 

consists of four main sections. The driver and the spool are the first and second sections, 

respectively. These are the sections in which the shock energy is built-up in the form of compressed 

air and the firing action takes place based on the diaphragm's targeted pressure capacity (Kadhom, 

2015). The driver section's inside diameter pipe is 597 mm, and the wall thickness of 19 mm. The 

length of the driver section ranged between 305 mm and 5185 mm in 305 mm increments. The 

driver section length can be modified to produce a wide range of pressure-impulse combinations. 

The spool section is a 90 mm long FIKE Combination Disk Holder (Fike 2005). The spool section's 

flanges are designed to connect with the flanges on the driver and the flange located between the 

spool and the beginning of the expansion section. The flanges have 30° inlets that mate with 

protrusions on the coupling flanges of the driver and expansion section (Figure 2.27). When held 

together with 20 Grade 8 high-strength threaded rods 31.75 mm in diameter, the driver-spool-

expansion section flanges clamp the diaphragms in place (Lloyd, 2010). Two diaphragms are used 
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in the shock tube's operation, one on each end of the spool section. The diaphragm consists of three 

square sheets of 813 mm grade 1100 aluminum foil with different thicknesses. Twenty holes 38 

mm in diameter are placed on the foils in a circular pattern on a radius of 374.65 mm and with an 

inclination angle of 18 ̊ between holes. The holes are provided to hold the driver and spool to the 

expansion section through twenty threaded rods.  

The blast wave formed in the driver section propagates and expands through the expansion section, 

which starts from 597 mm in diameter and ends with a square test area of 2033 mm by 2033 mm. 

The test specimen is attached to the square steel frame located at the front of the shock tube. The 

length of the expansion section is 7 m. 

When the test specimen is a column or a beam, the pressure formed by the shock wave is collected 

by a steel load transfer system that covers the entire end of the shock tube, referred to as the “steel 

curtain.” This steel curtain's function is to transfer the blast pressure formed by the shock tube to 

the test specimen as a uniformly distributed load. However, the steel curtain is not needed if the 

test specimen is large enough (e.g., slabs or wall) to cover the entire mouth of the shock tube. In 

this case, the blast pressure is transferred directly to the specimen. 

Lloyd (2010) performed test shots with the shock tube to address the effect of driver length and 

driver pressure on reflected pressure reflected impulse and positive phase duration. The results 

showed that longer driver lengths provided shock waves with longer positive phase durations, and 

increasing driver pressures led the shock waves to have higher reflected pressures. The maximum 

reflected pressure that can be produced using the shock tube is about 100 kPa. Pressure gauges 

located at the front of the shock tube are used to measure the reflected pressure. 

The shock tube is operated manually by incrementally increasing the driver pressure and the spool 

pressure to the anticipated level and then trigger firing by draining pressure from the spool section 
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to cause aluminum foil diaphragms rupture. Two static pressure gauges are used to monitor the 

pressures on the driver and spool sections. As the firing of the shock tube initiated, the spool 

section is brought to atmospheric pressure, which leads to high-pressure differential between the 

spool section and the driver section. Due to the formation of this high pressure, the first diaphragm 

is ruptured. When this diaphragm ruptures, the compressed air from the driver section expands 

into the spool section and hits the second diaphragm. As a result, the second diaphragm is ruptured, 

and the shock wave is allowed to move through the expansion section.  

 

 

Figure 2.25: Shock tube (Kadhom, 2015) 
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Figure 2.26: Shock-tube sections (schematic) (Kadhom, 2015) 

 

 

Figure 2.27: Detailing of disk holder (spool section) and diaphragm sections of shock tube 

(Lloyd, 2010) 
 

 

2.6 Monitoring Soil Parameters 

A number of instruments were used in the soil-RW model to capture the dynamic response of the 

model during the blast event.  
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Soil pressure gauge 

The KDE-PA and KDF-PA are soil pressure gauges that have an outside diameter of 50 mm. As 

they are small in size and have a dual-diaphragm structure, they are commonly used to conduct 

model experiments. The difference between the two models is how the cable is attached to the 

gauge body (Figure 2.28). The soil pressure gauges can be used to measure dynamic earth pressure. 

Their maximum capacities range between 200 kPa and 2MPa (manufacturing sheet; Tokyo 

Measuring Instruments Laboratory).  

Three KDE-PA and one KDF-PA soil pressure gauges were used in this study. The KDF-PA model 

was used to measure the dynamic earth pressure below the foundation, and the rest were placed in 

the backfill.  

 

Pressure transducer 

The PX309 pressure gauge model was used to measure the pore pressure in the backfill and the 

foundation layers. The pressure transducer can measure pressures up to 100 kPa and its response 

time is less than one millisecond. It has high stability and low drift. Figure 2.29 displays the 

dimensions of the pressure sensor.   

 

Dielectric water potential sensor 

The MPS sensor measures the water potential and temperature of the soil and other porous 

materials. The sensor reading ranges between -9 kPa and -100,000 kPa. The MPS measures the 

water content of porous ceramic discs and converts the measured water content into water potential 

using the ceramic's moisture characteristic curve. The air entry potential of the largest pores in the 

ceramic is about -9 kPa (Operator's Manual). Figure 2.30 shows the MPS sensor. 
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Figure 2.28: Soil pressure gauges (manufacturing sheet; Tokyo Measuring Instruments 

Laboratory) 

 

 

 

 

Figure 2.29: Pressure transducer; dimensions in mm (inch) (manufacturing sheet Omega) 

 

 

KDE-PA 

KDF-PA 
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Figure 2.30: Dielectric water potential sensors (Operator's Manual; Decagon Devices, Inc.) 

 

2.7 Phantom Camera 

Phantom camera is a digital high speed imaging system capable of recording thousands of high 

resolution frames per second (User Manual Revision 3.1, 2018). The Phantom imager with 

advanced CMOS (Complementary Metal Oxide Semiconductor) technology, and the Phantom 

Camera Control software are the main components of the system. These components form a system 

that provides high speed and resolution images. The most common method to control the camera 

systems is using a computer.  
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2.8 ProAnalyst Software 

ProAnalyst is a video analysis software that is capable of automatically tracking objects in one or 

two dimensions. The tracked and analyzed data can be graphed, filtered, and exported in various 

formats from or within the ProAnalyst software (ProAnalyst Guide). The software can be used to 

measure and track velocity, position, size, acceleration, and other characteristics. ProAnalyst 

works with many videos (from AVI to MJPEG). In this study, the software was used to track and 

measure the displacement, velocity, and acceleration of the wall and the soil particles.  

 

2.9 Summary and Conclusion 

Explosion can be defined as a rapid and sudden release of a large amount of energy to the 

atmosphere forming a blast wave. The rapid increase of pressure produced by the blast wave is 

called the overpressure. The charge weight (W) and standoff distance (R) between the blast center 

and the target are the two elements that are used to identify the magnitude of a bomb threat. The 

term scaled distance (Z = R/W1/3) is adopted in most blast analyses and design parameters. The 

analysis of dynamic response of a structure subjected to blast loading is a complex process since 

it involves the effect of high strain rates, non-linear behaviour of materials, and uncertainties in 

blast load characteristics (Ngo et al. 2007). To simplify the blast analysis, the structure is idealized 

as a SDOF system, while the blast load is idealized as a triangular pulse.  

 

Underground or surface explosions lead to the formation of a crater, and a blast wave that 

propagates through the surrounding soil. The shock wave velocity is a function of the peak 

overpressures, the ambient sound speed, and the ambient atmospheric pressure. Body and surface 

waves are generated when the ground surface is subjected to explosion. The propagation velocities 

of body and surface waves depend on the density and stiffness of the soil. The deformation 
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mechanisms of soil subjected to blast loading depends on the degree of saturation of the soil. When 

blast load is applied to dry soil, the bonds between the soil particles are deformed, the skeleton is 

destroyed, and the soil is compacted. However, if saturated soil is subjected to rapid dynamic 

loading, the deformation and the resistance of the soil would be determined by volumetric 

compression of the three phases, particularly of the mineral grains and water.  

 

The analysis and design of earth retaining structures are one of the oldest and most fundamental 

studies in the geotechnical engineering field. Coulomb and Rankine provided the first scientific 

applications to design RW by defining the solution of the lateral static earth pressure problem. 

Their earth pressure theories are developed based on limit state analyses. Following the Great 

Kwanto Earthquake in 1923, many researchers focused their studies on the dynamic response of 

retaining structures and basement walls due to seismic loading. However, it can be observed from 

the review of the available literature that past research did not address the dynamic response of 

soil retaining walls due to blast loading. Therefore, it is essential to understand the geotechnical 

response of retaining walls when subjected to a blast load in order to fill the gap in previous studies. 
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 Technical Paper I: Blast Induced Lateral Earth Pressures on 

Retaining Structures with Sand Backfill 
Najlaa Abdul-Hussain, Mamadou Fall, Murat Saatcioglu 

3.1 Abstract 

Over the past two decades, civilian infrastructures have become a target for terrorist attacks. These 

attacks often appear in the form of bomb blasts. Understanding the behaviour of bridge 

abutments/retaining walls under blast loads is crucial in preventing progressive collapse of the 

entire structure and saving lives. Earth retaining structures provide vertical support to the bridge 

superstructures at the ends of bridges. Many studies have addressed the blast load effects on bridge 

decks and piers. However, there have not been any studies investigating the response of retaining 

walls due to blast loading. An experimental study was conducted to investigate the effects of blast 

loads on the behaviour of reinforced concrete retaining wall (RCRW) with sand as a backfill 

material. The soil-RW model was subjected to a simulated blast load using a shock tube. The 

influence of the backfill relative density, backfill saturation, blast load intensity, and live load 

surcharge on the behaviour of RCRW with sand backfill was studied. The dimensions of the stem 

and heel of the retaining wall in this study were 650 mm (height) x 500 mm (width) x 60 mm 

(thickness) and 400 mm (width) x 500 mm (length) x 60 mm (thickness), respectively. Soil-RW 

model was placed inside a wooden box. The overall height of the box was 1565 mm. The retained 

backfill extended behind the wall for 1300 mm. Based on the results, it was noted that the 

maximum dynamic earth pressures were recorded at a time greater than the positive phase duration 

regardless of the backfill condition. The total earth pressure distribution along the height of the 

wall showed that the magnitude of total earth pressure for loose and medium backfill at the mid-

height of the wall slightly exceeded the dense backfill. In addition, the lateral earth pressures 

increased with the increase of the blast load intensities. The dynamic earth pressure coefficient 

(∆𝐾𝑏𝑑) was back-calculated using the dynamic thrust. Relationships between ∆𝐾𝑏𝑑 and 

accelerations of the wall and the backfill were determined. The maximum dynamic resistance 

function was reached when high-intensity pressure is applied. Yield was not reached, and 

intensities of the shots were below the design capacity of the section. The findings of this research 

will provide valuable information that can be used to evaluate the vulnerability of transportation 

structures (e.g., bridges) to surface blast events and the development of guidelines for their design. 
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3.2 Introduction 

Recent terrorist attacks have shown that there is an increase of terrorist threats on important 

buildings and some lifeline infrastructures. Transportation structures such as bridges are being 

regarded as potential targets for terrorist attacks because these structures are very accessible and 

difficult to protect. Another source of blast threats on transportation structures is accidental 

explosions that often occur due to vehicular collisions. Access control measures such as locating 

critical buildings at “standoff” distance away from the public access streets or by installing barriers 

to stop car bombs from driving too close to the structures are some of the major protection 

measures against car bomb attacks. These are effective measures for buildings since they prevent 

vehicles from being close to structures. However, these measures are not applicable for 

transportation structures due to the nature of these structures. As a result, engineers and researchers 

realized the importance of studying the blast load effects on bridges. Researchers investigated 

cases where the detonation of the bomb was on the deck of the bridge or close to the piers 

supporting the bridge superstructure (Andreou et al., 2016, Deng and Jin, 2009, and Agrawal and 

Yi, 2008). For many bridge types, explosions under the span are of high concern as the blast waves 

strike all bridge elements. The abutment is one of these elements, being a portion of a bridge that 

provides the vertical support to the bridge superstructure and resists lateral soil pressures (Chen 

and Duan, 2014). Therefore, it is crucial to study the dynamic effects on abutments and the 

geotechnical response of the backfill material due to blast loading. Research that addresses the 

response of retaining walls (RWs) to blast loading is currently lacking in the literature. 

Earth retaining structures are one of the earliest and most common geotechnical structures, 

designed to support vertical or near vertical slopes of soil. The soil behind the retaining walls exerts 
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active or passive lateral earth pressure on them. The increase of lateral pressure can lead to sliding 

and/or tilting of retaining structures. The solution to the lateral static earth pressure problem was 

first developed by Coulomb and Rankine (Mikola, 2012 and Al Atik, 2008). Their earth pressure 

theories were based on the limit-state analyses that used a pseudo-static analysis and considered 

the soil to be perfectly plastic. On the other hand, Mononobe and Matsuo (1929), and Okabe (1926) 

provided the earliest method to predict the dynamic behaviour of retaining walls during 

earthquakes. The method is representative of the pseudo-static equilibrium method, which also 

called the rigid plastic method with force-based approaches. The dynamic behaviour of the 

retaining structures is a complex soil structure interaction problem that can be influenced by the 

response of backfill, inertial force of the soil, flexural responses of the wall and the type of dynamic 

loads (Jo et al., 2017).  

Excessive dynamic lateral earth pressure on retaining structures can cause severe damages. The 

increase of lateral earth pressure during earthquakes induces sliding/tilting of the RW. The 

majority of failure cases due to seismically induced lateral earth pressure implicated waterfront 

structures such as quay walls and bridge abutments (Das, 2011). Seed and Whitman (1970) stated 

that one of the reasons for some of the RW failures is the increase in the lateral earth pressure 

behind the wall. Al Atik, (2008) found that the maximum dynamic earth pressure occurs when the 

inertial force acts in the passive direction.    

The dynamic behaviour of structures subjected to blast loads is different than structures subjected 

to a seismic motion (Hao and Wu, 2005). Blast motions have higher amplitudes and frequency 

contents, but shorter duration than seismic motions. An impulsive loading is defined as a load that 

is applied during a short period.  Various analytical techniques are used to determine the dynamic 

response of a structure subjected to blast loading. These methods range from simplified analysis 
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using a single degree of freedom (SDOF) system to more sophisticated methods like the finite 

element method (FEM) (Fujikura and Bruneau 2012). The maximum response to an impulsive 

load is reached in a very short time, before the damping forces can absorb considerable energy 

from the structure and therefore, the damping force was assumed to be zero. The Equation of 

Motion of the undamped SDOF system is given below (Biggs, 1964).   

   𝑚𝑢̈ + 𝑘𝑢 = 𝐹(𝑡)                                                                                                                     (3.1) 

where, 

m is mass; 

u is displacement; 

𝑢̈ is acceleration of the mass; 

k is spring constant (stiffness); and, 

F(t) is external force. 

The analysis of the dynamic response of a structure subjected to blast loading is a complex process 

since it involves the effect of high strain rates, non-linear behaviour of materials, and uncertainties 

in blast load characteristics (Ngo et al. 2007). Soil behaviour is dependent on the strain rate. The 

strain rate can reach up to 103 %/s when soil is subjected to blast loading (XU, 2015). Yet, no 

studies on the effect of blast loads on retaining structures have been performed. There is a need to 

address this knowledge gap for the reasons discussed above. 

In this paper, backfills with various relative densities and degrees of saturation were subjected to 

different blast shot intensities to evaluate the dynamic lateral earth pressure behind the RW. 

Moreover, the actual blast resistance function of the reinforced concrete retaining wall (RCRW) 

investigated was obtained experimentally during this study.  
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3.3 Experimental Program 

 

3.3.1 Description of Test Specimens and Material Properties 

 

3.3.1.1 Backfill soil 

Sand is commonly used as a backfill material for retaining wall systems. The high permeability of 

sand helps in releasing the hydrostatic pressure behind the wall stem. Sand has been used 

extensively in experimental research (e.g. Jo et al., 2017, Kloukinas et al., 2015, and Mikola and 

Sitar, 2013) to address the dynamic response of soil retaining walls due to seismic loads. 

In this research, both the backfill and foundation soil layers consisted of sand. The grain size 

distribution and sand properties were determined, according to the ASTM (American Society for 

Testing and Materials) C136/C136M−14 Standard for Sieve Analysis of Fine and Coarse 

Aggregates, at the Geotechnical Laboratory of the University of Ottawa. The sand had a mean 

grain size (D50) of 0.54 mm, an effective size (D10) of 0.21 mm, a uniformity coefficient (Cu) of 

3.05 and a coefficient of gradation (Cz) of 0.9. Based on Unified Soil Classification, the sand was 

classified as poorly graded sand (Cu < 6 and/or 1 > Cc > 3) (Das, 2014). Figure 3.1 depicts the 

grain size distribution of the sand. 

The specific gravity of the sand was 2.64, and it was determined according to the ASTM D854-14 

Standard for Specific Gravity of Soil Solids by Water Pycnometer. Minimum and maximum dry 

densities of 13.0 kN/m3 and 18.8 kN/m3, respectively, were found following the procedure 

prescribed by the ASTM D4254-16 Standard for Minimum Index Density and Unit Weight of 

Soils and Calculation of Relative Density, and D4253-16 Standard for Maximum Index Density 

and Unit Weight of Soils Using a Vibratory Table, respectively. The friction angle of the sand was 

34 ̊ and it was determined using the direct shear test described in the ASTM, D3080-11 Standard 
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for Direct Shear Test of Soils under Consolidated Drained Conditions. Table 3.1 summarizes the 

key geotechnical properties of the sand. 

 

3.3.1.2 Wall 

The L shape reinforced concrete retaining wall model, depicted in Figure 3.2, was used in this 

study. The RW was designed using the Rankine earth pressure theory for stability. The RW was 

checked for overturning, sliding along the base and bearing capacity failure. The RW was modelled 

at the 1/10th scale. The dimensions of the stem and the heel of the retaining wall in this study were 

650 mm (height) x 500 mm (width) x 60 mm (thickness) and 400 mm (width) x 500 mm (length) 

x 60 mm (thickness), respectively, as shown in Figures 3.2 and 3.3.  

Two RWs were constructed at the Structural Laboratory of the University of Ottawa. The second 

wall was built as a replacement in case of failure of the first wall. Both concrete RWs were 

reinforced longitudinally and laterally with 6.3 mm rebars spaced at 50 mm c/c. The details of 

retaining wall reinforcement are presented in Figure 3.3. A concrete mixer and an electric concrete 

vibrator were used for mixing and consolidating the fresh concrete, respectively. The heel of the 

retaining wall was first cast, and 14 days later the stem was cast (Figure 3.2). The specimens were 

covered with two layers of wet burlap and plastic sheet for 30 days of curing at the end of each 

casting process. Seven concrete cylinders (100 mm diameter x 200 mm height) were prepared for 

standard cylinder tests. The cylinders were prepared and cured according to the ASTM 

C31/C31M-19 Standard for Making and Curing Concrete Test Specimens in the field. The 

cylinders were also cured for 30 days following the same curing conditions as for the RC wall. 

The compressive strength of the concrete was 38 MPa at the age of 120 days. Concrete cylinders 

were tested according to the ASTM C39/C39M-18 Standard for Compressive Strength of 

Cylindrical Concrete Specimens.  
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Figure 3.1: Grain size distribution of the sand  

 

Table 3.1: Geotechnical properties of the sand 

Descriptions Values 

Grain size distribution effective size (D10) 

Uniformity coefficient (Cu) 

Coefficient of gradation (Cz) 

0.67 mm 

3.05 

0.9 

Specific gravity (Gs) 2.64 

Maximum unit weight 

Minimum void ratio 

18.8 kN/m3 

0.38 

Minimum unit weight 

Maximum void ratio 

13.0 kN/m3 

0.99 

Friction angle 34 ̊ 
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3.3.1.3 Model geometry and instrumentation 

As mentioned earlier, sand was used in the current study as the: (1) backfill material behind the 

retaining wall, and (2) foundation soil under the heel of the retaining wall (Figures 3.4 and 3.6). 

The sand was placed in a box (1300 mm in length, 500 mm in width, and 1565 mm in height) that 

was made of wood. The soil below the foundation/heel was a dense layer with a relative density 

of 80 %. The height of the foundation layer was 915 mm while the height of the backfill behind 

the stem was 650 mm for an overall height of 1565 mm. The retained backfill extended behind the 

wall for 1300 mm, which was two times the RW height. The backside of the box was made of a 

flexible material (reinforced rubber sheet) in order to prevent soil confinement. One side of the 

box’s wall was made of plexiglass in order to capture the movement of the soil-RW model by a 

high-definition camera during testing. Furthermore, the sand in the box was surrounded by an 

impermeable membrane to avoid water leakage. The restricted testing area was considered during 

the selection of the model geometry.  

 

Various instruments were placed in the soil-RW model to capture the dynamic response of the 

model during the blast event. Four soil pressure gauges were used to measure pressure in the soil 

(Figure 3.4). Four strain gauges were attached to the rebars of the stem to monitor the strains in 

the wall. Two strain gauges were placed at 30 mm from the base of the wall, and the other two 

were located at 250 mm from the base (Figure 3.5). The sensors were connected to a high-speed 

data acquisition system that was employed for the collection of test data. The ProAnalyst software 

(software guide) was used to capture the soil particles' movement and to track the transient and 

permanent displacements of the wall. Two high-definition cameras were used in this experimental 

program. These cameras with their digital high-speed imaging system, were capable of recording 

thousands of high-resolution frames per second. Yellow beads were added to the sand particles 
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facing the plexiglass side to track the movement of these particles during the test. Soil model 

preparation was conducted at the Blast Research Laboratory of the University of Ottawa.  

 

 

Figure 3.2: Reinforced concrete retaining wall 
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Figure 3.3: Details of retaining wall reinforcement 
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Figure 3.4: Locations of soil pressure gauges (dimensions in mm) 
 LC: Load cell, which represents soil pressure gauge; R.W: Retaining wall  

 

 

Figure 3.5: Positions of strain gauges on rebars  
SG: Strain gauge 

SG4 

 

SG1 

 

SG2 

 

SG3 
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3.3.2 Test Procedure 

The test was devoted to studying the influence of various relative densities, degrees of saturation 

of the backfill and live load surcharge on the dynamic response of soil-RW model when subjected 

to different blast load intensities. For every test conducted in this study, the system (RW and soil) 

was subjected to a single blast shot. 

 

3.3.2.1 Relative density of the sand backfill and foundation 

Three sand samples with various relative densities (loose, medium, and dense) were prepared and 

then subjected to a pressure simulating a blast-induced shock wave. Relative density of 30 %, 45 

%, and 65 % were used for loose soil, medium soil, and dense soil, respectively (Das, 2016). Table 

3.2 shows the state of granular soils at different ranges of relative density.  

The space between the bottom of the wooden box and the bottom of the RW footing was filled 

with 200 mm thick successive layers of sand.  Each sand layer was densified using a mechanical 

vibration technique to reach a relative density of 80 %. The backfill was also formed by pouring 

sand in equal successive layers of 200 mm thick. Each sand layer was manually compacted to the 

desired relative density. Figure 3.6 shows the steps for the box preparation and soil compaction.  

Once compaction of a layer was completed, three samples were taken and tested to confirm that 

the required relative density was obtained. This process was repeated for each layer. A vibrating 

table compaction test was conducted to determine the optimum moisture content and maximum 

dry density. The test was run in accordance with the ASTM D4253-16 Standard for Maximum 

Index Density and Unit Weight of Soils Using a Vibratory Table. Water content of 2 – 3 % was 

chosen to reach the required relative densities in the foundation and the backfills (loose, medium, 

and dense).  
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Table 3.2: General correlation between relative density and denseness of a cohesionless soil 
(Das, 2016) 

 

Relative density, Dr (%) Description 

0-15 Very loose 

15-35 Loose 

35-65 Medium 

65-85 Dense 

85-100 Very dense 

 

3.3.2.2 Degree of saturation of the sand backfill and foundation 

Three sand backfill samples with different saturation degrees (100 %, 85 %, and 13 %) were tested. 

To achieve the fully saturated condition, the ground water table was maintained at the surface 

level. The soil is considered partially saturated when the degree of saturation is around 85 %. To 

satisfy this condition, the ground water table was kept at 250 mm below the top surface of the 

backfill. This means, the layer below the water table was saturated and the layer above the water 

table was partially saturated. When the degree of saturation is 0 %, the soil reaches dry condition. 

However, dry backfill is not applicable in the field. Therefore, in this study, moist backfill with a 

degree of saturation of 13 % was used instead of the dry condition. The degree of saturation of 

moist soil was calculated by dividing the volume of water by the volume of void in the soil. The 

volume of void can be determined by knowing the moist and dry densities of the sand while the 

volume of water can be calculated from the water content and specific gravity of the sand (Das, 

2016 and Craig, 2004). The backfill was compacted to meet in-situ dry density (Federal Highway 

administration (FHWA) specifications, 2008 and Morris and Delphia, 1999). The dry density of 

the backfill was 16 kN/m3 which was within the acceptable range recommended by the above 

mentioned specifications. The degree of saturation of the foundation was 100 % when the degree 
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of saturation of the backfill was 100 % and 85 %. On the other hand, the degree of saturation of 

the foundation was 13 % when the degree of saturation of the backfill was 13 %.   

 

3.3.2.3 Blast loads intensity 

Three driver pressures were adopted in this study. A driver pressure of 137 kPa resulted in a 

maximum reflected pressure (Pr) of 26 kPa.  The second driver pressure was equal to 241 kPa, 

which resulted in a maximum Pr of 47 kPa. Lastly, a driver pressure of 379 kPa was used to 

generate a maximum Pr of 71 kPa. The reflected pressures were selected to cause a different level 

of damage on the RW-soil system, ranging from elastic to full plastic failure. However, full plastic 

failure was not reached in this experiment (more details in section 3.4.5). Furthermore, a scaling 

chart (Cormie, Mays, and Smith, 1995) was used to match the reflected pressures from this paper 

to a specific explosive. For example, detonation of a 227 kg TNT hemispherical charge at a 

distance of 36 m produced a reflected pressure of 71 kPa. 

 

3.3.2.4 Live load surcharge 

Lateral earth pressure, lateral hydrostatic pressure, and vertical traffic loads that generate extra 

lateral load on the RW are the three major loads acting on a RW. Highway traffic load equivalent 

surcharge can be neglected if the traffic load location is far enough from the wall (Chen and Duan, 

2014). As per AASHTO design codes (AASHTO 2002, 2012), live load surcharge can be 

equivalent to a soil height of 600 mm placed on the top level of the wall. 

To address the influence of live load surcharge on the behaviour of RW backfill in this study, 60 

mm (wall is modeled at the 1/10th scale) of soil was added to the top level of the backfill. This 

added layer was compacted to achieve the in-situ required density.   
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Figure 3.6: Steps of box preparation and soil compaction 
The box was built in stages. Step 1 represents the first stage of the box. The height of this portion of the 

box was 400 mm. The sand for the foundation layer had been compacted using a mechanical vibration 

technique (modified electrical drill). Step 2 shows the second stage of the box; the height of the box reached 

800 mm. Step 3 presents the front view of the specimen showing location of the wall. In this step the 

compaction of the foundation was completed and the wall was placed in the box. Step 4 shows the side 

view of the box where the plexiglas is located. The box was moved in front of the shock tube and was ready 

to be filled with the backfill layers.  

1 2 

3 

4 
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3.3.3 Test Setup 

 

3.3.3.1 Soil-retaining wall model 

All tests in this study were conducted using the shock tube at the Blast Research Laboratory of the 

University of Ottawa. The test specimen (soil-RW model) was placed at the centre of the shock 

tube’s mouth. The rest of the shock tube mouth was covered with a very stiff steel plate. The test 

specimen consisted of a reinforced concrete retaining wall and a box filled with sand. The top of 

the box was left open to allow soil filling and compaction. The RCRW was placed on the side of 

the box that faced the shock tube, as shown in Figure 3.6. The test specimen was attached to the 

shock tube by straps to prevent the specimen from moving away from the shock tube during the 

blast test. The blast pressure formed by the shock tube was transferred directly to the test specimen, 

and it was uniformly distributed over the area of the RCRW. The shock tube was controlled by a 

firing system to start the test. Figure 3.7 shows the test setup adopted in this study.  

In-situ, soils usually experience a stress history that can change the soil structure. Many factors, 

such as climatic environment changes or made-man construction, can lead to a changing stress 

state or stress history in soils. A total stress ratio (TSR) is used as a measure of the stress history 

of compacted soil (Nishimura et al., 1999). TSR is the ratio of the compaction pressure to the 

current confining pressure. 

In order to limit the effect of stress history, backfill material was removed from the box after each 

test. Then the sand was mixed and reused to refill the box. The backfill material was compacted to 

meet the required compaction level for each test.  

Soil under the wall’s footing level (heel) was not disturbed by the blast shocks applied; thus, except 

for the loose backfill condition test, this soil was not compacted after each test. Once the loose 

backfill condition test was carried out, the RC wall was removed, and portions of the box were 
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disassembled. The soil below the heel was dug out, mixed on a tarp, then put back and compacted 

again to reach the required relative density. Prior to excavation of the foundation layers, the sand 

was tested to determine if there was any change in the soil’s relative density below the RW. The 

results showed that the TSR was 1.02, which was within the acceptable range, and the changes 

were insignificant. Figure 3.8 shows the wall removal and box disassembly. 

 

3.3.3.2 Blast loading protocol 

Prior to testing, the specimen was attached firmly to the shock tube, using three straps (Figure 3.9). 

Strain gauges and pressure sensors were connected to the data acquisition system. The two high-

speed video cameras were set up and connected to the data acquisition and laptop used for video 

monitoring. Trigger signal was induced to confirm that the data acquisition and the cameras were 

recording at the same time. Then, the driver and spool sections of the shock tube were filled up to 

the required level of pressurized air. The test started by draining pressure from the spool section, 

which led to an imbalance in pressures on both sides of the aluminum diaphragm. As a result, the 

aluminum diaphragm was ruptured, and the pressurized air was passed at very high speed towards 

the expansion shock tube nozzle.  

 

3.3.3.3 Data acquisition 

The data acquisition used in this research was two digital oscilloscopes readings at 100,000 Hz 

(samples per second). Four channels recorded strain readings, four channels recorded pressure 

readings, and two channels were used to record reflected pressure. The sensors were responsible 

for measuring the reflected pressure located at the side and bottom of the shock tube’s mouth. 
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Figure 3.7-1: Test setup (a) covering the shock tube’s mouth with a stiff plate; (b) placing the test 

specimen at the centre of the shock tube; (c) fastening the test specimen to the shock tube using straps 

 

 

(a) 

(b) 

(c) 
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Figure 3.7-2: Test setup and preparation; dimensions in m (schematic)  

Figure 3.7: Test setup 

 

 
 

Figure 3.8: Wall removal and box disassembly after the test with loose backfill condition 
(a): front view of the test specimen after the removal of the RW and a portion of the box. (b): The RW 

was left aside until the box and the foundation layer were fixed  

(a) 

(b) 
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 Figure 3.9: Test preparation at the Blast Research Laboratory of the University of Ottawa 
The test specimen was placed in front of the shock tube mouth, fastened with straps to prevent any 

movement during the blast test. The camera was facing the side view of the box, where the plexiglass was 

located, to capture sand particles movement. 

 

3.3.3.4 Shock tube 

The shock tube consists of four main sections (Figure 3.10). The driver and the spool are the first 

and second sections, respectively. These are the sections in which the shock energy is built-up, 

and the firing action happens. The length of the driver section ranges between 305 mm and 5185 

mm in 305 mm increments. Based on the required peak reflected pressure and total impulse, a 

driver length is selected. The driver length has a minor influence on the reflected pressure but has 

an effect on the impulse (Lloyd, 2010). Since the impulse should be given equal consideration as 

the reflected pressure (Mays and Smith, 1995), in this experiment, the length of the driver section 

was kept at 2743 mm. The blast wave formed in the driver section propagates and expands through 
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the expansion section, which starts from 597 mm in diameter and ends with a square test area of 

2033 mm by 2033 mm. The test specimen was attached to the opening of the steel plate located at 

the front of the shock tube. The length of the expansion section is 7 m. The shock tube is operated 

manually by incrementally increasing the driver pressure and the spool pressure to the anticipated 

level and then trigger firing by draining pressure from the spool section to cause the aluminum foil 

diaphragms to rupture.   

 

 

Figure 3.10: Shock tube (1) driver section; (2) diaphragms; (3) expansion section (Kadhom, 

2015)  

 

3.4 Results and Discussion 

3.4.1 Blast Load Intensity  

As mentioned above, three driver pressures were adopted in this study. A driver pressure of 137 

kPa resulted in a maximum reflected pressure (Pr) of 26 kPa and a reflected impulse over the 

(3) 

(1) 
(2) 



  

                                                                                                                                                        108 
 

positive phase of 324 kPa.ms. The duration of the positive phase was 24.8 millisecond (ms) (Figure 

3.11a). A second driver pressure of 241 kPa, resulted in a maximum reflected pressure of 47 kPa 

and a reflected impulse over the positive phase of 509 kPa.ms. The duration of the positive phase 

was 24.8 ms (Figure 3.11b). Lastly, a driver pressure of 379 was used to generate a maximum 

reflected pressure of 71 kPa and a reflected impulse over the positive phase of 721 kPa.ms. The 

duration of the positive phase was 23 ms (Figure 3.11c).  

 

 

(a) 
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(b) 

 

 

(c) 

Figure 3.11: Time history of reflected pressures 
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3.4.2 Dynamic Earth Pressure 

Table 3.3 gives the locations of the four soil pressure gauges used to measure the dynamic earth 

pressures. The readings from these gauges represent the total lateral earth pressure (static and 

dynamic) induced by blast loading. Total lateral earth pressure time-history profiles were plotted 

for all conditions, except for the partially saturated soil as no readings were recorded (Figure 3.12). 

It can be seen that the maximum dynamic earth pressures were obtained at a time greater than the 

positive phase duration regardless of the backfill condition. The maximum response occurred when 

the blast load decayed, which is the case with impulsive loading. In the impulsive loading, the 

positive phase duration is shorter than the natural period and thus, the load decayed before the 

backfill sand had time to respond (Mays and Smith, 1995). Furthermore, it was noted that 

minimum values of total earth pressures were recorded directly after the peak reflected pressures, 

and then the pressures increased to reach the maximum at the end of the positive phase duration. 

This trend was more obvious in two sets of the experiment: loose backfill condition and highest 

reflected pressure. The application of blast loads on the stem led to the activation of the passive 

lateral earth pressure behind the wall. Since the active earth pressure was exerted on the wall prior 

to the application of blast load, it was assumed that the difference between the active and passive 

lateral earth pressures gave the minimum values mentioned above. In addition, it can be observed 

from Figure 3.12 that the maximum lateral earth pressures were recorded at LC-4. The relationship 

between the effective stress and the lateral earth pressure is proportional. Therefore, an increase in 

the effective stress with depth leads to an increase in the lateral earth pressure. As a result, the 

maximum lateral pressure values were found below the foundation, which was the deepest point 

measured in this test (LC-4). However, the lateral earth pressure at LC-3 showed higher pressure 

(32.0 kPa) than at LC-4 (26.9 kPa) in the loose backfill condition test (Figure 3.12-a). Since loose 
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backfill provided less support to the RW during the blast event, the reflected pressure created high 

inertial forces for the wall and backfill (section 3.4.3 for more details). This led to a change in the 

stress state and structures of the backfill and thus induced higher lateral pressure behind the RW 

in comparison to the pressure below the heel. 

  

Table 3.3: Locations of soil pressure gauges 

Soil pressure gauges Depth from the top of the wall Horizontal distance behind the wall 

LC-1 250 mm 300 mm 

LC-2 200 mm 500 mm 

LC-3 350 mm 700 mm 

LC-4 750 mm 300 mm 

  

 

 

(a) 
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 (b) 

 

 

(c) 
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 (d) 

 

 

(e) 
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 (f) 

 

 

(g) 

Figure 3.12: Total lateral earth pressure time history profiles (a) loose backfill; (b) medium 

backfill; (c) dense backfill; (d) dense backfill, Pr =71kPa; (e) dense backfill, Pr =26 kPa; (f) fully 

saturated backfill; (g) live load surcharge 
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Figure 3.13 depicts the maximum total earth pressure distribution along the height of the wall for 

backfill with different relative densities, blast load intensities, saturated backfill and backfill under 

the live load surcharge effect (pressure values for this figure were taken from LC-1 and LC-4). It 

was noticed that the magnitude of total earth pressure for loose and medium backfill at the mid-

height of the wall slightly exceeded the dense backfill. Furthermore, the lateral earth pressures 

increased with the increase of blast load intensities. In this study, the highest lateral earth pressure 

was reported at a reflected pressure of 71 kPa, which was the highest applied pressure. As a blast 

pressure wave propagated through the sand, an immediate movement of sand particles occurred. 

The particles moved with a velocity called peak particle velocity, which was proportional to the 

pressure at the same point. The relationship between the stress waves and the peak particle velocity 

depends on the density of the soil and the compressive wave velocity, which is called acoustic 

impedance (Shim, 1995; Smith and Hetherington, 1994) as shown in Equation 3.2. Therefore, 

increasing the blast load intensity generated higher compressive wave velocity and thus higher 

stress in the sand. On the other hand, under the same load condition, increasing the density of the 

sand led to a reduction in the compressive wave velocity, and consequently lowered lateral earth 

pressure in the backfill. 

𝜎 = 𝜌𝑣𝑝𝑃𝑃𝑉                (3.2) 

𝜎 is the stress waves induced by blast loads. 

𝜌 is the density of the soil. 

𝑣𝑝 is the compressive wave velocity. 

𝑃𝑃𝑉 is the peak particle velocity. 

 On the other hand, when saturated backfill was used, a reduction in the total earth pressure was 

noticed and lower values were obtained in comparison with the other reported conditions.  
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However, results obtained from previous studies on saturated soil subjected to blast loads,  

Jayasinghe (2014) and An (2010), showed that saturated soil had the highest peak pressures. 

Furthermore, the density of the soil and the shock velocity increased with the rise in water content. 

These results are in conflict with the results obtained in this paper. The reason for this discrepancy 

might be due to the fact that saturated backfill exerted static active earth pressure on the RW prior 

to the application of the blast load. When the RW was subjected to blast loading, the dynamic 

pressure propagated through the saturated backfill in the opposite direction to the static active earth 

pressure. The resultant pressure was the difference between these two pressures which represented 

the total lateral pressure in the saturated backfill. The theoretical static active earth pressures were 

also determined and plotted in Figure 3.13. It can be seen that the static active earth pressure for 

saturated backfill applied the highest pressures on the wall due to the effect of pore water pressure. 

In general, the maximum total earth pressures increased with the depth of the backfill for all tests. 

It is worth mentioning that the chosen values of maximum lateral earth pressures were time 

independent. Tests showed that the maximum values of the dynamic earth pressures did not happen 

at the same time and their distribution altered with time (Figure 3.12).  

Similar trends were noticed when the dynamic earth pressure distributions of this study were 

compared with the results obtained by seismically induced lateral earth pressure on RW (Jo et al., 

2017, Mikola, 212 and Al Atik, 2008).  

The dynamic thrust (Pd) can be calculated by linearly fitting the area of the dynamic earth pressure 

(Figure 3.13). While the dynamic moment can be determined by multiplying the dynamic thrust 

by its arm, which is 0.33 H. The value for the moment arm was chosen based on the shape of the 

dynamic earth pressure distribution (Figure 3.13) and as suggested by M-O method, Jo et al. 
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(2017), Mikola, (2012) and Al Atik, (2008).  The dynamic earth pressure coefficient (∆𝐾𝑏𝑑) was 

back-calculated using the dynamic thrust as follows: 

∆𝐾𝑏𝑑 = 2𝑃𝑎𝑑/𝛾𝐻2              (3.3) 

Figure 3.14a represents the dynamic earth pressure coefficient as a function of the top of the wall’s 

acceleration. The data from this figure was taken from loose, medium, and dense backfill 

conditions that were subjected to a blast load of 47 kPa and dense backfill condition subjected to 

a blast load of 71 kPa. Data from saturated and partially saturated backfill was not considered in 

this figure because of the different moisture content. Moreover, the live load surcharge condition 

was also not considered due to a difference in the load condition.   

It can be seen from Figure 3.14a that for the same load condition, the ∆𝐾𝑏𝑑 and the acceleration 

for the RW with loose backfill had higher values than with medium and dense backfill. The ∆𝐾𝑏𝑑 

was determined from the dynamic thrust and the density of the soil (Equation 3.3). The values for 

the dynamic thrust for loose, medium, and dense backfill were close (Figure 3.13). Therefore the 

controlling factor was the density of the soil. Since the relationship between the ∆𝐾𝑏𝑑 and the 

density is inversely proportional, an increase in the density led to a decrease in the ∆𝐾𝑏𝑑. Regarding 

the acceleration, the support provided by the loose backfill to the RW was lower in comparison to 

the medium and dense backfill conditions which caused the RW to be subjected to a higher 

acceleration and impact. 

When the RW was subjected to a blast pressure of 71 kPa, the value for ∆𝐾𝑏𝑑 was the highest. 

Increasing the blast pressure led to an elevation in the blast thrust and as a result raised the value 

for ∆𝐾𝑏𝑑 since the relationship between them is proportional (Equation 3.3). The best-fit equation 

for the data from Figure 3.14a was shown below:  

∆𝐾𝑏𝑑 = 0.0215𝑎𝑡  +  1.5936            (3.4) 
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Figure 3.14b shows the same values of ∆𝐾𝑏𝑑 as a function of the backfill’s acceleration 

∆𝐾𝑏𝑑 = 0.0201𝑎𝑡  +  1.8467            (3.5) 

It was noticed from Figures 3.14a and 3.14b that the dynamic earth pressure coefficient increased 

with amplification of the acceleration. As mentioned above, when the blast pressure was raised, 

the dynamic thrust was intensified which led to an increase in ∆𝐾𝑏𝑑.  

It is well-known that RWs are designed to support the pressures exerted by soil and traffic loads. 

Therefore, it is important to estimate the lateral earth pressure in order to effectively design RWs. 

The dynamic lateral earth pressure can be predicted if the dynamic earth pressure coefficient and 

the effective stress are known. The effective stress can be determined by multiplying the density 

of soil by the height of soil. The dynamic earth pressure coefficient can be obtained from equation 

3.3 or 3.4 determined in this study. In other words, if the soil’s acceleration induced by blast loads 

is identified, the dynamic earth pressure can be calculated and thus the effect of blast loads can be 

included in the analysis and design of RWs. 
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Figure 3.13: Total and static earth pressure distribution along the height of the wall for backfill 

with different relative densities, blast load intensities, saturated backfill and backfill under live 

load surcharge 
The figure shows the total and static earth pressures for the backfill in loose and medium conditions when 

subjected to a reflected pressure (Pr) of 47 kPa. Meanwhile reflected pressures of 26 kPa, 47 kPa and 71kPa 

were used for dense backfill with a degree of saturation of 13 % for all conditions except saturated backfill. 

Static L stands for static lateral earth pressure for loose sand; Static M stands for static lateral earth pressure 

for medium sand; Static D stands for static lateral earth pressure for dense sand; Static Sur stands for static 

lateral earth pressure under live load surcharge effect; Static Sat stands for static lateral earth pressure for 

saturated dense sand. 

 

  

(a)               (b) 

Figure 3.14: Dynamic earth pressure coefficient as a function of: (a) wall’s acceleration; (b) 

backfill’s acceleration 
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3.4.3 Inertial Forces 

Wall and backfill inertial forces were evaluated using the acceleration data (Figure 3.15). It can be 

seen that the inertial forces of the backfill had a higher amplitude than the inertial forces of the 

wall for all conditions. The reason for that is the mass of the backfill was larger than the mass of 

the RW and as the inertial forces resulted from multiplication of the mass and the acceleration, 

larger mass led to higher amplitude. The dense backfill condition subjected to a reflected pressure 

of 71 kPa exhibited the highest inertial forces in the wall and backfill. Appling higher blast pressure 

led to higher acceleration than other conditions and thus higher inertial forces. Furthermore, loose 

backfill resulted in higher inertial forces in the wall compared to medium and dense backfill 

conditions when subjected to a reflected pressure of 47 kPa. A noticeable lag was observed 

between the response of wall and backfill inertial forces in loose condition. This can be explained 

by the fact that loose backfill conditions provided less support to the RW. Therefore, the pressure 

from the blast produced higher acceleration on the wall with loose backfill when compared with 

other conditions. Besides, densification might have occurred when the reflected pressure passed 

through the loose backfill. As a result, time-lag was generated between the responses of the wall 

and the backfill.   
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Figure 3.15: Wall and backfill inertial forces time history 

Wall-Loose, Wall Medium, and Wall-Dense: Wall inertial forces for loose, medium and dense backfill 

conditions, respectively, with 13% degree of saturation under reflected pressure of 47 kPa; Wall-71 kPa: 

Wall inertial force for dense backfill, with 13% degree of saturation under reflected pressure of 71 kPa; 

Soil-Loose, Soil-Medium, and Soil-Dense: backfill inertial forces for loose, medium and dense conditions, 

respectively, with 13% degree of saturation under reflected pressure of 47 kPa; Soil-71 kPa: backfill inertial 

force for dense sand condition, with 13% degree of saturation under reflected pressure of 71 kPa. 

 

3.4.4 Moment Capacity of the Retaining Wall 

The development of force-deflection relationships for the overall structure or each member is 

crucial to determine the dynamic response of the structure or member. The force-deflection 

relationships are called resistance functions, and they are usually nonlinear (Ngo et al., 2007).  

In order to calculate a resistance function, the inelastic section capacities should be determined 

first. The compressive and tensile stresses of the section were computed to determine the nominal 

moment capacity of the wall. The wall was made of concrete with a compressive strength of 38 

MPa and had ten rebars with a diameter of 6.3 mm and a yield strength of 521 MPa (the yield 
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strength of reinforcement was tested by Hasak, (2015), Kadhom, (2015), and Burrell, (2012). A 

dynamic increase factor (DIF) was applied to static strength values to incorporate the effect of 

material strength increase when subjected to rapid loading effects like a blast. The DIF is defined 

as the ratio of dynamic material strength to static material strength, and it is a function of material 

type and strain rate. The DIFs for reinforcing bars and concrete are 1.17 and 1.19, respectively 

(Jacques, 2016 and ASCE, 2010). The moment was calculated using equation 3.6 (MacGregor and 

Wight, 2006, Ferguson and Cowan, 1981), as follows: 

𝑀𝑛 = 𝐴𝑠𝑓𝑦(𝐷𝐼𝐹𝑠) (𝑑 −
𝑎

2
)             (3.6) 

𝑎 =
𝐴𝑠𝑓𝑦(𝐷𝐼𝐹𝑠)

0.85𝑓𝑐𝑏(𝐷𝐼𝐹𝑐)
              (3.7) 

where, 

𝑀𝑛 is nominal moment, MN.m. 

𝐴𝑠 is area of reinforcement on the tension face the section, mm2. 

𝑓𝑦 is tensile strength of the reinforcement, MPa. 

𝑑 is distance from the extreme fiber in compression to the centroid of the steel on the tension side 

of the member, mm. 

𝑓𝑐 is compressive strength of the concrete, MPa. 

𝑏 is width of the compression face of the wall, mm. 

DIFs; DFIc is dynamic increase factor for reinforcing bars and concrete, respectively. 

The ultimate resistance (Ru) was then calculated using Equation 3.8 (UFC, 2008) and it was 20 

kN. 

𝑟𝑢 =
2𝑀𝑛

𝐿2
               (3.8) 

where, 
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𝑟𝑢 is ultimate unit resistance of the section, kN/m. 

L is height of the stem, m. 

 

3.4.5 Blast Resistance of Reinforced Concrete Retaining Wall  

The development of internal resistance for structural elements to resist blast loads is based on 

material stress and section properties. It is crucial to determine the relationship between resistance 

and deflection in order to design or analyze the response of an element. In blast analyses, resistance 

is represented as a nonlinear function to demonstrate elastic and inelastic behaviour (ASCE, 2010). 

 

The blast resistance of RCRW under different conditions was investigated by using experimentally 

obtained force-deformation relationships in the form of resistance functions. These functions were 

determined from the measured acceleration and applied force-time histories for each test. Wall 

accelerations were measured using a high-definition camera. The acceleration time-histories of the 

wall were obtained using ProAnalyst software. The dynamic resistance-time histories (Rt) were 

computed from the equation of motion (Equation 3.9). The applied blast force was determined by 

multiplying the peak reflected pressure by the area of the stem facing the shock tube. This area 

was obtained by multiplying 0.5 m by 0.59 m. The peak reflected pressure was calculated by 

dividing the maximum value of the calculated positive impulse by 0.5 td. This is based on the 

assumption that the reflected pressure decayed linearly from its peak value to zero within a time 

equal to td. The inertia force function was determined by multiplying the equivalent mass by the 

acceleration time history (at). The equivalent mass (consisted of the mass of the stem plus the mass 

of the backfill resulted from the static active earth pressure) was multiplied by the load-mass 

transformation factor (KLM). The KLM for cantilever varied between 0.78 for elastic range and 0.66 

for plastic range (UFC, 2008). 
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𝐹𝑡 = 𝐾𝐿𝑀𝑀𝑎𝑡 + 𝑅𝑡              (3.9) 

where, 

𝐹𝑡 is blast force time history, kN. 

𝐾𝐿𝑀 is load-mass transformation factor. 

𝑀 is mass, kg. 

𝑎𝑡 is acceleration time history, m/s2. 

𝑅𝑡 is resistance time history, kN. 

Figure 3.16 represents the resistance time history function obtained from subjecting the RW to 

different blast load intensities with backfill of various relative densities. Figure 3.16a-d shows 

graphically the application of the equation of motion. In this figure, the resistance time history 

function was the result of subtracting the inertial force time history from the applied force time 

history. It can be seen that the maximum dynamic resistance function was reached when high 

intensity pressure was applied (71 kPa). This is attributed to the fact that the opposing internal 

forces generated by the wall should be equal to the applied force (Equation 3.9). Therefore, an 

increase in blast load intensity forced the wall to reach higher response ranges (ASCE, 2010 and 

Smith and Hetherington, 1994). It is important to mention that the maximum resistance of the 

section was still below the ultimate resistance of the wall, which was calculated in section 3.4.4 of 

this paper. Nevertheless, hairline cracks were noted on the stem facing the shock tube (Figure 

3.17). The presence of cracks might be evidence of the development of a post-cracking response 

on a portion of the stem facing the blast load. Internal resistance continued to increase while the 

stress in different parts of the member escalated in response to the applied force. As a result, part 

of the member might develop a post-cracking response while the other portions of the section were 

still in the elastic region (Biggs, 1964).     
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(a) 

 

 

(b) 
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(c) 

 

 

(d) 

Figure 3.16: Resistance time history of RW with (a) loose backfill, blast force of 13.75 kN; (b) 

medium backfill, blast force of 13.75 kN; (c) dense backfill, blast force of 13.75 kN; (d) dense 

backfill, blast force of 19.2 kN 
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Figure 3.17: Hairline cracks on the stem facing the shock tube 

 

Figure 3.18 illustrates the dynamic resistance displacement relationships of the RW with sand 

backfill. Three curves that represent RW with loose, medium, and dense backfill were subjected 

to a blast force of 13.75 kN, and one curve representing RW with dense backfill was subjected to 

a blast force of 19.2 kN. All curves show the same pattern. Often, the resistance displacement 

relationship proportioned linearly up to the elastic limit. As the passive state was reached in the 

RW backfill, the resistance remained approximately constant while the displacement continued 

increasing until it reached the maximum. Though, before approaching the maximum displacement 

limit, the resistance rebounded with a slope approximately parallel to the elastic portion of the 

resistance curve. This confirms the post-cracking response of the RW when tested under the shown 

blast intensities.   
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On the other hand, the relative density of the backfill had no distinctive impact on the maximum 

resistance of the wall. However, it affected the shape of the resistance-deflection curve. Note that 

the area under the curve represents the total strain energy available to resist the blast load.  

It can be seen from Figure 3.18 that for the same load condition, the RW with medium and loose 

backfills exhibited larger deformations than the RW with dense backfill. This is because loose and 

medium backfills provided less support to the RW and thus more deflections took place. 

The elastic stiffness of the wall is clearly shown by the slope of the dynamic resistance function in 

the elastic region (Figure 3.19).  

      

 

Figure 3.18: Resistance displacement function of RW with sand backfill 
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Figure 3.19: Dynamic resistance function of RW with sand backfill in the elastic region 

 

Four strain gauges were attached to the tension steel of the stem. Two strain gauges (SG-1 and 

SG-2) were placed 30 mm from the base of the wall, and SG-3 and SG-4 were located at 250 mm 

from the base (Figure 3.5). It was noticed during the tests that SG-4 was defective; therefore, no 

results were obtained from this strain gauge. The readings from SG-2 and SG-3 were minimal and 

were not considered here, because they might be malfunctioned. Readings of SG-1 are displayed 

in Figure 3.20. In this figure, the strain time history of the RW with different relative densities 

backfill, load intensities and degree of saturation are shown. It can be observed that the wall with 

loose backfill subjected to blast pressure of 47 kPa had a peak tensile strain around 0.0025, while 

the wall with the highest pressure and dense backfill had a peak strain of about 0.0016. The 

readings of the strain gauge comply with the results of the lateral earth pressure and inertial forces 

mentioned in sections 3.4.2 and 3.4.3 respectively. The highest responses were for the RW with 

loose backfill and the RW with the highest blast pressure (71 kPa). The results from the strain 
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gauge showed that yield was not reached, and the intensities of the shots were below the design 

capacity of the section. 

 

 

Figure 3.20: Strain time history of the RCRW 
SG-1 L: strain gauge in loose backfill; SG1 M: strain gauge in medium backfill; SG-1 D: strain gauge in 

dense backfill; SG-1 HPr: strain gauge in dense backfill subjected to a reflected pressure of 71 kPa; SG-1 

Psat: strain gauge in partially saturated backfill; SG-1 Sat: strain gauge in saturated backfill 

 

3.5 Summary and Conclusion 

In this paper, an L shape reinforced concrete retaining wall with sand as a backfill material was 

subjected to simulated blast load. The blast load was generated by the shock tube at the Blast 

Research Laboratory of the University of Ottawa. Various instruments were placed in the soil-RW 

model to evaluate the dynamic response of the model during the blast event. An image analysis 

technique was used to capture the soil particles' movement and to track the transient and permanent 

displacements of the wall. 

 



  

                                                                                                                                                        131 
 

Sand backfills with various relative densities and degrees of saturation were subjected to different 

blast shot intensities (26 kPa, 47 kPa, and 71 kPa) to evaluate the dynamic lateral earth pressure 

behind the RW. Furthermore, the blast resistance of the RCRW was investigated by using 

experimentally obtained force-deformation relationships in the form of resistance functions. 

 

The dynamic earth pressures were measured along the height of the wall using soil pressure gauges. 

It was noticed that the maximum dynamic earth pressures were recorded at a time greater than the 

positive phase duration regardless of the backfill condition. The maximum total earth pressure 

distribution along the height of the wall was determined. It was seen that the magnitude of total 

earth pressure for loose and medium backfill at the mid-height of the wall slightly exceeded the 

dense backfill. Moreover, it was observed that there was a lateral earth pressure increase with an 

increase in blast load intensities. The dynamic earth pressure coefficient was back calculated using 

the dynamic thrust. Relationships between ∆𝐾𝑏𝑑 and accelerations of the wall and backfill were 

obtained. 

 

Moment capacity of the retaining wall and the ultimate resistance were theoretically calculated. 

The maximum experimentally obtained blast resistance of reinforced concrete retaining wall was 

reached when a high-intensity pressure was applied. Results from strain gauges confirmed that 

yield was not reached, and intensities of the shots were below the design capacity of the section.  

 

The results from this study can be used to assess the vulnerability of transportation structures (e.g., 

highways) to blast loading and to develop guidelines for their design.    
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 Technical Paper II: Blast Response of Cantilever Retaining Wall: 

Modes of Wall Movement 
Najlaa Abdul-Hussain, Mamadou Fall, Murat Saatcioglu 

4.1 Abstract 

Excessive displacements behind retaining walls (RWs) in the form of translation or rotation failure 

induced by intentional or unintentional blast loads can cause severe damage to retaining structures. 

For the past few decades, there has been an increase in awareness regarding the safety of highway 

bridges from blast loads. Since abutments/RWs are portions of bridges, investigating their 

behaviour under blast loads is important. As there have not been any studies investigating the 

dynamic response of retaining walls due to blast loading, an experimental study was conducted to 

examine the influence of blast loads on the dynamic behaviour of reinforced concrete retaining 

wall (RCRW) with sand as a backfill material. A shock tube was used to generate blast loads on 

the soil-RW model. The influence of the relative density, backfill saturation, blast load intensity, 

and live load surcharge on the blast behaviour of RCRW with sand backfill was studied. The results 

showed that the modes of wall movement were affected by the backfill relative density, blast load 

intensities, and degree of saturation. Under the same load conditions, an increase in the wall 

movement was noticed in loose backfill, and a translation response mode was evident in this 

condition. A relationship between wall relative movements and mobilized earth pressure 

coefficients was determined. The mobilized passive resistance of the RW backfill induced by blast 

load was used to determine the force-displacement relationship. Acceleration time histories for 

RW/backfill were found for all conditions. The findings of this research will help to properly 

evaluate and design bridges’ abutment and to develop resilient infrastructure systems. 

 

Keywords: Blast load, Retaining wall, Relative movements, Passive resistance. 

 

4.2 Introduction 

The sustainability of retaining walls (RWs) is crucial because they are one of the most important 

engineering infrastructures and are widely used for highways, bridges, tunnels, mines, and military 

defences. Geotechnical engineers design RWs to resist lateral earth pressure force. The static earth 
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pressure theories were first presented in 1776 and 1857 by Coulomb and Rankine, respectively. 

The effect of the wall displacement on the development of static earth pressure was not taken into 

consideration in these theories because they were based on force-based methods. The Mononobe-

Okabe method (M-O method) was proposed by Okabe (1926) and Mononobe and Matsuo (1929) 

to predict the seismic earth pressure. The M-O method was also a force-based method as it was 

developed based on Coulomb’s earth pressure theory. Since then, substantial research has been 

accomplished to further develop the M-O method and to propose new analytical, numerical and 

experimental approaches and solutions in order to understand the influence of seismic earth 

pressure on RWs. Researchers also addressed the permanent displacement of a retaining wall due 

to seismic loading and the effects of wall movements on the seismic earth pressure behind the wall 

(Steedman and Zeng, 1991, Whitman-Liao, 1985, and Richards-Elms, 1979). The relationship 

between earth pressure and wall displacement was also investigated. Studies showed that a large 

displacement was required to reach the passive state; however, a small displacement was sufficient 

to develop the active state (Table 4.1). The modes of wall movement had a considerable impact on 

the magnitude and distribution of earth pressure (Bakr, 2018). Researchers proposed analytical 

and numerical methods to predict the lateral earth pressures based on the mode of RW movement 

(e.g., Liu, 2013, Peng et al., 2012, Wilson and Elgamal, 2010, Potts and Fourie, 1986 and Bang, 

1985). A formulation of passive force-displacement capacity for the design of an abutment-backfill 

system was presented by Shamsabadi et al. (2005).  

Permanent deformations may occur if retaining structures are exposed to excessive dynamic loads. 

In many historical earthquakes, these deformations caused major damages to retaining structures 

(Bakr 2018). Cases of bridge failures were reported due to excessive abutment displacement 
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induced by seismic forces (Psarropoulos et al., 2009). However, in some cases, the deformations 

were negligibly small (Al-Atik, 2008). 

 

The use of explosive devices has been relevant for hundreds of years; however, the interest in the 

design of blast resistant structures (specifically, military structures) first appeared during and after 

World War II. An unclassified document on weapons and penetration capabilities was published 

following the war by the Office of Scientific Research and Development in 1946 (Agrawal and 

Yi, 2009). During the past half-century, manuals on protective structures were developed to 

address the threats of nuclear and conventional weapons (ASCE, 1985, Crawford et al., 1974, and 

Newmark and Haltiwanger, 1962). The effect of accidental explosions on the resistance of 

structures was addressed as well (USDOA, 1990).  

Due to the increase of terrorist activities in the last few decades, many design guidelines for 

building structures were published (ASCE, 1999, and 2005; DOD, 2003; GSA, 2003; ISC, 2001). 

In 2006, draft manuals were published by the National Institute of Standards and Technology that 

put the efforts from previous researchers into practice (Agrawal and Yi, 2009). These manuals 

provided a range of structural data and design procedures that can help engineers to design blast-

resistant structures, which can be used to address the issue of blast load effects on highway bridges. 

However, it was noticed that none of the available literature addresses the dynamic response of 

RWs due to blast loading.  

 

Therefore, in the present study, backfill materials with various relative densities and degrees of 

saturation were subjected to different blast shot intensities to evaluate the modes of RW movement. 

Furthermore, the mobilized passive resistance of the RW backfill due to blast loading was used to 

determine the force-displacement relationship. 
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Table 4.1: Relative movements required to reach active and passive earth pressures (Clough and 

Duncan, 1991) 

Type of Backfill ∆/H (active) ∆/H(passive) 

Dense sand 

Medium dense sand 

Loose sand 

Compacted silt 

Compacted lean clay 

0.001 

0.002 

0.004 

0.002 

0.010 

0.01 

0.02 

0.04 

0.02 

0.05 

Note: ∆: movement of top of wall; H: height of wall  

 

 

4.3 Experimental Program 

 

4.3.1 Description of Test Specimens and Material Properties 

 

4.3.1.1 Backfill Soil 

Sand is commonly used as a backfill material for retaining wall systems. The high permeability of 

sand helps in releasing the hydrostatic pressure behind the wall stem. Sand has been used 

extensively in experimental research (e.g. Jo et al., 2017, Kloukinas et al., 2015, and Mikola and 

Sitar, 2013) to address the dynamic response of soil retaining walls to seismic loads. In this study, 

both the backfill and foundation soil layers consisted of sand. The grain size distribution and sand 

properties were determined, according to the ASTM (American Society for Testing and Materials) 

C136/C136M−14, at the Geotechnical Laboratory of the University of Ottawa. The sand had a 

mean grain size (D50) of 0.54 mm, an effective size (D10) of 0.21 mm, a uniformity coefficient (Cu) 

of 3.05 and a coefficient of gradation (Cz) of 0.9. Figure 4.1 depicts the grain size distribution of 

the sand. 
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The specific gravity of the sand was 2.64, and it was determined according to the ASTM D854-

14. Minimum and maximum dry densities of 13.0 kN/m3 and 18.8 kN/m3 were found following 

the procedure prescribed by the ASTM D4254-16 and D4253-16, respectively. The friction angle 

of the sand was 34 ̊ and it was determined using the direct shear test described in the ASTM, 

D3080-11. Table 4.2 summarizes the soil properties of this research. 

 

 

Figure 4.1: Grain size distribution of silica sand 
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Table 4.2: Soil properties 

Descriptions Values 

Effective diameter (D10) 

Uniformity coefficient (Cu) 

Coefficient of gradation (Cz) 

0.67 mm 

3.05 

0.9 

Specific gravity (Gs) 2.64 

Maximum unit weight 

Minimum void ratio 

18.8 kN/m3 

0.38 

Minimum unit weight 

Maximum  void ratio 

13.0 kN/m3 

0.99 

Friction angle 34 ̊ 

 

4.3.1.2 Wall 

The reinforced concrete retaining wall model, depicted in Figure 4.2, had an L shape. The RW was 

designed using the Rankine earth pressure theory for stability. The RW was checked for 

overturning, sliding along the base and bearing capacity failure. The RW investigated was 

modelled at the 1/10th scale. As shown in Figures 4.2 and 4.3, the dimensions of the stem and the 

heel of the retaining wall in this study were 650 mm (height) x 500 mm (width) x 60 mm 

(thickness) and 400 mm (width) x 500 mm (length) x 60 mm (thickness), respectively.  

Two RWs were constructed at the Structural Laboratory of the University of Ottawa. The second 

wall was built as a replacement in case of failure of the first wall. Both concrete RWs were 

reinforced longitudinally and laterally with 6.3 mm rebars spaced at 50 mm c/c. The details of 

retaining wall reinforcement are presented in Figure 4.3. A concrete mixer and an electric concrete 

vibrator were used to mix and consolidate the fresh concrete, respectively. The heel of the retaining 

wall was first cast, and 14 days later, the stem was cast (Figure 4.2). At the end of each casting 

process, the specimens were covered with two layers of wet burlap and a plastic sheet in order to 
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allow for curing for 30 days. Seven concrete cylinders (100 mm diameter x 200 mm height) were 

prepared for standard cylinder tests. The cylinders were prepared and cured according to the 

ASTM C31/C31M-19. The cylinders were also cured for 30 days following the same curing 

approach adopted for the RC wall. The compressive strength of the concrete was 38 MPa after 120 

days. Concrete cylinders were tested according to the ASTM C39/C39M-18. 

 

4.3.1.3 Model geometry and instrumentation 

As mentioned earlier, sand was used as the: (1) backfill material behind the retaining wall, and (2) 

foundation soil under the heel of the retaining wall (Figures 4.4 and 4.5). The sand was placed in 

a box (1300 mm in length, 500 mm in width, and 1565 mm in height) that was made of wood. The 

soil below the foundation was a dense layer with a relative density of 80 %. The height of the 

foundation layer was 915 mm while the height of the backfill behind the stem was 650 mm for an 

overall height of 1565 mm. The retained backfill extended behind the wall for 1300 mm, which 

was two times the RW height. The backside of the box was made of a flexible material (reinforced 

rubber sheet) in order to prevent soil confinement. One side of the box’s wall was made of 

plexiglass in order to capture the movement of the soil-RW model using a high definition camera 

during the testing event. 

Furthermore, the soil in the box was surrounded by an impermeable membrane to avoid water 

leakage. The restricted testing area was considered during the selection of the model geometry.  

The ProAnalyst software (software guide) was used to capture the soil particles' movement and 

track the transient and permanent displacements of the wall. Two high definition cameras were 

used in this experimental program. These cameras, equipped with a digital high-speed imaging 

system, were capable of recording thousands of high-resolution frames per second. Yellow beads 

were added to the sand particles facing the plexiglass to track the movement of these particles 
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during the test. Soil model preparation was conducted at the Blast Research Laboratory of the 

University of Ottawa.  

 

 

Figure 4.2: Reinforced concrete retaining wall 
Shown in the image is the process of casting for the stem. The heel of the retaining wall had already been 

cast.  

Heel 

Stem 
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Figure 4.3: Details of retaining wall reinforcement 

 

 

Figure 4.4: Soil-Retaining Wall model (schematic) 
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4.3.2 Test Procedure 

The test was devoted to studying the influence of various relative densities, degrees of saturation 

of backfill and live load surcharge on the dynamic response of soil-RW model when subjected to 

different blast load intensities. For every test conducted in this study, the system (RW and soil) 

was subjected to a single blast shot. 

 

4.3.2.1 Relative density 

Three sand samples with various relative densities (loose, medium, and dense) were subjected to 

pressure simulating a blast-induced shock wave. Relative densities of 30 %, 45 %, and 65 % were 

used for loose soil, medium soil, and dense soil, respectively. Table 4.3 shows the state of granular 

soils at different ranges of relative density.  

The space between the bottom of the wooden box and the bottom of the RW footing was filled 

with 200 mm thick successive layers of sand.  Each sand layer was densified using a mechanical 

vibration technique (modified electrical drill) to reach a relative density of 80%. The backfill was 

also formed by pouring sand in equal successive layers of 200 mm thick. Each sand layer was 

manually compacted to the desired relative density. Figure 4.5 shows the steps for the box 

preparation and soil compaction. 

Once compaction was completed, three samples from each layer were taken and tested to confirm 

that the required relative density was obtained. This process was repeated for each layer. A 

vibrating table compaction test was conducted to determine the optimum moisture content and 

maximum dry density. The test was run in accordance with the ASTM D4253-16. A water content 

of 2 – 3 % was chosen to reach the required relative density in the foundation and the backfills 

(loose, medium, and dense).  
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Table 4.3: General correlation between relative density and denseness of a cohesionless soil 
(Das, 2016) 

 

Relative density, Dr (%) Description 

0-15 Very loose 

15-35 Loose 

35-65 Medium 

65-85 Dense 

85-100 Very dense 

 

4.3.2.2 Degree of saturation 

Three sand backfill samples with different saturation degrees (100 %, 85 %, and 13 %) were tested. 

To achieve the fully saturated condition, the ground water table was maintained at the surface 

level. The soil is considered partially saturated when the degree of saturation is around 85 %. To 

satisfy this condition, the ground water table was kept at 250 mm below the top surface of the 

backfill. This means, the layer below the water table was saturated and the layer above the water 

table was partially saturated. When the degree of saturation is 0%, the soil reaches the dry 

condition. However, dry backfill is not applicable or common in the field. Therefore, in this study, 

moist backfill with a water content of 2% (corresponding to a degree of saturation of 13 %) was 

used instead of the dry condition. The degree of saturation of moist soil was calculated by dividing 

the volume of water by the volume of void in the soil. The volume of void can be determined by 

knowing the moist and dry densities of the sand while the volume of water can be calculated from 

the water content and specific gravity of the sand (Das, 2016 and Craig, 2004). The backfill was 

compacted to meet in-situ dry density (Federal Highway Administration, FHWA, specifications, 

2008 and Morris and Delphia, 1999). The dry density of the backfill was 16 kN/m3, which was 

within the acceptable range recommended by the above-mentioned specifications. The degree of 

saturation of the foundation was 100 % when the degree of saturation of the backfill was 100 % 
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and 85 %. On the other hand, the degree of saturation of the foundation was 13 % when the degree 

of saturation of the backfill was 13 %.   

 

4.3.2.3 Blast loads intensity 

The influence of blast load intensity on the behaviour of the retaining wall backfill was 

investigated. Three driver pressures were adopted in this study. A driver pressure of 137 kPa 

resulted in a maximum reflected pressure (Pr) of 26 kPa. The second driver pressure was equal to 

241 kPa, which resulted in a maximum Pr of 47 kPa. Lastly, a driver pressure of 379 kPa was used 

to generate a maximum Pr of 71 kPa. The reflected pressures were selected to cause a different 

level of damage on the RW-soil system, ranging from elastic to full plastic failure. However, full 

plastic failure was not reached in this experiment (more details in the results section). Furthermore, 

a scaling chart (Cormie, Mays, and Smith, 1995) was utilized to match the reflected pressures used 

in this paper to a specific field blast parameter. For example, detonation of a 227 kg TNT 

hemispherical charge at a distance of 36 m produced a reflected pressure of 71 kPa. 

 

4.3.2.4 Live load surcharge 

Lateral earth pressure, lateral hydrostatic pressure, and vertical traffic loads that generate 

supplemental lateral load on the RW are the three major loads acting on a RW. Highway traffic 

load equivalent surcharge can be neglected if the traffic load location is far enough from the wall 

(Chen and Duan, 2014). As per AASHTO design codes (AASHTO 2002, 2012), live load 

surcharge can be equivalent to a soil height of 600 mm placed on the top level of the wall. 

To address the influence of the live load surcharge on the behaviour of RW backfill in this study, 

60 mm (wall is modeled at the 1/10th scale) of soil was added to the top level of the backfill. This 

added layer was compacted to achieve the in-situ required density.   
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Figure 4.5: Steps of box preparation and soil compaction 
The box was built in stages. Step 1 shows the top view of the box, representing the first stage of the box. 

The height of this portion of the box was 400 mm. The sand for the foundation layer had been compacted 

using a mechanical vibration technique (modified electrical drill). Step 2 displays the completion of the 

side of the box where the plexiglass is located. Step 3 presents the back view of the specimen. The box was 

moved in front of the shock tube and was ready to be filled with the backfill layers.  

 

 

 

3 

1 

2 
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4.3.3 Test Setup 

 

4.3.3.1 Soil-retaining wall model 

All tests in this study were conducted using the shock tube at the Blast Research Laboratory of the 

University of Ottawa. The test specimen (soil-RW model) was placed at the centre of the shock 

tube’s mouth. The rest of the shock tube mouth was covered with a very stiff steel plate. The test 

specimen consisted of a reinforced concrete retaining wall and a box filled with sand. In order to 

prevent confinement, the backside of the box was made of a flexible membrane (reinforced rubber 

sheet). The top of the box was left open to allow soil filling and compaction. The RCRW was 

placed on the side of the box that faced the shock tube, as shown in Figure 4.5. The test specimen 

was attached to the shock tube by straps to prevent the specimen from moving away from the 

shock tube during the blast test. The blast pressure formed by the shock tube was transferred 

directly to the test specimen, and it was uniformly distributed over the area of the RCRW. The 

shock tube was controlled by a firing system to start the test. Figure 4.6 shows the test setup 

adopted in this study.  

In-situ, soils usually experience a stress history that can change the soil structure. Many factors, 

such as climatic environment changes or man-made construction, can lead to a changing stress 

state or stress history in soils. A total stress ratio (TSR) is used as a measure of the stress history 

of compacted soil (Nishimura et al., 1999). TSR is the ratio of the compaction pressure to the 

current confining pressure. 

In order to limit the effect of stress history, backfill material was removed from the box after each 

test. The sand was then mixed and reused to refill the box. The backfill material was compacted to 

meet the required compaction level for each test.  
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The soil under the wall’s footing level (heel) was not disturbed by the blast shocks applied; thus, 

with the exception of the loose backfill condition test, the soil was not compacted after each test. 

Once the loose backfill condition test was carried out, the RC wall was removed, and portions of 

the box were disassembled. The soil below the heel was dug out, mixed on a tarp, then put back 

and compacted again to reach the required relative density. Prior to the excavation of the 

foundation layers, the sand was tested to determine if there was any change in the soil’s relative 

density below the RW. The results showed that the TSR was 1.02, which was within the acceptable 

range, indicating that the changes were insignificant.  

 

4.3.3.2 Blast loading protocol 

Prior to testing, the specimen was attached firmly to the shock tube, using three straps (Figure 4.7). 

The two high-speed video cameras were set up and connected to the data acquisition device and a 

laptop was used for video monitoring. A trigger signal was induced to confirm that the data 

acquisition device and cameras were recording at the same time. The driver and spool sections of 

the shock tube were then filled up to the required level of pressurized air. The test started by 

draining pressure from the spool section, which led to an imbalance in pressures on both sides of 

the aluminum diaphragm. As a result, the aluminum diaphragm was ruptured, and the pressurized 

air was passed at a very high speed towards the expansion shock tube nozzle.  

 

4.3.3.3 Data acquisition 

The data acquisition device used in this research was two digital oscilloscopes readings at 100,000 

Hz (samples per second). Two channels were used to record reflected pressure. The sensors were 

responsible for measuring the reflected pressure located at the side and bottom of the shock tube’s 

mouth. 
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Figure 4.6-1: Test setup (a) covering the shock tube’s mouth with a stiff plate; (b) placing the test 

specimen at the centre of the shock tube; (c) fastening the test specimen to the shock tube using straps 

 

(a) 

(b) (c) 
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Figure 4.6-2: Test setup and preparation; dimensions in m (schematic)  

Figure 4.6: Test setup 

 

 
 

Figure 4.7: Test preparation at the Blast Research Laboratory of the University of Ottawa 
The test specimen was placed in front of the shock tube mouth, fastened with straps to prevent any 

movement during the blast test. The first camera was facing the side of the box, where the plexiglass was 

located, to capture sand particle movement. The second camera was facing the back of the specimen.  
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4.3.3.4 Shock tube 

The shock tube consists of four main sections (Figure 4.8). The driver and the spool are the first 

and second sections, respectively. These are the sections in which the shock energy is built-up and 

the firing action occurs. The length of the driver section ranges between 305 mm and 5185 mm in 

305 mm increments. Based on the required peak reflected pressure and total impulse, a driver 

length is selected. The driver length has a minor influence on the reflected pressure but has an 

effect on the impulse (Lloyd, 2010). Since the impulse should be given equal consideration as the 

reflected pressure (Mays and Smith, 1995), in this experiment, the length of the driver section was 

kept at 2743 mm. The blast wave formed in the driver section propagates and expands through the 

expansion section, which starts from 597 mm in diameter and ends with the square test area of 

2033 mm by 2033 mm. The test specimen was attached to the opening of the steel plate located at 

the front of the shock tube. The length of the expansion section is 7 m. The shock tube is operated 

manually by incrementally increasing the driver pressure and the spool pressure to the required 

level and then trigger firing by draining pressure from the spool section to cause the aluminum foil 

diaphragms to rupture.   

 

 

Figure 4.8: Shock tube sections; schematic (Kadhom, 2016) 
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4.4. Results and Discussion 

 

4.4.1 Modes of Wall Movement 

The magnitude and distribution of lateral earth pressures on RW are based on the nature of yielding 

of the wall. There are three possible modes of wall yielding (soil-structure interaction) for the 

development of an active state (Das, 2011). These modes are the rotation about the bottom, rotation 

about the top, and translation. In this paper, the lateral displacement of the RW due to blast loading 

was investigated.  

 

4.4.1.1 Effect of backfill relative density 

Lateral displacement time histories for the wall and backfill in loose, medium, and dense 

conditions are represented in Figure 4.9. The figure presents the horizontal displacements for the 

top of the RW, mid-height of the RW, and three layers of the backfill. The specimen was subjected 

to a maximum reflected pressure of 47 kPa and a reflected impulse over the positive phase of 509 

kPa.ms.  

For loose backfill, maximum and residual (permanent) horizontal displacements at the top of the 

RW was -31 mm and -18.6 mm, respectively, and the maximum response occurred at a time greater 

than the positive phase duration (Figure 4.9a). Displacements of backfill behind the wall had the 

same trends. The largest maximum and residual displacements (-53 mm and -29.6 mm, 

respectively) were observed at the top layer of the backfill (SFL1: soil first layer and its position 

20 mm behind the RW and 40 mm below the backfill surface) as shown in Figure 4.9a. The soil in 

this location (SFL1) was fully disturbed, and the particles were rearranged (Figure 4.10). Lateral 

compressive force induced by blast loading led to the formation of passive pressure in the backfill 

and resulted in permanent soil displacement. A translation response mode was evident in this test. 

The wall slid about 25 mm toward the backfill. As mentioned earlier in section 4.2, the passive 
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state is reached when the relative movement (∆/H) for loose sand is equal to 0.04 (Table 4.1). 

Though Shamsabadi et al., (2007) recommended that a relative movement of 0.05 is required in 

order to reach passive earth pressure when sand backfill is used. Thus, the passive state was 

reached in this test since the relative movement reported was equal to 0.048. Therefore, after this 

test, the RCRW was removed, and portions of the box were disassembled to limit the effect of 

stress history (refer to section 4.3.3.1 for the details). 

 

Figure 4.9b depicts the maximum and residual displacements for the RW and backfill in the 

medium condition. The maximum and residual displacement values for medium dense backfill 

were lower than equivalent values from loose backfill but possessed the same trends as the loose 

backfill. Maximum and residual horizontal displacements at the top of the RW were -29 mm and 

-2.3 mm, respectively. Maximum and residual displacements at the top layer of the backfill (SFL1) 

were -20.5 mm and 2.2 mm, respectively. The lateral displacement for the mid-height of the wall 

was also determined from this test. Maximum and residual displacements at the mid-height of the 

wall were -17.5 mm and 0.7 mm, respectively. The difference between residual displacements at 

the top and the mid-height of the wall was -3 mm. The results showed that the wall tilted toward 

the backfill by 3 mm. This relatively small rotation about the bottom was the mode of failure of 

the wall in this test. However, this permanent displacement is very small and can be ignored. The 

relative movement of the wall for this test was equal to 0.044, and thus, a passive state was reached.  

 

Figure 4.9c presented the RW movement when dense backfill was used. Maximum and residual 

lateral displacements at the top of the RW were -9 mm and -1 mm, respectively. Maximum and 

residual displacements at the top layer of backfill (SFL1) were -12.6 mm and 1.5 mm, respectively. 

Maximum and residual displacements at the mid-height of the wall were -11.4 mm and 0.1 mm, 
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respectively. These values were lower than the equivalent values obtained from loose and medium 

conditions (Figure 4.9). The relative movement of the wall was equal to 0.014, which is less than 

0.02 (Table 4.1) and therefore, the passive state was not reached. It can be concluded that when 

dense sand was used, no permanent deformation was noticed. 

Based on the abovementioned results, it was noticed that the RW with loose sand backfill condition 

had the largest deformations in comparison with medium and dense conditions. Soils have the 

tendency to decrease in volume when subjected to shearing stress. Loose sand contains higher void 

ratio than medium and dense conditions. Therefore, applying compressive load to the loose soil 

leads to rearrangement in the soil particles and to reduced space in the voids. As a result, soils with 

higher void ratio are susceptible to larger deformations.  

 

4.4.1.2 Blast loads intensity effect 

In this part of the study, the specimen was subjected to various blast load intensities (26 kPa, 47 

kPa, and 71 kPa). Horizontal displacements time histories for the wall and backfill with different 

blast load intensities are shown in Figure 4.11.  

Figure 4.11a shows the maximum and residual displacements for dense backfill when subjected to 

a reflected pressure of 26 kPa. It was noticed that maximum, and residual displacements at the top 

of the RW was -7 mm and -1.5 mm, respectively. Maximum and residual displacements at the top 

layer of backfill (SFL1) were -5.3 mm and 3.6 mm (Figure 4.11a). The relative movement of the 

wall was equal to 0.01. 

Figure 4.9c depicts the maximum and residual displacements for dense backfill when subjected to 

a reflected pressure of 47 kPa (refer to the section above, 4.4.1.1, for the details). 
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When the specimen was subjected to a reflected pressure of 71 kPa, maximum and residual 

displacements at the top of the RW was -11.3 mm and 0.5 mm, respectively. The maximum and 

residual displacements at the top layer of backfill (SFL1) were -9 mm and 3 mm (Figure 4.11b). 

The relative movement of the wall was equal to 0.017. 

It can be seen that the passive state was not reached in RW with dense backfill, regardless of the 

blast load intensities that were used in this study. 

It was observed that under the same relative density of the backfill, increasing the blast load 

intensity resulted in greater deformations at the wall and the backfill. This can be explained by the 

fact that increasing the intensity of blast load led to the generation of higher compressive wave 

velocity and thus higher shear stress in the sand (Shim, 1995; Smith and Hetherington, 1994). 

 

4.4.1.3 Degree of saturation effect 

The lateral displacements time histories for saturated and partially saturated backfills under a 

reflected pressure of 47 kPa are depicted in Figure 4.12.  

Figure 4.12a displays maximum and residual displacements for saturated backfill. The maximum 

and residual lateral displacements at the top of the RW were -6.6 mm and -0.1 mm, respectively. 

The maximum and residual displacements at the top layer of the backfill (SFL1) were -5.4 mm 

and -0.3 mm. The relative movement of the wall was equal to 0.01. The reduction in permanent 

deformations of saturated backfill was due to the fact that pore water pressure was exerted on the 

wall and provided extra support to the wall against the passive pressure. 

 

Figure 4.12b exhibits maximum and residual displacements for partially saturated backfill. The 

maximum and residual lateral displacements at the top of the RW were -8.7 mm and -0.71 mm, 
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respectively. The maximum lateral displacements behind the RW for SFL1, SSL2, and STL1 were 

-7.9 mm, -5.4 mm, and -5.3 mm. The relative movement of the wall was equal to 0.013. 

The passive state was not reached for the RW with saturated and partially saturated backfills. 

 

4.4.1.4 Live load surcharge effect 

Figure 4.13 shows the wall movement under the application of a live load surcharge when 

subjected to a reflected pressure of 47 kPa. The maximum and residual lateral displacements at the 

top of the RW was -5.2 mm and -0.15 mm, respectively. Maximum and residual displacements at 

the top layer of backfill (SFL2) were -3.6 mm and -1 mm. Maximum and residual displacements 

at the mid-height of the wall were -3 mm and -1.5 mm, respectively. The relative movement of the 

wall was equal to 0.008. The lateral displacements had lower values compared with corresponding 

values where no live load surcharge was applied (Figure 4.9c). The live load surcharge provided 

extra support to the wall and prevented the movement of the wall. Once the blast load decayed, 

the RW returned to its original position, which can be confirmed by the residual displacements of 

the wall (Figure 4.13). Based on the definition of the Equation of Motion of an undamped system 

(𝑚𝑢̈ + 𝑘𝑢 = 𝐹), if the external force is constant, an increase in the mass of the backfill leads to a 

reduction in the displacements.  

 

Figure 4.14 displays the lateral movements at the top of the RW for all test conditions. It can be 

seen that the maximum displacements were experienced when loose and medium backfill were 

used. When the other varying factors remain unchanged, the lateral displacements for loose and 

medium backfill conditions were three times greater than the lateral displacement for dense 

backfill. Loose sand exhibits higher porosity in comparison to dense sand. When blast pressure 

was applied on the RW with low relative density backfill, the soil particles behind the wall were 
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compacted and this resulted in higher horizontal deformations. On the other hand, when a live load 

surcharge was applied, a reduction in wall movement was observed, and lower displacement was 

noticed. 

 In general, the results showed that relative density, blast load intensity, degree of saturation, and 

live load surcharge had an impact on the modes of wall rotation. An increase in backfill density 

led to a reduction in wall movement while increasing the blast load resulted in an increase in wall 

movement. Furthermore, yielding of the wall was reduced when fully saturated backfill and live 

load surcharge conditions were applied. Under the same load conditions, dense backfill provided 

more support to the wall and thus, reduced the wall movement. Distinct failure mechanisms were 

observed for loose backfill conditions that led to large uniform deformations.  

 

It can be seen that there were no “rigid block” responses in the loose backfill mass (Figure 4.9); 

however, the results indicated that a uniform acceleration distribution existed within the backfill 

(Figure 4.18a), which corresponds to a uniform stress field, as assumed in the pseudo-static 

analyses.  

 

As mentioned earlier, the magnitude and distribution of lateral earth pressures on the RW are 

affected by wall’s movement. In this study, the relationship between wall relative movements and 

mobilized earth pressure coefficients was found (Figure 4.15). The dynamic earth pressure 

coefficient (∆𝐾𝑑) was calculated using the dynamic thrust: 

 ∆𝐾𝑑 = 2𝑃𝑑/𝛾𝐻2                                                                                                                               (4.1) 

In this figure, the dynamic earth pressure coefficient is represented as a function of the wall relative 

movement. The best-fitting equation for the data was the Logarithmic model:  

𝐾𝑑 = 0.543𝑙𝑛 (
∆

𝐻
) +  3.9199                  (4.2) 
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An increase in the dynamic earth pressure coefficient was observed with an increase of the wall 

relative movement (Figure 4.15). As the relationship between the ∆𝐾𝑑 and the density is inversely 

proportional (Equation 4.1), an increase in the density led to a decrease in the ∆𝐾𝑑 and thus, a 

reduction in wall movement.  

The above-obtained model had the similar trends as the LSH model (mobilized logarithmic spiral, 

LS, failure coupled with modified hyperbolic, H, abutment-backfill stress-strain behavior) that was 

predicted by Shamsabadi et al., 2007.  

   

The prediction of the residual displacements and failure modes of a RW under dynamic loads is 

considered a challenge in analytical and design methods. If the residual displacements and failure 

mechanism of a RW are known, using performance-based design concepts, engineers would be 

able to base their analysis and design on performance level and desirable failure patterns 

(Deyanova et al., 2016).  

 



  

                                                                                                                                                        160 
 

 

 

(a) 
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(b) 
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(c) 

Figure 4.9: Lateral wall and backfill displacements time histories for; (a) loose, (b) medium, and 

(c) dense conditions 
TRW: top of retaining wall; SFL: soil first layer; SSL: soil second layer; STL: soil third layer; SFRL: soil 

fourth layer; MIDRW: mid height of retaining wall; Pr: reflected pressure. 
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Figure 4.10: Disturbance of soil behind the RW (SFL1) for loose backfill condition; (a) prior to 

the application of blast load testing, (b) during the test, (c) during the test, (d) at the end of the 

test. The circle shows the location where the disturbance occurs 
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(a) 
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(b) 

Figure 4.11: Lateral wall and backfill displacements time histories for; (a) reflected pressure of 

26 kPa, (b) reflected pressure of 71 kPa 
TRW: top of retaining wall; SFL/SFLFP: soil first layer; SSL/SSLFP: soil second layer; STL/STLFP: soil 

third layer; Pr: reflected pressure. 
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(a) 
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(b) 

Figure 4.12: Lateral wall and backfill displacements time histories for; (a) saturated backfill, (b) 

partially saturated backfill 
TRW: top of retaining wall; SFL/SFLFP: soil first layer; SSL/SSLFP: soil second layer; STL/STLFP: soil 

third layer; SFRLFP: soil fourth layer; SFILFP: soil fifth layer; Pr: reflected pressure. 
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Figure 4.13: Lateral wall and backfill displacements time histories for live load surcharge 
TRW: top of retaining wall; SFL/SFLFP: soil first layer; SSL/SSLFP: soil second layer; STL/STLFP: soil 

third layer; SFRLFP: soil fourth layer; SFILFP: soil fifth layer; Pr: reflected pressure. 
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Figure 4.14: Lateral displacement time histories at the top of the RW for all test conditions 

 

 

 

 

 

Figure 4.15: Dynamic earth pressure coefficient (∆Kd) as a function of wall’s relative movement 

(∆/H) for sand backfill 

0

0.5

1

1.5

2

2.5

0 0.01 0.02 0.03 0.04 0.05 0.06

∆
K

d

∆/H



  

                                                                                                                                                        170 
 

 

4.4.2 Calculation of the Displacements for RW-Soil System Using an Analytical Method 

The step-by-step linear change of acceleration method is used in this section to compute the RW-

soil model response. In this method, it is assumed that the acceleration changes linearly during 

each time step. The relationship between the change in acceleration (∆𝑢̈) , velocity (∆𝑢̇), and 

displacement (∆𝑢) was used to solve the incremental equation of motion (Equation 4.3) 

(Buchholdt and Nejad, 2012; UFC, 2008; Mays and Smith, 1995).  

𝑚∆𝑢𝑖̇̈ + 𝑐(𝑡)∆𝑢𝑖̇̇ + 𝑘(𝑡)∆𝑢𝑖 = ∆𝐹𝑖            (4.3) 

𝑢𝑖+1 = 𝑢𝑖 + ∆𝑢𝑖              (4.4) 

𝑢̇𝑖+1 = 𝑢̇𝑖 + ∆𝑢𝑖̇̇               (4.5) 

∆𝑢̈𝑖+1 = 𝑢̈𝑖 + ∆𝑢̈𝑖              (4.6) 

∆𝑢̈𝑖 =
6

∆𝑡2 ∆𝑢𝑖 −
6

∆𝑡
𝑢̇𝑖 − 3𝑢̈𝑖             (4.7) 

∆𝑢̇𝑖 = 3
∆𝑢𝑖

∆𝑡
− 3𝑢̇𝑖 −

1

2
∆𝑡𝑢̈𝑖             (4.8) 

∆𝑢𝑖 =
∆𝐹𝑖

𝑘̅𝑖
               (4.9) 

𝐹̅𝑖 = ∆𝐹𝑖 + 𝑚 {
6

∆𝑡
𝑢̇𝑖 − 3𝑢̈𝑖} + 𝑐𝑖{3𝑢̇𝑖 −

1

2
∆𝑡𝑢̈𝑖}        (4.10) 

𝑘̅𝑖 = 𝑘𝑖 +
6𝑚

∆𝑡2 +
3𝑐𝑖

∆𝑡
            (4.11) 

𝑘𝑖 =
8𝐸𝐼𝑒

𝐿3              (4.12) 

𝐼𝑒 = 𝑓𝑏𝑑3             (4.13) 

where,  

𝑢: displacement; 𝑢:̇  velocity; 𝑢:̈  acceleration; m: equivalent mass; k: stiffness; c: damping; E: 

modulus of elasticity of concrete; 𝐼𝑒: moment of inertia of cracked section; f: coefficient for 

moment of inertia of cracked section; L: height of RW; b: width of RW; d: thickness of RW. 

 

The equivalent mass (consisting of the mass of the stem and the mass of the backfill resulted from 

the static active earth pressure) was multiplied by the load-mass transformation factor (KLM). The 
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KLM for the cantilever varied between 0.78 for elastic range and 0.66 for plastic range (UFC, 2008). 

The applied blast force was determined by multiplying the peak reflected pressure by the area of 

the stem facing the shock tube. This area was obtained by multiplying 0.5 m (width) by 0.59 m 

(height). The coefficient for the moment of inertia of the cracked section with tension 

reinforcement only (Mays and smith, 1995) was taken to be 0.049. The maximum response to an 

impulsive load is reached in a very short time, before the damping forces can absorb considerable 

energy from the structure and therefore, the damping force was assumed to be zero.  

Figure 4.16 represents the theoretical and experimental displacement time histories for the RW-

soil model under various conditions. A good agreement was noticed between the experimental and 

analytical results for dense backfill when subjected to a reflected pressure of 26 kPa, live load 

surcharge application, and saturated and partially saturated backfills. It can be seen that the 

maximum theoretical displacements were close to the experimental values. On the other hand, a 

discrepancy between the experimental and the analytical displacement time histories was noted in 

loose and medium backfills. It can be seen that the linear acceleration method did not provide 

sufficient accuracy when applied to predict the response of RW with loose and medium backfills. 

Furthermore, increasing the blast load intensities led to a time-lag between the theoretical and 

experimental values (Figure 4.16a).  

It seems that the step-by-step linear change of acceleration method was more representative of the 

dynamic response of the RW model when the “rigid block” response was evident in the retained 

backfill mass. 
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(c) 

 

(d) 

Figure 4.16: Theoretical and experimental displacement time histories for the RW-soil model 
Presented are the different soil conditions (dense, medium and loose). A reflected pressure of 47 kPa was 

used for the medium and loose backfill while pressures of 26 kPa, 47 kPa and 71kPa were used for dense 

backfill with a degree of saturation of 13 % for all conditions. A reflected pressure of 47 kPa was used for 

partially saturated backfill, saturated backfill and live load surcharge conditions. Theoretical (TH) and 

experimental (Exp) displacements were determined for all the above mentioned conditions. 
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4.4.3 Retaining Wall Passive Resistance 

When bridges are subjected to a low-intensity dynamic load (such as small earthquakes) that 

induces lateral pressure, the response of the bridges remains in the elastic range. However, when 

a high-intensity dynamic load is applied, a nonlinear dynamic response occurs, and this response 

is dependent on the nonlinear soil-structure interaction effects between the abutments and the 

backfill soils (Shamsabadi et al., 2007). James and Bransby (1971) conducted an experimental 

study which indicated that wall movement is a function of backfill shear strain and mobilized shear 

strength. Therefore, when a retaining structure is subjected to a horizontal dynamic load, the wall 

is resisted by a mobilized passive resistance of the backfill as a function of relative displacement 

(Shamsabadi et al., 2007). The mobilized passive pressure behind the abutment back-wall is used 

to develop the nonlinear force-displacement capacity of the bridge abutment in a seismic event 

(Geotechnical Design Manual, 2010, and Shamsabadi et al., 2007, Shamsabadi and Kapuskar, 

2006).     

In this study, the mobilized passive resistance of the RW backfill that was caused by blast loading 

was used to determine the force-displacement relationship (Figure 4.17). Three curves that 

represent the RW with loose, medium, and dense backfill were subjected to a blast force of 13.75 

kN, one curve representing the RW with dense backfill was subjected to a blast force of 19.2 kN, 

and one curve representing the RW with densely saturated backfill was subjected to a blast force 

of 13.75 kN. These curves were determined from the measured displacement and the passive force-

time histories. Displacements at the top of the wall were measured using a high definition camera. 

The displacement time history of the wall was obtained using ProAnalyst software. The passive 

forces time history was computed by multiplying the dynamic earth pressures induced by blast 

load by the area of the RW’s stem (Geotechnical Design Manual, 2010). The dynamic earth 
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pressures were measured using soil pressure gauges (refer to technical paper I section 3.4.2 for the 

details). The area was obtained by multiplying 0.5 m by 0.65 m.  

𝑝𝑤𝑎𝑙𝑙 = 0.5𝑃𝑑             (4.14) 

𝐹 = (𝑝𝑤𝑎𝑙𝑙)(𝐻𝑤𝑎𝑙𝑙)(𝑏𝑤𝑎𝑙𝑙)           (4.15) 

𝑝𝑤𝑎𝑙𝑙: Wall pressure distribution along the height of the wall in kPa 

𝑃𝑑: Measured pressure induced by blast load in kPa 

 𝐹 : Maximum passive force applied on RW in kN  

𝐻𝑤𝑎𝑙𝑙: Height of the wall in m 

𝑏𝑤𝑎𝑙𝑙: Width of the wall in m 

 

It can be seen from Figure 4.17 that in dense backfill condition (under reflected pressures of 47 

kPa and 71 kPa), the displacements were lower than the ultimate displacements and, therefore, the 

shear strength of the backfill was not fully mobilized. As a result, the passive wedge failure was 

not formed behind the RW. It is important to mention that at each level of displacement, there was 

a formation of a mobilized passive wedge and, consequently, a development of a passive resistance 

force. However, for medium and loose conditions, the shear strength might have been fully 

mobilized as wall deformations were close to the ultimate displacements. Thus, the backfill passive 

capacities were reached. The lowest passive resistance force was shown in saturated soil. This is 

due to the fact that the presence of water in the soil led to a reduction in its shear resistance (Das, 

2016). As a result, the force-displacement capacity of the RW was affected.  

The average soil stiffness can be determined from the force-displacement relationship for all above 

mentioned conditions (Geotechnical Design Manual, 2010). 
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Force-displacement relationship, which is referred to as a backbone curve, provides crucial 

information with regards to abutment/RW soil capacity when a bridge is designed for dynamic 

loads (Shamsabadi et al., 2007). The geotechnical engineer should provide the structural engineer 

with a soil stiffness (K) and the maximum displacement that occurred when the ultimate force was 

applied on the RW (Geotechnical Design Manual, 2010).   

 

The prediction of nonlinear abutment backfill stiffness can have a strong impact on the dynamic 

response characteristics of bridges. Proper evaluation and design of bridge’s abutment-backfill 

leads to the development of infrastructure systems that are sustainable and resilient. 

 

 

Figure 4.17: Force-displacement relationship 
Dense-MPr: dense backfill-medium intensity reflected pressure (47 kPa); Dense-HPr: dense backfill-high 

intensity reflected pressure (71 kPa); Loose-MPr: loose backfill-medium intensity reflected pressure (47 

kPa); Medium-MPr: medium dense backfill-medium intensity reflected pressure (47 kPa); Saturated-MPr: 

saturated backfill-medium intensity reflected pressure (50 kPa). Displacements were measured at the top 

of the wall. Degree of saturation was 13 % for all conditions except saturated backfill. 
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4.4.4 Acceleration Response of the Retaining Wall-Backfill Model  

Acceleration design response curves for RW/backfill are another set of crucial information that 

should be provided by geotechnical engineers in order to design bridges for dynamic loads 

(Geotechnical Design Manual, 2010). Acceleration time histories for RW/backfill were plotted for 

all conditions (Figure 4.18). The acceleration response of the RW/backfill system was determined 

at the same locations where lateral displacements were tracked.   

It was observed that the acceleration responses for loose backfill were lagging behind the 

acceleration response for the top of the RW. Furthermore, the acceleration response for the top of 

the wall was higher for loose backfill in comparison with medium and dense backfill under the 

same load intensity conditions. Blast loads generated high accelerations on the wall with loose 

backfill. This is because of the limited lateral support that loose backfill provided to the RW. As a 

result, large lateral displacements and sliding failure were noticed in this condition (Figure 4.14).  

On the other hand, the acceleration responses for the wall were higher than the acceleration 

response of the backfill for all conditions. This is due to the mass of the wall being smaller than 

the mass of the backfill. Therefore, the result seen is substantiated when considering that the 

relationship between acceleration and mass is inversely proportional (Equation 4.3). The highest 

acceleration responses for the wall and backfill were produced when dense backfill was subjected 

to a reflected pressure of 71 kPa as the relationship between the force and the acceleration is 

proportional (Equation 4.3).  
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(a) 

 

(b) 
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(c) 

 

(d) 
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(e) 

 

(f) 
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(g) 

 
(h) 

Figure 4.18: Acceleration time histories for RW/backfill; (a) loose, (b) medium, and (c) dense 

conditions, (d) reflected pressure 71 kPa, (e) reflected pressure 26 kPa, (f) partially saturated 

backfill, (g) saturated backfill, (h) live load surcharge 
TRW: top of retaining wall; SFL: soil first layer; SSL: soil second layer; STL: soil third layer; MIDRW: 

mid height of retaining wall; SFRL: soil forth layer (same locations where lateral displacements were 

tracked as shown in Figures 4.9, 4.11, 4.12, and 4.13) 
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4.5. Summary and Conclusion 

A soil-RW model was built at the structural laboratory of the University of Ottawa and was 

subjected to simulated blast loads using a shock tube. The ProAnalyst software was used to capture 

the soil particles' movement and to track the transient and permanent displacements of the wall. 

 

Backfill materials with various relative densities and degrees of saturation were subjected to 

different blast shot intensities to assess the modes of RW movement. Moreover, the force-

displacement relationship was determined from the mobilized passive resistance of the RW 

backfill that was induced by blast loading. 

 

The results showed that the modes of wall rotation were affected by the backfill relative density, 

blast load intensities, and degree of saturation. Reduction in the wall movement was noticed in a 

dense condition of backfill while increasing the blast load led to an increase in the wall movement. 

Furthermore, wall yielding was reduced when fully saturated backfill and live load surcharge 

conditions were applied. 

 

The nonlinear force-displacement capacity of the bridge abutment was developed from the 

mobilized passive pressure of the RW backfill. A possible formation of passive wedge failure was 

noticed in medium and loose conditions. The backfill passive capacities were not reached in dense 

backfill, regardless of the blast load intensities that were used in this study.  

 

Acceleration time histories for RW/backfill showed that there was a time-lag between the 

acceleration responses of the wall and the loose backfill. The RW with loose backfill exhibited 

higher acceleration than the RW with medium and dense backfill under the same load intensity. 
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Furthermore, the highest acceleration responses for the wall and backfill were developed when the 

RW with dense backfill was subjected to a reflected pressure of 71 kPa. 

 

The findings of this research will provide tools that help in the design of bridge abutments and the 

development of resilient infrastructure systems.   
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 Technical Paper III: Blast Impact on Cantilever Retaining Wall: 

Response of the Sand Backfill 
Najlaa Abdul-Hussain, Mamadou Fall, Murat Saatcioglu 

5.1 Abstract 

The development of excess pore pressure in the sand backfill behind the retaining wall (RW) 

induced by blast loading can lead to loss of strength or stiffness of the backfill. The loss of strength 

or stiffness of the ground can result in settlement of structures, failure of earth dams and retaining 

structures, and landslides. Since the retaining walls are an important portion of many 

infrastructures, studying their dynamic behaviour is considered crucial to ensure structural 

integrity, especially in the context of explosive loading. Yet, there have not been any studies 

addressing the dynamic response of retaining walls when subjected to blast loading. Thus, an 

experimental study was conducted to examine the influence of blast loads on the dynamic 

behaviour of reinforced concrete retaining wall (RCRW) with sand as a backfill material. A shock 

tube was utilized to produce blast loads on the soil-RW model. The influence of the relative 

density, backfill saturation, blast load intensity, and live load surcharge on the blast behaviour of 

RCRW with sand backfill was studied. The results showed that the maximum pore pressure 

responses for saturated backfill were at a time greater than the positive phase duration, while the 

maximum pore pressure response for the foundation was at the end of the positive phase duration. 

The susceptibility of the RW with saturated dense sand to liquefaction was examined, and it was 

ascertained that liquefaction was not triggered. Settlement, lateral displacement and peak particle 

velocity time histories were determined for the sand behind the RW. The findings of this research 

will provide performance-based recommendations for more effective blast design of retaining 

structures.    

 

Keywords: Shock tube, Retaining wall, Pore pressure, Peak particle velocity; Blast 

 

5.2 Introduction 

Infrastructures might be exposed to two types of dynamic events induced hazards during their 

lifetime. There are man-made hazards in the form of blasts as well as natural hazards, such as 
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earthquakes and wind. Highway bridges are considered to be vital infrastructures due to their use 

in transportation and the movement of goods. Therefore, the serviceability of bridges has a huge 

economic impact and garners high public interest. In order to maintain the bridge’s functionality, 

bridges and their components should be designed to resist the impacts of dynamic loads. The 

abutment/retaining structure is a component of a bridge that provides vertical support to the bridge 

superstructure at bridge ends and withstands lateral earth pressure.  

Retaining wall failures during dynamic events (Kobe, Japan 1995 and Lefkada, Greece 2003) can 

have a great effect on the economy of the regions (Psarropoulos et al., 2009).  In the early versions 

of AASHTO design manuals, the seismic effects on the retaining walls were not considered. 

However, currently, seismic forces are taken into consideration in the design of retaining walls 

(RWs), especially in areas that are prone to earthquakes (Chen and Duan, 2014). On the other 

hand, to the best of the authors’ knowledge, the blast effects on RWs have not been taken into 

account yet in the design of abutments/retaining structures.      

In order to minimize the possible buildup of the hydrostatic pressure behind the wall, each RW 

should be provided with a drainage system embedded in the RW backfill. If for any reason the 

drainage system is clogged, the backfill and the foundation soil would become saturated. The 

reduction in shear strength of saturated cohesionless soils in the backfill and the foundation is often 

the cause of the dynamic vulnerability of RWs. The process that leads to the loss of shear strength 

is called soil liquefaction.  

 

Some effects of liquefaction can be catastrophic (such as flow failures of slopes or earth dams, 

settling and tipping of building and piers of bridges, and total or partial collapse of retaining walls) 

while other effects (such as large deformation and settlement) can be less harsh, yet  can also cause 

severe damages to highways, railroads, etc. (NRC, 1985). The concept of liquefaction is used for 
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any excessive deformations or movements as a result of dynamic loads on saturated cohesionless 

soils. Therefore, flow failures and deformation failures are both considered liquefaction failures.   

Liquefaction behaviour of saturated cohesionless soils during earthquake events has been 

investigated extensively in the literature (Pan and Yang, 2017, Mittal et al., 2004, Wu, 2004, 

Rauch, 1997, Sladen et al., 1985). Gazetas et al. (2004) stated that retaining walls’ performance 

during seismic loading is based on the presence of liquefaction-prone loose sand backfills. Cases 

result from major earthquakes show that retaining walls supporting loose saturated backfills are 

susceptible to strong seismic loading (Al Atik, 2008).   

It was however noticed that none of the available literature investigated the geotechnical response 

(such as pore pressures, settlements, lateral displacements, and liquefaction) of the backfill of the 

RW when subjected to blast loading.      

 

Thus, in this paper, backfills with various relative densities and degrees of saturation were 

subjected to different blast shot intensities to address the effects of pore pressure in the backfill 

and the foundation of the RW as well as to evaluate the potential for soil liquefaction. Furthermore, 

settlements and lateral deformations of the retained backfill were assessed.   

 

5.3. Experimental Program 

 

5.3.1 Description of Test Specimens and Material Properties 

 

5.3.1.1 Backfill soil 

Sand is commonly used as a backfill material for retaining wall systems. The high permeability of 

sand helps in releasing the hydrostatic pressure behind the wall stem. Sand has been used 
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extensively in experimental research (e.g. Jo et al., 2017, Kloukinas et al., 2015, and Mikola and 

Sitar, 2013) to address the dynamic response of soil retaining walls due to seismic loads. 

In this study, both the backfill and foundation soil layers consisted of sand. The grain size 

distribution and sand properties were determined, according to the ASTM (American Society for 

Testing and Materials) C136/C136M−14 at the Geotechnical Laboratory of the University of 

Ottawa. The sand had a mean grain size (D50) of 0.54 mm, an effective size (D10) of 0.21 mm, a 

uniformity coefficient (Cu) of 3.05 and a coefficient of gradation (Cz) of 0.9. Figure 5.1 depicts the 

grain size distribution of the sand. 

The specific gravity of the sand was 2.64, and it was determined according to the ASTM D854-

14. Minimum and maximum dry densities of 13.0 kN/m3 and 18.8 kN/m3 were found following 

the procedure described by the ASTM D4254-16 and D4253-16, respectively. The friction angle 

of the sand was 34 ̊ and it was determined using the direct shear test described in the ASTM, 

D3080-11. Table 5.1 summarizes the soil properties of this research. 
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Figure 5.1: Grain size distribution of sand 

 

Table 5.1: Soil properties 

Descriptions Values 

Grain size distribution effective size (D10) 

Uniformity coefficient (Cu) 

Coefficient of gradation (Cz) 

0.67 mm 

3.05 

0.9 

Specific gravity (Gs) 2.64 

Maximum unit weight 

Minimum void ratio 

18.8 kN/m3 

0.38 

Minimum unit weight 

Maximum void ratio 

13.0 kN/m3 

0.99 

Friction angle 34 ̊ 
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5.3.1.2 Wall 

The reinforced concrete retaining wall model with an L shape, depicted in Figure 5.3, was 

designed, built and used in this study. The RW was designed using the Rankine earth pressure 

theory for stability. The RW was checked for overturning, sliding along the base and bearing 

capacity failure. The RW investigated was modelled at the 1/10th scale. As shown in Figures 5.2 

and 5.3, the dimensions of the stem and the heel of the retaining wall in this study were 650 mm 

(height) x 500 mm (width) x 60 mm (thickness) and 400 mm (width) x 500 mm (length) x 60 mm 

(thickness), respectively. Scaling relations of the physical modeling are shown in Table 5.2 (Altaee 

and Fellenius, 1994). 

Two RWs were constructed at the Structural Laboratory of the University of Ottawa. The second 

wall was built as a replacement in case of failure of the first wall. Both concrete RWs were 

reinforced longitudinally and laterally with 6.3 mm rebars spaced at 50 mm c/c. The details of 

retaining wall reinforcement are presented in Figure 5.4. A concrete mixer and an electric concrete 

vibrator were used to mix and consolidate the fresh concrete, respectively. The heel of the retaining 

wall was first cast, and 14 days later, the stem was cast (Figure 5.2). At the end of each casting 

process, the specimens were covered with two layers of wet burlap and a plastic sheet in order to 

allow for curing for 30 days. Seven concrete cylinders (100 mm diameter x 200 mm height) were 

prepared for standard cylinder tests. The cylinders were prepared and cured according to the 

ASTM C31/C31M-19. The cylinders were also cured for 30 days following the same curing 

approach adopted for the RC wall. The compressive strength of the concrete was 38 MPa after 120 

days. Concrete cylinders were tested according to the ASTM C39/C39M-18.   
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Table 5.2: Scaling relations of the physical modeling approach (Altaee and Fellenius, 1994) 

Parameters Full scale (real structure) Model 

Linear dimension 1 n 

Area 1 n2 

Volume 1 n3 

Acceleration 1 1 

Stress 1 N 

Strain 1 1 

Displacement 1 n 

Force 1 Nn2 

 
Note: Geometric scale: n = Lm/Lp: is the relationship between the dimension of model and the real structure. 

Stress scale: N = σm/σp stress scale ratio is the relationship between the stress of model and the real structure.  

 

5.3.1.3 Model geometry and instrumentation 

As mentioned earlier, in this study, sand was used as the: (1) backfill material behind the retaining 

wall, and (2) foundation soil under the heel of the retaining wall (Figures 5.4 and 5.5). The sand 

was placed in a box (1300 mm in length, 500 mm in width, and 1565 mm in height) that was made 

of wood. The soil below the foundation/heel was a dense layer with a relative density of 80 %. The 

height of the foundation layer was 915 mm, while the height of the backfill behind the stem was 

650 mm. The sand backfill extended behind the wall for 1300 mm, which was double the RW 

height. The backside of the box was made of a flexible material (reinforced rubber sheet) in order 

to prevent soil confinement. One side of the box’s wall was made of plexiglass in order to capture 

the movement of the soil-RW model by a high definition camera during the testing event. 

Furthermore, the sand in the box was surrounded by an impermeable membrane to avoid water 

leakage. The restricted testing area was considered during the selection of the model geometry. 
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Various instruments were placed in the soil-RW model to capture the dynamic response of the 

model during the blast event. Four pore water pressure sensors (PWP-1, PWP-2, PWP-3, and 

PWP-4) were used to measure the hydrostatic pressure in the sand. The sensors were connected to 

a high-speed data acquisition system that was employed for the collection of test data. Four 

dielectric water potential sensors (MPS-1, MPS-2, MPS-3, and MPS-4) were used to monitor the 

suction of the backfill and the foundation. Figure 5.4 shows the locations of the sensors. The 

ProAnalyst software (software guide) was used to capture the soil particles' movement and track 

the wall's transient and permanent displacements. Two high definition cameras were used in this 

experimental program. These cameras, equipped with a digital high-speed imaging system, were 

capable of recording thousands of high-resolution frames per second. Yellow beads were added to 

the sand particles facing the plexiglass to track the movement of these particles during the test. 

Soil model preparation was conducted at the Blast Research Laboratory of the University of 

Ottawa.  

 

Figure 5.2: Reinforced concrete retaining wall 
 (a) the picture shows the heel was already cast. The reinforcement of the stem was not yet completed.  

(b) the picture shows the heel was cured, and the stem was ready to be cast.   

(a) (b) 
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Figure 5.3: Details of retaining wall reinforcement 
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Figure 5.4: Locations of pore water pressure sensors and water potential sensors (dimensions in 

mm) 
PWP: pore water pressure sensor; MPS: water potential sensor  
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5.3.2 Test Procedure 

The test was devoted to studying the influence of various relative densities, degrees of saturation 

of backfill and live load surcharge on the dynamic response of soil-RW model when subjected to 

different blast load intensities. For every test conducted in this study, the system (RW and soil) 

was subjected to a single blast shot. 

 

5.3.2.1 Relative density of the sand backfill and foundation  

Three sand samples with various relative densities (loose, medium, and dense) were prepared and 

then subjected to pressure simulating a blast-induced shock wave. Relative densities of 30 %, 45 

%, and 65 % were used for loose soil, medium soil, and dense soil, respectively (Das, 2016). Table 

5.3 shows the state of granular soils at different ranges of relative density.  

The space between the bottom of the wooden box and the bottom of the RW footing was filled 

with 200 mm thick successive layers of sand. Each sand layer was densified using a mechanical 

vibration technique (modified electrical drill) to reach a relative density of 80 %. The backfill was 

also formed by pouring sand in equal successive 200 mm thick layers. Each sand layer was 

manually compacted to the desired relative density. Figure 5.6 shows the steps for the box 

preparation and soil compaction.  

Once the compaction of each layer was completed, three samples were taken and tested to ensure 

that the required relative density was reached.  

A vibrating table compaction test was conducted to determine the optimum moisture content and 

maximum dry density. The test was run in accordance with the ASTM D4253-16. A water content 

of 2 – 3 % was chosen to reach the required relative densities in the foundation and the backfills 

(loose, medium, and dense).  
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Table 5.3: General correlation between relative density and denseness of a cohesionless soil 
(Das, 2016) 

Relative density, Dr (%) Description 

0-15 Very loose 

15-35 Loose 

35-65 Medium 

65-85 Dense 

85-100 Very dense 

5.3.2.2 Degree of saturation 

Three sand backfill samples with different saturation degrees (100 %, 85 %, and 13 %) were tested. 

To achieve the fully saturated condition, the groundwater table was maintained at the surface level. 

The soil is considered partially saturated when the degree of saturation is around 85 %. To satisfy 

this condition, the groundwater table was kept at 250 mm below the top surface of the backfill. 

This means, the layer below the water table was saturated and the layer above the water table was 

partially saturated. When the degree of saturation is 0 %, the soil reaches dry condition. However, 

dry backfill is not applicable or common in the field. Therefore, in this study, moist backfill with 

a degree of saturation of 13 % was used instead of the dry condition. The degree of saturation of 

moist soil was calculated by dividing the volume of water by the volume of the void. The volume 

of the void can be determined by knowing the moist and dry densities of the sand, while the volume 

of water can be calculated from the water content and specific gravity of the sand.  

The backfill was compacted to meet in-situ dry density (Federal Highway Administration, FHWA, 

specifications, 2008 and Morris and Delphia, 1999). The dry density of the backfill was 16 kN/m3, 

which was within the acceptable range recommended by the above-mentioned specifications.  
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The degree of saturation of the foundation was 100 % when the degree of saturation of the backfill 

was 100 % and 85 %. On the other hand, the degree of saturation of the foundation was 13 % when 

the degree of saturation of the backfill was 13 %.   

 

5.3.2.3 Blast loads intensity 

Three driver pressures were adopted in this study. A driver pressure of 137 kPa resulted in a 

maximum reflected pressure (Pr) of 26 kPa. The second driver pressure was equal to 241 kPa, 

which resulted in a maximum Pr of 47 kPa. Lastly, a driver pressure of 379 kPa was used to 

generate a maximum Pr of 71 kPa. The reflected pressures were selected to cause a different level 

of damage on the RW-soil system, ranging from elastic to full plastic failure. Furthermore, a 

scaling chart (Cormie, Mays, and Smith, 2009) was utilized to match the reflected pressures used 

in this paper to a specific field blast parameter. For example, detonation of a 227 kg TNT 

hemispherical charge at a distance of 36 m produced a reflected pressure of 71 kPa. 

 

5.3.2.4 Live load surcharge 

Lateral earth pressure, lateral hydrostatic pressure, and vertical traffic loads that generate 

supplemental lateral load on the RW are the three major loads acting on a RW. Highway traffic 

load equivalent surcharge can be neglected if the traffic load location is far enough from the wall 

(Chen and Duan, 2014). As per AASHTO design codes (AASHTO 2002, and 2012), live load 

surcharge can be equivalent to a soil height of 600 mm placed on the top level of the wall. 

To address the influence of the live load surcharge on the behaviour of RW backfill in this study, 

60 mm (the wall is modeled at the 1/10th scale, Table 5.2) of soil was added to the top level of the 

backfill. This added layer was compacted to achieve the in-situ required density.   
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Figure 5.5: Steps of box preparation and soil compaction 
The box was built in stages, step 1 represents the first stage of the box. The height of this portion of the 

box was 400 mm. The sand for the foundation layer has been compacted using mechanical vibration 

technique (modified electrical drill). Step 2 presents the front view of the specimen where the wall is 

located. In this step the compaction of the foundation is completed and the wall is placed in the box. Step 

3 shows the side view of the box where the plexiglass is located. The box was moved in front of the shock 

tube and the backfilling process then performed. 

 

 

 

1 

2 

3 
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5.3.3 Test Setup 

 

5.3.3.1 Soil-retaining wall model 

All tests in this study were conducted using the shock tube at the Blast Research Laboratory of the 

University of Ottawa. The test specimen (soil-RW model) was placed at the centre of the shock 

tube’s mouth. The rest of the shock tube’s mouth was covered with a very stiff steel plate. The test 

specimen consisted of a reinforced concrete retaining wall and a box filled with sand. The top of 

the box was left open to allow soil filling and compaction. The RCRW was placed on the side of 

the box that faced the shock tube, as shown in Figure 5.5. The test specimen was attached to the 

shock tube by straps to prevent the specimen from moving away from the shock tube during the 

blast test. The blast pressure formed by the shock tube was transferred directly to the test specimen, 

and it was uniformly distributed over the area of the RCRW. The shock tube was controlled by a 

firing system to start the test. Figures 5.6 and 5.7 show the test setup adopted in this study.  

In-situ, soils usually experience a stress history that can change the soil structure. Many factors, 

such as climatic environment changes or man-made construction, can lead to a changing stress 

state or stress history in soils. A total stress ratio (TSR) is used as a measure of the stress history 

of compacted soil (Nishimura et al., 1999). TSR is the ratio of the compaction pressure to the 

current confining pressure. 

In order to limit the effect of stress history, backfill material was removed from the box after each 

test. The sand was then mixed and used to refill the box. The backfill material was compacted to 

meet the required compaction level for each test.  

The soil under the wall's footing level (heel) was not disturbed by the blast shocks applied; thus, 

with the exception of the loose backfill condition test, the soil was not compacted after each test. 

Once the loose backfill condition test was carried out, the RC wall was removed, and portions of 
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the box were disassembled. The soil below the heel was dug out, mixed on a tarp, then put back 

and compacted again to reach the required relative density. Prior to the excavation of the 

foundation layers, the sand was tested to determine if there was any change in the soil's relative 

density below the RW. The results showed that the TSR was 1.02, which was within the acceptable 

range, indicating that the changes were insignificant.  

 

5.3.3.2 Blast loading protocol 

Prior to testing, the specimen was attached firmly to the shock tube, using three straps (Figure 5.7). 

The two high-speed video cameras were set up and connected to the data acquisition system, and 

a laptop was used for video monitoring. A trigger signal was induced to confirm that the data 

acquisition device and cameras were recording at the same time. The driver and spool sections of 

the shock tube were then filled up to the required level of pressurized air. The test started by 

draining pressure from the spool section, which led to an imbalance in pressures on both sides of 

the aluminum diaphragm. As a result, the aluminum diaphragm was ruptured, and the pressurized 

air was passed at a very high speed towards the expansion shock tube nozzle.  

 

5.3.3.3 Data acquisition 

The data acquisition system used in this research was two digital oscilloscopes readings at 100,000 

Hz (samples per second). Four channels recorded pore water pressure readings and two channels 

were used to record reflected pressure. Pressure sensors were adopted to measure the reflected 

pressure located at the side and bottom of the shock tube’s mouth. 
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5.3.3.4 Shock tube 

The shock tube consists of four main sections (Figure 5.8). The driver and the spool are the first 

and second sections, respectively. These are the sections in which the shock energy is built-up, 

and the firing action occurs. The length of the driver section ranges between 305 mm and 5185 

mm in 305 mm increments. Based on the required peak reflected pressure and total impulse, a 

driver length is selected. The driver length has a minor influence on the reflected pressure but has 

an effect on the impulse (Lloyd, 2010). Since the impulse should be given equal consideration as 

the reflected pressure (Mays and Smith, 1995), in this experiment, the length of the driver section 

was kept at 2743 mm. The blast wave formed in the driver section propagates and expands through 

the expansion section, which starts from 597 mm in diameter and ends with the square test area of 

2033 mm by 2033 mm. The test specimen was attached to the opening of the steel plate located at 

the front of the shock tube. The length of the expansion section is 7 m. The shock tube is operated 

manually by incrementally increasing the driver pressure and the spool pressure to the required 

level and then trigger firing by draining pressure from the spool section to cause the aluminum foil 

diaphragms to rupture.   
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Figure 5.6: Test setup and preparation; dimensions in m (schematic)  

 

 

Figure 5.7: Test setup (a) covering the shock tube’s mouth with a stiff plate; (b) placing the test 

specimen at the centre of the shock tube; (c) fastening the test specimen to the shock tube using 

straps 

(a) 

(b) 

(c) 
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Figure 5.8: Shock tube sections; schematic (Kadhom, 2016) 

 

5.4. Results and Discussion 

 

5.4.1 Pore Water Pressure Changes 

Table 5.4 and Figure 5.5 give the locations of the pore water pressure sensors used to measure the 

pore water pressures (PWPs) in the backfill and the foundation. It was noticed during the tests that 

PWP-2 was defective; therefore, no results were obtained from this sensor. Initial and excess pore 

water pressure-time histories are represented in Figure 5.9. The figure shows pore water pressure 

fluctuation for the backfill and the foundation with different relative densities, degrees of 

saturation, live load surcharge, and various blast load intensities.    

 

Table 5.4: Locations of pore water pressure sensors  

Pore water pressure sensor Depth from the top of the wall Horizontal distance behind the wall 

PWP-1 200 mm 100 mm 

PWP-2 400 mm 600 mm 

PWP-3 400 mm 100 mm 

PWP-4 750 mm 200 mm 
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5.4.1.1 Relative density 

The increase in the pore water pressures (∆u) for loose backfill is presented in Figure 5.9a. There 

was no result obtained from PWP-1 for this test since the sensor did not provide any useful data. 

Regarding PWP-3, it can be seen that the maximum response was within the positive phase 

duration. A small increase occurred in the pore pressure above the initial value and then dropped 

below the initial value at the end of the positive phase duration. Loose soil tends to decrease in 

volume when subjected to loading (Rauch, 1997). Applying blast load on the RW caused the sand 

grains behind the RW to compact and rearrange, which reduced the space in the voids. Since the 

voids contained some water, a reduction in the pore size forced the water out. As a result, a small 

increase in pore water pressure was developed. After the blast pressure decayed, the sand backfill 

reached the unloading condition, where no more shear stress was applied. This might have released 

the pore pressure which explains the reduction in pore pressure observed. As mentioned earlier, 

the degree of saturation for the backfill of this test was 13%. As the sand was in the unsaturated 

condition, it was unexpected to have a sharp change in the pore pressure or generation of excess 

pore pressures. 

A slight increase in the pore pressure was noticed in PWP-4 as well, and it was within the positive 

phase duration. On the other hand, a reduction in the pore pressure below the initial value was 

shown in PWP-4 at a time greater than the positive phase duration. It seems that the impact of the 

blast loading generated a fluctuation in the pore pressure below the foundation (PWP-4). First, the 

blast pressure might have resulted in compacting the dense foundation layer, which resulted in 

increasing the pore pressure (Das, 2011). However, after a certain period, dilation in the sand of 

the foundation layer could occur, which caused a slight drop in the pore pressure. As mentioned 
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in section 5.3.3.1, the foundation layer was readjusted after this test due to the translation 

movement in the wall. Table 5.5 displays the values for the maximum ∆u.  

Figure 5.9b depicts the pore pressure-time history for medium dense backfill. A drop in the pore 

pressure below the initial value in PWP-3 for medium backfill was observed. A slight increase in 

the pore pressure in PWP-1 was noticed at a time greater than the positive phase duration. There 

was no development in the excess pore pressure in PWP-3. The maximum response for PWP-4 

was within the positive phase duration (Table 5.5). It can be seen from the results of all PWP 

sensors that pore water pressure kept fluctuating and then dissipated at a time close to 100 ms. 

When the blast load hit the RW, the sand particles behind the RW had a tendency to move and 

rearrange to absorb a portion of the blast energy, which could be the reason for the fluctuation. 

During this process, the sand backfill deformed vertically and laterally, as shown in Figures 5.11 

and 5.12, respectively. These deformations led to a change in the space in the voids, and thus, 

based on the size of the pores, the pore pressure conditions changed.  

 

Figure 5.9c presents the maximum responses for dense backfill. The excess pore water pressure 

for PWP-1 and PWP-3 was noticed at a time greater than the positive phase duration. A drop in 

pore water pressure was observed during the positive phase duration for PWP-1 and PWP-3. From 

the settlement results for dense backfill (Figure 5.11c), it was noticed that the sand grains moved 

up (increase in volume) during the positive phase duration and then settled back to below or at the 

original locations. This can be the reason for the decrease in the pore pressures during the positive 

phase duration and then the increase in the pore pressure at time greater than the positive phase 

duration. For PWP-4, the maximum response occurred at the end of the positive phase duration. 

The fluctuation in pore pressure at PWP-4 showed a similar trend to the PWP-4 for medium 

backfill. This could be explained by the fact that the foundation layer for both conditions had the 
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same relative density. Furthermore, almost equal blast load intensities were applied on them. The 

relative density of the backfills was the only variable.  

 

It was noticed that the increases in pore water pressures were dissipated after 100 ms and returned 

to the initial stage (Figures 5.9a, 5.9b, and 5.9c). This can be explained by the fact that when the 

blast load effects diminished, the pore pressure returned to its unloading stage. This means that the 

blast load had a temporary influence on the development of excess pore water pressure for this test 

and the backfill response remained in the elastic range.    

 

5.4.1.2 Blast loads intensity 

In this part of the study, the specimen was subjected to various blast load intensities (26 kPa, 47 

kPa, and 71 kPa). There were no results obtained from the sensors when dense backfill was 

subjected to a reflected pressure of 26 kPa. The maximum excess pore water pressure for dense 

backfill when subjected to a reflected pressure of 47 kPa is addressed in section 5.4.1.1. 

 

The influence of a reflected pressure of 71 kPa on the pore water pressure in dense backfill is 

shown in Figure 5.9d. The maximum responses in all sensors were at a time greater than the 

positive phase duration (Table 5.5). A drop in pore water pressure was noticed in PWP-3 within 

the positive phase duration and then raised above the initial values at a time greater than the 

positive phase duration. The reason for the decrease in pore pressure is explained earlier in section 

5.4.1.1, when analysing dense backfill under a reflected pressure of 47 kPa. There was a marginal 

increase in the pore pressure below the heel (PWP-4). It can be seen from Figures 5.9c and 5.9d 

that the fluctuation in the PWP-4 had a similar trend for dense backfill under reflected pressures 

of 47 kPa and 71 kPa.  
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5.4.1.3 Degree of saturation 

Figure 5.9e represents the pore pressure time histories for partially saturated backfill. The water 

level in the specimen was at 250 mm below the backfill surface. The maximum ∆u for PWP-1 and 

PWP- 3 were reached at a time greater than the positive phase duration. A drop in the pore pressure 

in PWP-3 was observed during the positive phase duration. There was no excess pore pressure in 

PWP-4. A slight drop in the pore pressure at PWP-4 was noticed beyond the positive phase 

duration. It is important to mention that both PWP-3 and PWP-4 were located below the 

groundwater level, and thus, the sand at these locations was considered saturated.     

 

For saturated backfill, the maximum responses for PWP-1 and PWP-3 were at a time greater than 

the positive phase duration. The pore pressures at PWP-1 and PWP-3 showed fluctuation with 

time. On the other hand, a small drop in the pore pressure was noticed at PWP-4 during the positive 

phase duration and then increased to reach the maximum ∆u at the end of the period (Figure 5.9f). 

When dense saturated sand is subjected to a dynamic load, the tendency of dilation results in a 

decrease of pore pressure to the point that it can become negative (Rauch, 1997). This can explain 

the drop in pore water pressure immediately after the application of blast loading (Figures 5.9e 

and 5.9f). 

 

It can be seen that for all tests, the excess pore water pressures below the foundation were very 

low. This means that the effect of blast loads was very limited on the dense backfill below the heel, 

and the stress state of the foundation layer was not altered.   
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Table 5.5: The maximum excess pore water pressure 

Condition of 

backfill 

Pore water pressure 

sensor 
∆u (kPa) Time (ms) 

Loose backfill, 

max Pr = 49 kPa at 

18.2 ms 

PWP-1 - - 

PWP-3 0.9 29.4 

PWP-4 0.9 30.6 

Medium backfill, 

max Pr = 50 kPa at 

18.6 ms 

PWP-1 0.6 104 

PWP-3 - - 

PWP-4 1.0 35 

Dense backfill, max 

Pr = 47 kPa at 18.6 

ms 

PWP-1 0.9 104.2 

PWP-3 0.7 107 

PWP-4 1.0 39.2 

Dense backfill, max 

Pr = 71.7 kPa at 

18.6 ms 

PWP-1 0.7 110.6 

PWP-3 0.8 110.6 

PWP-4 0.9 43.2 

Partially saturated 

backfill, max Pr = 

52.65 kPa at 18 ms 

PWP-1 1.4 106.8 

PWP-3 1.4 106.2 

PWP-4 - - 

Saturated backfill, 

max Pr = 50.47 kPa 

at 18.6 ms 

PWP-1 0.8 105.8 

PWP-3 1.1 108.6 

PWP-4 1.0 43 
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(a) 

 

 

(b) 
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(c) 

 

 

(d) 
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(e) 

 

 

(f) 

Figure 5.9: Initial and excess pore water pressure time histories for; (a) loose, (b) medium, and 

(c) dense backfill, (d) reflected pressure of 71 kPa, (e) partially saturated backfill, (f) saturated 

backfill   
PWP: pore water pressure, Pr: reflected pressure 
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5.4.2 Suction Variations 

Table 5.6 and Figure 5.5 give the locations of the sensors used to monitor the suction. The sensors 

recorded one reading every minute. Since the blast responses were in milliseconds, the data from 

these sensors were used for qualitative evaluation. The sensors started recording 30 minutes prior 

to testing and continued to record around 10 minutes after testing. 

Figure 5.10 presents the suction time histories of backfill and foundation. The figure shows the 

changes in suction due to different relative densities and degrees of saturation when subjected to 

various blast load intensities. It was noticed that no readings were recorded at MPS-1 and MPS-3 

during the blast tests. The suction for the sensor close to the surface (MPS-2) ranged between -10 

kPa and -12 kPa for all conditions (Figure 5.10a). On the other hand, the suction for the sensor 

below the foundation (MPS-4)  ranged between -11 kPa and -18 kPa (Figure 5.10b).  

The results showed that there was no noticeable development in suction during the application of 

blast loads. The reason might be that the data logger was not designed to capture the data from 

impulsive loads, or that the intensities of blast load were not strong enough to affect the soil's 

suction. More tests will be needed in this area. 

 

Table 5.6: Locations of water potential sensors  

Water potential sensor Depth from the top of the wall Horizontal distance behind the wall 

MPS-1 150 mm 100 mm 

MPS-2 150 mm 600 mm 

MPS-3 440 mm 100 mm 

MPS-4 750 mm 200 mm 
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(a) 

 

 

(b) 

Figure 5.10: Suction time histories for backfill and foundation; (a) data from MPS-1 and MPS-2, 

(b) data from MPS-3 and MPS-4.  
M: medium, D: dense, 26 kPa; a reflected pressure of 26 kPa, 71 kPa: a reflected pressure of 71 kPa, 

Psat: partially saturated backfill, Sat: saturated backfill, Sur: live load surcharge 
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5.4.3 Settlements  

Vertical displacement time histories for backfill sands are presented in Figure 5.11. The vertical 

displacements were measured along the height of the backfill. Randomly selected points were 

chosen at each layer to measure the backfill settlements. The thickness of each layer was around 

200 mm.  

 

It can be seen that the largest settlements occurred in loose and medium backfill sands (Figures 

5.11a and 5.11b). Since loose and medium backfills had more space between the particles than 

dense sand, applying the blast pressure led to compacting the sand grains and reducing the sand's 

volume. On the other hand, for all tests, the vertical displacements in the backfill (in this paper, 

backfill represents the sand above the heel) were larger than the vertical displacements in the sand 

behind the footing. As the blast waves propagated through the sand, they generated shear stress 

and strains/deformations. However, wave energy and amplitude decreased with distance as the 

energy dissipated in the sand (Smith and Hetherington, 2011). Consequently, the vertical 

displacements decreased with distances further from the RW.  

 

In all conditions, there were no settlements in the RW. The figures showed that the RW jumped 

up a few millimetres and then returned to its initial position. This is because the foundation layer 

was very dense, and the impact from the blast loads had no effect on it.  

 

It was noticed that immediately after the blast, the retained soil dilated along the positive phase 

duration and then, beyond the positive phase duration, different levels of settlements happened for 

each condition. The soil dilation was very limited in loose sand. It is well documented that all soils, 

except the loose ones, tend to dilate when substantial shear strains/deformations begin to develop 

(Das, 2011, WU et al., 2004, Rauch, 1997).  
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In general, very limited settlements were noticed in dense sand with different blast load intensities 

and various degrees of saturation.    

 

 

(a) 

 

 

(b) 

Backfill sand 

Backfill sand 

Sand behind the footing 

Sand behind the footing 
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(c) 

 

 

(d) 

Backfill sand 

Sand behind the footing 

Backfill sand 

Sand behind the footing 
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(e) 

 

 

(f) 

Backfill sand 

Backfill sand 

Sand behind the footing 

Sand behind the footing 
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(g) 

 

 

(h) 

Figure 5.11: Vertical displacement time histories for the backfill sand; (a) loose, (b) medium, (c) 

dense, (d) reflected pressure 71 kPa, (e) reflected pressure 26 kPa, (f) partially saturated backfill, 

(g) saturated backfill, (h) live load surcharge 

Backfill sand 

Backfill sand 

Sand behind the footing 

Sand behind the footing 
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Table 5.7: Locations and symbol definitions of tracked soil particles 

Symbol 
Depth from the top of the 

wall 

Horizontal distance behind the 

wall 

TRW: top of retaining wall 0 mm 0 mm 

SFL1: soil first layer 1 40 mm 70 mm 

SFL2: soil first layer 2 40  mm 170 mm 

SSL1: soil second layer 1 100 mm 70 mm 

SSL2: soil second layer 2 100 mm 170 mm 

STL1: soil third layer 1 150 mm  70 mm 

SFRL1: soil fourth layer 1 200 mm 70 mm 

SFIL1: soil fifth layer 1 300 mm 70 mm 

SSXL1: soil sixth layer 1 400 mm 70 mm 

SSXL2: soil sixth layer 2 400 mm 170 mm 

SFLSP1: soil first layer 1 40 mm 370 mm 

SSLSP1: soil second layer 1 100 mm 370 mm 

STLSP1: soil third layer 1 150 mm 370 mm 

SFRLSP1: soil fourth layer 1 200 mm 370 mm 

SFLTP1: soil first layer 1 40 mm 775 mm 

SSLTP1: soil second layer 1 100 mm 775 mm 

STLTP1: soil third layer 1 150 mm 775 mm 

 

 

5.4.4 Lateral Displacement of Retained Soil 

Figure 5.12 depicts lateral displacement time histories for the backfill sand for various relative 

densities, degree of saturation and different load intensities. Randomly selected points were chosen 

from each layer of the retained soil in order to compare the lateral displacements between the 

backfill and the sand behind the footing.  

It can be seen that loose and medium sand yielded the highest lateral displacements. On the other 

hand, the backfill sand exhibited slightly higher deformations than the sand behind the footing for 

all conditions. Furthermore, it was noticed that the displacements for the retained sand decreased 
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with depth. As explained earlier in the settlement section (5.4.3), blast load intensity decreases 

with the distance, which led to the small reduction in soil particle deformation in the sand behind 

the footing compared to the backfill. However, blast-induced dynamic lateral earth pressure can 

generate deformations in both the backfill and sand behind the footing, resulting in relatively 

similar effects on both regions. On the other hand, the increase in the overburden pressure with 

depth can contribute to the slight reduction in displacements with depth. 

 

 

(a) 

Backfill sand 

Sand behind the footing 
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(b) 

 

 

(c) 

Backfill sand 

Backfill sand 

Sand behind the footing 

Sand behind the footing 
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(d) 

 

 

(e) 

Backfill sand 

Backfill sand 

Sand behind the footing 

Sand behind the footing 
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(f) 

 

 

(g) 

Backfill sand 

Backfill sand 

Sand behind the footing 

Sand behind the footing 
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(h) 

Figure 5.12: Lateral displacement time histories for the backfill sand; (a) loose, (b) medium, (c) 

dense, (d) reflected pressure 71 kPa, (e) reflected pressure 26 kPa, (f) partially saturated backfill, 

(g) saturated backfill, (h) live load surcharge; same symbol definitions as in Table 5.7. 

 

 

5.4.5 Susceptibility of Saturated Sand to Liquefaction 

A continuing debate in the geotechnical field has been about the accurate and concise definition 

for soil liquefaction. Liquefaction is defined by Sladen (1985) as “a phenomenon wherein a mass 

of soil loses a large percentage of its shear resistance, when subjected to monotonic, cyclic, or 

shock loading, and flows in a manner resembling a liquid until the shear stresses acting on the 

mass are as low as the reduced shear resistance”. It is well-known that the phenomenon of soil 

liquefaction depends on three main factors. These factors are excess pore pressure, shear strength, 

and shear strain/deformation of the soil (Wu et al., 2004 and Rauch, 1997). There are many 

definitions for soil liquefaction in the literature. However, some of these definitions focus only on 

one factor instead of all three (Wu et al., 2004). 

Backfill sand 

Sand behind the footing 
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For pore water pressure-based criteria, soil liquefaction occurs when the excess pore water 

pressure ratio (ru) reaches 1.0. The ratio approaches 1.0 when the increase in the pore water 

pressure (∆u) becomes equal to the vertical effective stress (σv). For strength-based criteria, soil 

liquefies when the effective confining stress becomes zero. This means the soil loses its shear 

strength and behaves like a viscous fluid. This approach is equivalent to pore pressure-based 

criteria. Strain/deformation-based criterion is the third approach to define soil liquefaction. The 

potential for triggering liquefaction is assessed using the threshold strain. Wu (2014) concluded 

that the initialization of the flow shear strain occurred when the maximum single amplitude shear 

strain reached about 3%. Shear strain/deformation is a good approach to be used for seismic 

performance assessment as it provides important information about soils performance level during 

liquefaction (Wu et al., 2004). Studies have confirmed that these three approaches are closely 

interrelated (Rauch, 1997, and Dobry et al., 1982). The last method to identify liquefaction is 

energy-based criteria. This approach was first introduced by Nemat-Nasser and Shakooh (1979). 

They stated that the occurrence of shear displacement during cyclic shearing could affect the 

rearrangement of sand particles and consequently influence the shear energy to trigger 

liquefaction. Shear energy is referred to as the dissipation of energy into the soil of unit volume 

(Sassa et al., 2005) and is denoted in Equation 5.1.    

𝑊 = ∑
1

2

𝑛−1
𝑖=1 (𝜏𝑖 + 𝜏𝑖+1)(𝑙𝑖+1 − 𝑙𝑖)                                                                                                      (5.1) 

W is the shear energy in J/m2; 𝜏 is the shear resistance in kPa; 𝑙 is the shear displacement in m; n 

is the number of points recorded.  

 

Researchers suggested that the difference between liquefaction and cyclic mobility should be 

addressed (Rauch, 1997 and Castro and Poulos, 1977). The failure mechanisms of saturated soil 

that result from the build-up of pore pressure during undrained dynamic loads are usually called 
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liquefaction. The term cyclic mobility, which can also be called limited liquefaction, is used to 

describe shear resistance development after initial liquefaction that prevents large deformations in 

densely saturated sands (Seed, 1979).  

Loose sands, which are also called contractive soils, tend to compact under loading, and when 

there is no drainage, an increase in pore water pressure can be developed. When the loose 

cohesionless soils are subjected to dynamic loads, excess pore pressures are generated. Without 

drainage, the pore pressures accumulate, and the effective stress reduces and moves towards zero. 

For dense sands (dilative soils), an excess pore pressure may be developed at a small strain. 

However, at a larger strain, the soil particles start to rearrange and increase soil volume, which 

leads to a decrease in the pore pressures, and the pressures might reach negative values (Rauch, 

1997).   

 

In this paper, the RW with saturated dense sand was examined to determine if liquefaction was 

triggered by a reflected pressure of 50 kPa. 

The excess pore water pressure ratio (ru) was calculated for partially saturated and saturated 

backfill to determine if the build-up in the pore water pressure during blast loading triggered 

liquefaction. The ru was computed by dividing the excess pore pressure by the effective stress (σv). 

The effective stress was calculated by multiplying the dry density of the sand by the height where 

the pore pressure was measured. For partially saturated and saturated sand, the excess pore water 

pressure ratios were below one. Since the excess pore water pressure ratios were less than one, it 

is assumed that liquefaction was not triggered based on pore water pressure-based criterion. 

However, pore water pressure-based criterion has a main drawback: it cannot assess or reflect the 

dynamic behaviour of liquefiable dense sand (Wu et al., 2004). Dense sand does not usually exhibit 

pore pressure build-up (Rauch, 1997).  
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Figure 5.13 shows the response of the dilative soil (dense sand) to blast loading. A slight 

accumulation of excess pore pressure was first noticed due to the pore pressure generation during 

the application of blast loading. Though the sand grains started to dilate after a certain point, the 

pore pressures fell below the initial values. Dilation of the sand reduced the pore pressure and 

might have helped in increasing the strength of the soil. This is referred to as cyclic mobility, as 

mentioned above. 

   

Figure 5.14 depicts the shear strain time history for saturated sand. The shear strain was calculated 

from the lateral deformation of the saturated backfill (Figure 5.12g) and is shown in Equation 5.2 

(Das, 2011). 

𝛾 =
∆

2ℎ
               (5.2) 

𝛾 is the shear strain (%). 

∆ is the lateral deformation (mm). 

h is the height of the backfill. 

The maximum shear strain for the saturated backfill was below 0.6%. Thus, flow shear strain was 

not initialized, and consequently, soil liquefaction was not triggered in this test based on the 

strain/deformation approach.  

 

For the strength-based criteria, in order for liquefaction to occur, the shear stress at any depth of 

the backfill sand induced by dynamic loads should be equal or greater than the shear strength. The 

shear strength of the sand can be determined using the dynamic triaxial test or the cyclic shear test. 

The shear stress can be calculated using Equation 5.3 (Seed and Idriss, 1971). Since the shear 
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strength tests were beyond the scope of this study, the strength-based approach was not 

implemented to identify liquefaction. 

Figure 5.15 shows the shear stress induced by blast loads in the saturated backfill sand with depth.  

𝜏𝑚𝑎𝑥 = (
𝛾ℎ

𝑔
)𝑎𝑚𝑎𝑥                                                                                                                             (5.3) 

𝜏𝑚𝑎𝑥  is the shear stress in kPa. 

𝛾 is the unit weight of the sand. 

h is the height of the backfill. 

am is the peak acceleration due to blast loading. 

g is the acceleration due to gravity. 

 

It can be concluded that based on the obtained results shown above, liquefaction was not triggered 

when the RW with saturated backfill was subjected to a blast load of 50 kPa. It seems that when a 

RW with dense backfill is subjected to blast loading, it can keep its structural integrity even if the 

backfill becomes saturated. However, more tests, using higher blast pressures, need to be 

conducted to confirm this statement.  
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Figure 5.13: The response of saturated dense sand to blast loading 

 

 

Figure 5.14: Shear strain time history for saturated sand; same symbol definitions as in Table 5.7 
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Figure 5.15: Shear stress with depth for saturated sand 

 

5.4.6 Peak Particle Velocity 

The reading of the peak particle velocity (PPV) is used as the standard for measuring the ground 

vibration intensity (Nicholson, 2005). Figure 5.16 presents the peak particle velocity time histories 

of sand backfill for various relative densities, degrees of saturation and different load intensities. 

The PPVs were determined using the ProAnalyst software. The measured velocities were taken at 

depths of 200 mm below the ground surface (BGS) and 400 mm BGS, assuming that the top of 

the wall represents the ground surface.    

It can be seen that for the same relative density, a higher amplitude of blast load intensity led to 

higher PPV. Furthermore, the variations in sand backfill parameters had a limited impact on the 

PPV. This is because the PPV is a function of the intensity of the stress, as shown in Equations 5.4 

and 5.5 (Das, 2011 and An, 2010).  
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𝑢 = (
𝜎𝑥

𝐸
)(𝑣𝑐𝑡)                                                                                                                                  (5.4) 

𝑃𝑃𝑉 =
𝑢

𝑡
=

𝜎𝑥𝑣𝑐

𝐸
                                                                                                                                (5.5) 

𝑣𝑐 = √
𝐸

𝜌
                                                                                                                                    (6.6) 

u is the displacement in m. 

𝜎𝑥 is the compressive stress pulse in kPa. 

PPV is the peak particle velocity in m/s.  

t is the duration in s.  

𝜌 is the density of the soil in kg/m3. 

𝑣𝑐 is the seismic/longitudinal wave velocity in m/s. 

E is the modulus of elasticity of the soil in kPa. 

 

 

Figure 5.16: Peak particle velocity time histories of sand backfill 
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5.5 Summary and Conclusion 

The reinforced concrete retaining wall with sand backfill was subjected to blast loading. The blast 

load was generated by the shock tube at the Blast Research Laboratory of the University of Ottawa. 

Various instruments were placed in the soil-RW model to evaluate the dynamic response of the 

model during the blast event. The ProAnalyst software was used to capture the soil particles' 

movement and to track the transient and permanent displacements of the wall. 

 

Backfill materials with various relative densities and degrees of saturation were subjected to 

different blast shot intensities (26 kPa, 47 kPa, and 71 kPa) to evaluate the pore pressure 

development in the retained sand. The susceptibility of saturated sand to liquefaction was also 

addressed. Furthermore, settlements, lateral displacements and PPV of the retained soil were 

determined. 

 

The results showed that the maximum pore pressure responses for saturated backfill were at a time 

greater than the positive phase duration, while the maximum pore pressure response for the 

foundation was at the end of the positive phase duration. The excess pore water pressure ratios for 

saturated backfill were determined, and it was noticed that the ratios were less than 1. The 

susceptibility of the RW with saturated dense sand to liquefaction was examined. It was 

ascertained that liquefaction was not triggered based on pore water pressure-based criteria and 

shear strain-based criteria. 

 

Settlement time histories for RW/backfill showed that there were large deformations in loose and 

medium backfill. On the other hand, for all the tests, a reduction was observed in the vertical 

displacements with distances further from the RW. Very limited settlements were noticed in dense 
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sand with different blast load intensities and various degrees of saturation. Additionally, there were 

no settlements in the RW for all conditions.  

 

The lateral displacements between the backfill and the sand behind the footing were compared by 

choosing random points. It was observed that loose and medium sand yielded the highest lateral 

displacements. For all conditions, the backfill sand exhibited slightly lower deformations with 

distances further from the RW. Furthermore, it was noticed that the displacements for the retained 

sand decreased with depth. 

 

The PPVs were determined using the ProAnalyst software. The measured velocities were taken at 

depths of 200 mm and 400 mm. The sand backfill peak particle velocity time histories showed that 

an increase in the blast load intensity caused higher PPV. 

 

The findings of this research will provide beneficial insight into the improvement of blast design 

of retaining structures.   
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 Synthesis and Integration of the Results 

 

6.1 Introduction 

The blast response of the retaining wall with sand backfill is strongly influenced by the variations 

in the applied blast load intensities, relative densities and degrees of saturation of the backfill. 

The probability of RW failures rises with an increase of the lateral earth pressure and/or excessive 

displacement of the RW. Therefore, the dynamic lateral earth pressure behind the RW was 

evaluated in Chapter 3, and the modes of RW movement were addressed in Chapter 4.  

When saturated soil is subjected to rapid dynamic loads that prevent outflow of water, undrained 

conditions occur. As a result, a buildup of excess pore water pressure may happen, which might 

trigger liquefaction. Thus, the effect of pore pressure in the backfill and the foundation of the RW 

was discussed in Chapter 5.  

Ten tests were conducted on the soil-RW model using the shock tube at the Blast Research 

Laboratory of the University of Ottawa. An L shape reinforced concrete retaining wall model with 

sand backfill material was placed inside a box. The overall height of the box was 1565 mm. The 

retained backfill extended behind the wall for 1300 mm, which was double the stem's height. The 

dimensions of the stem and heel of the retaining wall were 650 mm (height) x 500 mm (width) x 

60 mm (thickness) and 400 mm (width) x 500 mm (length) x 60 mm (thickness), respectively. The 

influence of various relative densities, blast load intensities, degrees of saturation of the backfill, 

and live load surcharge on soil-RW's dynamic response was addressed. The soil-RW model was 

placed at the centre of the shock tube’s mouth. The rest of the shock tube mouth was covered with 

a very stiff steel plate. The test specimen was attached to the shock tube by straps to prevent the 

specimen from moving away from the shock tube during the blast test. The backfill material was 
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removed from the box after each test. Then the sand was mixed and reused to refill the box. The 

backfill material was compacted to meet the required compaction level for each test.  

 

6.2 Blast Induced Lateral Earth Pressures 

In chapter 3, the dynamic earth pressure was determined for sand backfill with various relative 

densities, degrees of saturation, and live load surcharge when subjected to different blast load 

intensities. Soil pressure gauges were used to measure the dynamic earth pressures. The readings 

from these gauges represent the total lateral earth pressure (static and dynamic) induced by blast 

loading. 

It was noticed that the lateral earth pressures for dense backfill were slightly below the lateral earth 

pressures for loose and medium backfill. Furthermore, the lateral earth pressures increased with 

the increase in blast load intensities. This can be explained by the proportional relationship 

between the blast pressure wave and the acoustic impedance (Equation 3.2). Increasing the blast 

load intensity led to the generation of higher compressive wave velocity and consequently higher 

pressure in the backfill. However, increasing the backfill density caused a reduction of 

compressive wave velocity and thus dropped the pressure in the backfill.  

It was observed that the dynamic earth pressure increased with depth, and it formed a triangular 

like shape. Similar results were obtained by some researchers (Kloukinas et al., 2015, Mikola et 

al. 2013 and Al-Atik, 2008) when centrifuge and shaking table tests were carried out. They 

concluded that the dynamic earth pressure has a triangular shape and that the point of the dynamic 

thrust is 0.33 H above the wall base.  

The development of internal resistance for the retaining wall to resist blast loads was investigated 

using experimentally obtained force-deformation relationships in the form of resistance functions. 
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It was observed from the results that the maximum resistance of the section was below the ultimate 

resistance of the wall. The moment capacity of the RW was determined in section 3.4.4.  

 

6.3 Effect of Blast Loads on the Modes of Wall Movement 

Chapter 4 addressed the lateral displacement time histories of the wall and the sand backfill with 

various relative densities, degrees of saturation, and live load surcharge when subjected to different 

blast load intensities. The ProAnalyst software was used to capture the soil particles' movement 

and track the transient and permanent displacements of the wall. 

The results showed that failure mode was evident in the retaining wall with loose sand backfill. 

This can be explained by the fact that under the same load condition, loose sand exhibited the 

largest lateral deformations in the wall and the backfill in comparison with medium and dense 

states. The RW with loose sand backfill slid about 25 mm toward the backfill, and a translation 

response mode was obvious in this condition. The support provided by loose sand backfill is 

limited as loose sand contains higher void ratio than medium and dense conditions. When 

compressive load is applied on the loose sand, it tended to decrease in volume and rearrange the 

soil particles. As a result, soils with higher void ratio are more susceptible to larger deformations.  

On the other hand, it was observed that under the same relative density of the backfill, increasing 

the blast load intensity resulted in more significant deformations at the wall and the backfill. 

Applying high intensity blast load led to the generation of higher compressive wave velocity and 

thus higher shear stress in the sand.   

Based on the finding of this chapter, it was concluded that violation of the equilibrium of the RW 

could occur in two situations: (i) when the backfill in loose or medium condition, with relative 

density less than 50%, was used; and (ii) when blast load with high intensity was applied.  
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In addition, the nonlinear force-displacement capacity of the bridge abutment was developed from 

the mobilized passive pressure of the RW backfill. The results showed a possible formation of 

passive wedge failure in loose and medium backfill conditions, which explains the large 

deformations in these conditions. The passive capacities of the backfill were not reached in dense 

backfill, regardless of the blast load intensities that were used in this study.  

It is important to mention that when the permanent displacements and failure modes of a RW under 

dynamic loads are identified, using performance-based design concepts, engineers would be able 

to analyze and design retaining walls based on performance level and desirable failure patterns. 

Furthermore, soil stiffness and maximum displacement that occurred when the ultimate force was 

applied on the RW was provided by the force-displacement relationship. This relationship provides 

key information with regards to abutment/RW soil capacity when a bridge is designed for dynamic 

loads.  

 

6.4 Effect of Blast Loads on Pore Pressures Development  

In chapter 5, the development of excess pore pressure in the sand backfill behind the retaining wall 

induced by blast loading was investigated. Pore water pressure sensors were used to measure the 

pore water pressures in the backfill and the foundation.  

The pore pressures were determined for all conditions, and the RW with the saturated dense sand 

condition was examined to determine if liquefaction was triggered by blast loading. The definition 

of liquefaction can be related to the following factors: (i) excess pore pressure, (ii) shear strength 

of the soil, (iii) shear strain/deformation of the soil.  

The excess pore pressure ratio was calculated for saturated sand to investigate whether there was 

a pore pressure build-up. The results showed that the ratio was less than 1, and therefore, 

liquefaction was not triggered based on pore water pressure-based criteria.  
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The shear strain was calculated from the lateral deformation of the saturated backfill and the 

maximum shear strain was below 0.6%. The flow shear strain's initialization occurred when the 

maximum single amplitude shear strain reached about 3% (Wu et al., 2004). Therefore, flow shear 

strain was not initialized, and consequently, soil liquefaction was not triggered based on the shear 

strain or deformation-based criteria.  

For strength-based criteria, in order for liquefaction to occur, the shear stress at any depth of the 

backfill sand induced by dynamic loads should be equal or greater than the shear strength. The 

shear strength of the sand can be determined using the dynamic triaxial test or cyclic shear test. 

The shear stress was calculated in chapter 5, while the shear strength tests were beyond the scope 

of this study. Thus, the strength-based criteria were not used to define liquefaction.   

Based on the findings of this chapter, it can be concluded that liquefaction was not triggered when 

the RW with saturated backfill was subjected to a blast load of 50 kPa. It seems that when a RW 

with dense backfill is subjected to blast loading, it can keep its structural integrity even if the 

backfill becomes saturated. Liquefaction or cyclic mobility is unlikely to happen in dense saturated 

sand. However, more tests using higher blast pressures need to be done to confirm this statement.  

 

6.5 Stability and Design of RW Resistant to Blast Loads 

The results and observations from the simulated blast load experiments using a shock tube can be 

used to provide design recommendations for blast resistant cantilever retaining walls with sand 

backfill. The effects of static lateral earth pressures, dynamic earth pressure increments and inertial 

forces of the wall should be considered to effectively design RWs. On the other hand, the 

magnitude and distribution of lateral earth pressures on the RW are affected by the wall’s 

movement. The results showed that applying blast load on the RW with loose sand backfill led to 
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an increase in the earth pressures and wall movements in comparison with other backfill 

conditions.   

When abutments/retaining walls are subjected to a blast load that induces lateral pressure, a 

nonlinear dynamic response occurs. The response is dependent on the nonlinear soil-structure 

interaction effects between the abutments and the backfill soils (Shamsabadi et al., 2007). As 

mentioned in section 4.4.3, wall movement is a function of backfill shear strain and mobilized 

shear strength. Therefore, the relative displacement was used to determine if the active state or the 

passive state was developed. In this study, force-displacement relationships were determined for 

different relative densities and various blast load intensities (Figure 4-17) using the mobilized 

passive resistance of the RW backfill. This relationship provides crucial information concerning 

abutment/RW soil capacity when a bridge is designed for dynamic loads. These data can be used 

in the computation of the resistance function of the retaining structure.  

The resistance function is a relationship between force and deflection that defines strength and 

stiffness of a structure. This relation is important to determine the dynamic response of a structure 

or of a member. The resistance function is one of three sets of data that are required for SDOF 

dynamic analysis. The other two sets of data are impulsive forcing function and RW mass. The 

latter sets of data are available for any structural element. The calculation procedure for these three 

parameters was addressed in chapter 3 section 3.4.5.  
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 Summary, Conclusions and Recommendations 

 

7.1 Summary and Conclusions 

The following conclusions can be drawn from the present study: 

1. The dynamic earth pressures were measured at selected locations in the backfill and 

foundation layer using soil pressure gauges. The maximum dynamic earth pressure 

responses were at time greater than the positive phase duration regardless of the backfill 

condition. From total earth pressure distribution along the height of the wall, it was noticed 

that the magnitude of total earth pressure for loose and medium backfill at the mid-height 

of the wall slightly exceeded the dense backfill. In addition, an increase in blast load 

intensities led to an increase in the lateral earth pressures.  

2. Relationships between the dynamic earth pressure coefficient (∆𝐾𝑏𝑑) and accelerations of 

the wall and backfill were developed. The dynamic earth pressure coefficient was 

calculated from the dynamic thrust. 

3. Theoretical values for the moment capacity of the retaining wall and the ultimate resistance 

were calculated. The blast resistance of RCRW under different conditions was studied 

using experimentally obtained force-deformation relationships in the form of resistance 

functions. The blast resistance of the RW reached its maximum value when a high-intensity 

pressure was applied, but it was still below the design capacity of the section. 

4. The modes of RW movement was assessed by measuring the lateral displacement of the 

stem and the backfill. A translation response mode was evident when loose backfill was 

used. Reduction in the lateral displacement of the soil-RW was observed in the dense 

backfill condition however, increasing the blast load intensity led to an increase in the 
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lateral displacement. Moreover, under fully saturated backfill and live load surcharge 

conditions, the wall movement was reduced.  

5. The nonlinear force-displacement capacity of the RW was developed from the mobilized 

passive pressure of the RW backfill. A possible formation of passive wedge failure was 

noticed in medium and loose conditions. The passive capacities of backfill were not 

reached in dense backfill, regardless of the blast load intensities that were used in this study. 

6. Settlement time histories for RW/backfill showed that there were large deformations in 

loose and medium backfill. On the other hand, for all the tests, a reduction was observed 

in the vertical displacements with distances further from the RW. Minimal settlements were 

noticed in dense sand with different blast load intensities and various degrees of saturation. 

Additionally, there were no settlements in the RW for all conditions.  

7. The PPVs were determined using ProAnalyst software. The measured velocities were taken 

at depths of 200 mm and 400 mm. The sand backfill peak particle velocity time histories 

showed that an increase in the blast load intensity caused higher PPV. 

8. Acceleration time histories for RW/backfill showed that there was a time-lag between the 

acceleration responses of the wall and the loose backfill. The RW with loose backfill 

exhibited higher acceleration than the RW with medium and dense backfill under the same 

load intensity. Furthermore, the highest acceleration responses for the wall and backfill 

were developed when the RW with dense backfill was subjected to a reflected pressure of 

71 kPa. 

9. The development of excess pore pressure in the sand backfill behind the retaining wall 

induced by blast loading was investigated. Pressure sensors were used to measure the pore 

water pressures in the backfill and the foundation. The results showed that the maximum 
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pore pressure responses for saturated backfill were at a time greater than the positive phase 

duration, while the maximum pore pressure response for the foundation was at the end of 

the positive phase duration. The excess pore water pressure ratios for saturated backfill 

were determined, and it was noticed that the ratios were less than 1. The susceptibility of 

the RW with saturated dense sand to liquefaction was examined. It was ascertained that 

liquefaction was not triggered based on pore water pressure-based criteria and shear strain-

based criteria. 

 

7.2 Recommendations for Future Work 

The following recommendations are suggested for future research projects: 

1. Taking into consideration the restricted testing area, the RW was modelled at the 1/10th 

scale. Therefore, using a larger scale of 1/2 for example, can provide better representation 

of the in situ condition. The model can be subjected to similar boundary conditions of real 

retaining structures.  

2. Conduct a numerical simulation study using a finite-element method. Full scale retaining 

wall can be modelled and subjected to the same environment and boundary conditions of 

real abutment/retaining walls. The current experimental model can be used to validate the 

numerical model. Then, the numerical model can be used to simulate various conditions 

and scenarios until failure occurs. Below are some situations that can be simulated in order 

to provide a greater understanding of RW behaviour:  

a. Increasing the blast load intensity, as the blast pressure in the shock tube is limited 

to 100 kPa; 

b. Using loose saturated sand backfill; 

c. Using different materials, such as silty sand for the foundation layer; 
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d. Using various geometries and shapes of cantilever RW; 

e. Applying axial load on the top of the RW. 

3. The soil/RW model in this study was subjected to blast pressures of 26 kPa, 47 kPa, and 

71 kPa. It was noticed that the intensities of the shots were below the design capacity of 

the model. Thus, increasing the blast load intensity can provide further understanding of 

the geotechnical response of the RW. 
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 Appendix   
 

1- Design of the retaining wall: 

Assumption of the wall cross section: 

The height of the wall (H) = 6 m; the width of the base = 4 m; the thickness of the wall and the 

base = 0.6 m. 

Soil parameters determined in the laboratory: 

Friction angle (ϕ) = 34° 

Dry unit weight of sand (γd) = 15 kN/m3 

Calculation of active earth pressure: 

𝑃𝑎 =
1

2
𝛾𝐻′2𝐾𝑎 

𝐾𝑎 = 𝑡𝑎𝑛2(45 −
∅

2
) 

𝐻′ = 𝐻1 + 𝐻2 

𝐻′ = 5.9 + 0.6 = 6.5 𝑚 

𝑃𝑎 = 88.72
𝑘𝑁

𝑚
 

𝐾𝑎 = 0.28 

a- Check for overturning: 

 

Section Area (m2) Weight (kN/m) Arm (m) Moment (kN.m) 

1 0.6 x 5.9 = 3.54 3.54 x 23.58 = 

83.47 

0.3 83.47 x 0.3 = 25.04 

2 0.6 x 4 = 2.4 2.4 x 23.58 =56.59 2 56.59 x 2 = 113.18 

3 3.4 x 5.9 = 

20.06 

20.06 x 15 = 300.09 2.3 300.09 x 2.3 = 690.2 

Sum                       440.15                          828.42 

 

Overturning moment (Mo) 

𝑀° = 𝑃ℎ (
𝐻′

3
) = 88.72 (

6.5

3
) = 192.23 𝑘𝑁. 𝑚 

𝐹𝑆 =
∑ 𝑀𝑅

𝑀°
=

828.42

192.23
= 4.31 > 2   𝑂𝐾 
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b- Factor of safety against sliding: 

 

𝐹𝑆𝑠𝑙𝑖𝑑𝑖𝑛𝑔 =
∑ 𝑉𝑡𝑎𝑛(𝑘1𝜑2) + 𝐵𝑘2𝑐2 + 𝑃𝑝

𝑃ℎ
 

 

𝑘1 = 𝑘2 =
2

3
 

Pp = 0 

c2 = 0 

 

𝐹𝑆𝑠𝑙𝑖𝑑𝑖𝑛𝑔 =
440.15 tan (

2
3 ∗ 34)

88.72
= 2.07 > 1.5  𝑂𝐾 

 

c- Factor of safety against bearing capacity: 

 

 

𝑒 =
𝐵

2
−

∑ 𝑀𝑅 − ∑ 𝑀°

∑ 𝑉
 

𝑒 =
4

2
−

828.42 − 180.66

440.15
= 0.528 <  

𝐵

6
=

4

6
= 0.666 

 

𝑞max 𝑡𝑜𝑒 =
∑ 𝑉

𝐵
(1 +

6𝑒

𝐵
) =

440.15

4
(1 +

0.528∗6

4
) = 197.19 𝑘𝑁/𝑚2  

𝑞min ℎ𝑒𝑒𝑙 =
∑ 𝑉

𝐵
(1 −

6𝑒

𝐵
) =

440.15

4
(1 −

0.528 ∗ 6

4
) = 22.89 𝑘𝑁/𝑚2 

 

𝑞𝑢 = 𝐶𝑁𝑐𝐹𝑐𝑑𝐹𝑐𝑖 + 𝑞𝑁𝑞𝐹𝑞𝑑𝐹𝑞𝑖 +
1 

2
𝛾𝐵′𝑁𝛾𝐹𝛾𝑑𝐹𝛾𝑖 

 

c = 0 

q = 0 

 

𝐵′ = 𝐵 − 2𝑒 = 4 − 2(0.528) = 2.944 𝑚 
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𝐹𝛾𝑑 = 1 

𝐹𝛾𝑖 = (1 −
𝜗

𝜑
)2 

𝜗 = tan−1(
𝑃ℎ

∑ 𝑉
) = tan−1(

88.72

440.15
) = 11.4° 

𝐹𝛾𝑖 = (1 −
11.4

34
)2 = 0.44 

𝑞𝑢 =
1

2
(15)(2.944)(66.19)(1)(0.44) = 643.05

𝑘𝑁

𝑚2
 

𝐹𝑆 =
𝑞𝑢

𝑞𝑚𝑎𝑥
=

643.05

197.19
= 3.26 > 3  𝑂𝐾 

 

2- Scale relation of the physical modeling 

In order to extrapolate the results obtained from small-scale experiments to real structure 

behaviour, scaling relations should be developed. For instance, this relationship can be established 

considering the lateral earth pressure induced by blast loading on a model RW of 0.65 m height in 

relationship to a real RW of 6.5 m height. This relation combines the effects of geometric and 

stress scales. The geometric scale ratio (n) between the model and the prototype (or real structure) 

is expressed in Equation 1, while the stress scale ratio (N) between the model and the prototype is 

defined in Equation 2. Using these ratios can lead to extrapolation of all parameters (Table 1). 

𝑛 =
𝐿𝑚

𝐿𝑝
                       

𝑁 =
𝜎𝑚

𝜎𝑝
                         

𝐿𝑚 is the length dimension in the model. 

𝐿𝑝 is the length dimension in the prototype. 

𝜎𝑚 is the stress in the model. 

𝜎𝑝 is the stress in the prototype. 
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Below is an example that shows the calculation of the lateral earth pressure scale ratio: 

𝑃𝑚

𝑃𝑝
=

0.5𝛾𝑚𝐻𝑚
′2𝐾𝑎𝑚

0.5𝛾𝑝𝐻𝑝
′2𝐾𝑎𝑝

=
𝑛2

1
= 𝑛2 

As: 𝛾𝑚 = 𝛾𝑝;  𝐾𝑎𝑚 = 𝐾𝑎𝑝 

𝑃𝑚 is the lateral earth pressure in the model. 

𝑃𝑝 is the lateral earth pressure in the prototype. 

𝛾𝑚 is the soil density in the model. 

𝛾𝑝 is the soil density in the prototype. 

𝐾𝑎𝑚 is the earth pressure coefficient in the model.  

𝐾𝑎𝑝 is the earth pressure coefficient in the prototype. 

𝐻𝑚 is the height of the RW in the model. 

𝐻𝑝 is the height of the RW in the prototype. 

 

 Scaling relations of the physical modeling approach (Altaee and Fellenius, 1994) 

Parameters Full scale (real structure) Model 

Linear dimension 1 n 

Area 1 n2 

Volume 1 n3 

Acceleration 1 1 

Stress 1 N 

Strain 1 1 

Displacement 1 n 

Force 1 Nn2 

 


