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Abstract 
 

The dynamic behavior of a wrap-around wall has been carried out experimentally through 

a physical model test using Shake Table. The main objective of this research is to develop 

a pluviator device for the preparation of sand beds for shake table experiments. This 

research is divided into two parts. First one is the development of the pluviator and second 

part is its application in conducting Shake table testing. A portable travelling pluviator 

device has been developed by following the air pluviation techniques. The performance 

of the pluviator has been tested using six different gradation of two types of sand samples. 

Relative density of sand increases with the increment of height of fall of a pluviator. 

Deposition intensity time of sand decreases with the increase of height of fall of the 

pluviator. An inverse relationship between relative density and deposition intensity time 

has been found.  

 

Portable travelling pluviator is used to prepare different relative density sand bed for 

seismic experiments on a 2m X 2m computer-controlled servo-hydraulic single degree of 

freedom shaking table facility in Bangladesh University of Engineering and Technology 

(BUET). Sinusoidal waves of different frequencies and three different earthquakes 

(Kobe, Loma and Kocaeli) are chosen in this thesis in order to apply on different densities 

wrap-faced wall to observe their seismic characteristics from the recorded data of 

accelerometers, LVDTs and strain gauges. A 408 mm (16 inch) height wrap-faced 

retaining wall model has been constructed in a Plexiglas container of 1.79m X 0.46m X 

0.57m by considering the prototype to model scale factor, N=10 where, the applicable 

height of prototype wall is 4 m (13.39 ft). 48%, 64% and 80% relative densities of Sylhet 

sand and 26%, 45% and 57% relative densities of Local sand (Collected from Savar) have 

been used in this research. Tests are performed by applying three different surcharge 

pressures (0.7KPa, 1.12KPa and 1.72KPa). Sinusoidal tests are implemented for three 

base accelerations (0.1g, 0.15g and 0.2g) and for eight different frequencies (1Hz, 2Hz, 

3Hz, 5Hz, 8Hz, 10Hz, 12Hz and 15Hz). In total five hundred ninety-four tests are 

performed on wrap-faced sand retaining wall in this research. From these tests, it has 

been observed that acceleration amplification is inversely proportional to both the 

surcharge load and the relative density and proportional to base acceleration during 

sinusoidal testing. For example, acceleration amplifications of 0.7 kPa and 1.12 kPa 
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surcharge load test at normalized height 0.5 is 5.86% and 2% higher than the 1.72 kPa 

surcharge load test respectively for 48% relative density Sylhet sand model. Moreover, 

face displacement at different elevations has been decreased with an increase of the 

surcharge pressure and the relative density but, has been increased with the increase of 

the base acceleration. For example, normalized face displacements for 57% and 45% 

relative density sample are 77.3% and 64.6% lower than the 26% relative density sample 

respectively at normalized elevation 0.625 for Local sand sinusoidal test. Again, strain 

changes have been reduced at higher surcharge pressure and have been increased at lower 

surcharge pressure. It has been also observed that strains of 0.2g and 0.15g base 

acceleration are 9.75% and 5% higher than the strain of 0.1g base acceleration 

respectively at normalized elevation 0.5 for 48% relative density Sylhet sand sample, 

which indicates the change of strain has been increased with the rise of base acceleration. 

 

From the earthquake tests on wrap-faced retaining wall, it has been seen that Acceleration 

amplification is inversely proportional with the increase of both the surcharge load and 

the relative density for three types of earthquakes (Kobe, Loma and Kocaeli). On the 

other hand, acceleration amplification has been arisen with the increment of base 

accelerations. For example, acceleration amplifications of 0.1g and 0.15g base 

acceleration are 6.5% and 2.7% lower than 0.2g base acceleration respectively at 

normalized elevation 0.5 for 48% relative density Sylhet sand sample under Kobe 

earthquake testing.  Moreover, face displacement at different elevations have been 

decreased with an increase of surcharge pressure and relative density. For example, face 

displacements of 80% and 64% relative density sample are 12.9% and 8.2% lower than 

48% relative density sample respectively at normalized elevation 0.625 for Loma 

earthquake experiment. Besides, face displacement has been risen with the increase of 

the base acceleration at the same normalized elevation. Again, strain changes have been 

reduced at higher surcharge pressure. It has been seen that, strains of 80% and 64% 

relative density sample are 13.3% and 7.2% lower than 48% relative density sample 

respectively at normalized elevation 0.5 for Kobe earthquake test. So, the changes of 

strain have been decreased at higher relative density. Dynamic characteristics observed 

from this research is helpful for the implementation of wrap-faced sand retaining wall at 

a site.  
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Chapter One 

INTRODUCTION 
 

1.1 General 
 

The technology of reinforced soil retaining walls has become popular all over the world 

and the performance of such type of walls under seismic conditions and static loads is 

well documented. The observation of several post-earthquake experiments on reinforced 

earth retaining walls in the recent years has shown that these kinds of walls have more 

resistance to earthquake induced damage even under the conditions where unreinforced 

walls were completely collapsed. Reinforced soil-retaining walls provide better 

performance in addition to the advantages in ease and cost of construction compared with 

conventional retaining wall techniques.  

 

Researchers reported the dynamic behaviour of full-height rigid/continuous-faced 

retaining walls (Murata et al.1994; Tatsuoka et al.1997b; Matsuo et al. 1998; Bathurst et 

al. 2002a; Huang and Wang 2005; Nimbalkar et al. 2006) and segmental or modular block 

retaining walls (Huang et al.2003; Ling et al.2005; Huang and Wu 2006). However, there 

are a very few studies which are available on wrap-faced retaining wall systems 

(Sakaguchi et al. 1992; Ramakrishnan et al. 1998; Perez and Holtz 2004; Benjamim et 

al.2007). A series of shaking table tests have been carried out in this research to observe 

the effect of the frequency and acceleration of the base sinusoidal motion, surcharge 

pressure and relative density of the sand on the accelerations, horizontal face 

displacements and soil pressures in wrap-faced retaining walls under simulated seismic 

conditions. 

 

Compaction of soil layers can be carried out through tamping, vibration and different 

types of pluviation (air/water/vacuum). Many researchers put their efforts in the past on 

developing methods to control uniformity (Choi et al. 2010; Fretti et al. 1995; Zhao et al. 

2006) and to achieve desired relative density (RD) of sand specimen (Choi et al. 2010; 

Dave and Dasaka 2012; Gade and Dasaka 2016; Lo Presti et al. 1993; Miura and Toki 

1982; Rad and Tumay 1987; Srinivasan et al. 2016). Among all of these techniques, air 

pluviation method is broadly used because of its advantage to reconstitute uniform sand 
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bed for laboratory testing. In case of the repeatability and reproducibility of the test 

results, it is important to reconstitute the soil sample of desired density. 

 

A portable traveling pluviator has been constructed based on air pluviation technology in 

this research for the purpose of ensuring uniform sand layers in shake table testing of 

wrap-faced reinforced retaining wall. Two kinds of sands, Sylhet sand and Local sand of 

different density were used through pluviator to build reinforced earth retaining wall in 

Shake Table Facility. Thus, different types of Sinusoidal wave, Earthquakes and White 

noises are applied on the reinforced earth retaining wall. Accelerometer, Strain Gauges 

and LVDT are used in different elevation of reinforced earth retaining wall to observe 

the behavior of the wall under different types of dynamic loading conditions on shake 

table.  

 

1.2 Background of the Study 
 

Most of the geotechnical structures are investigated experimentally in the laboratory by 

performing physical modeling using shake table. However, the biggest challenge in front 

of the researchers is to prepare the soil specimen of such a large quantity to accommodate 

the tank of volume 8–10 m3 without any change in its mechanical properties. The most 

widely used 1g laboratory testing facilities for analyzing the foundation systems and 

retaining walls are generally performed with dry cohesionless soils. To ensure the 

repeatability and reproducibility of the test results, it is important to reconstitute the soil 

sample of desired density within a stipulated time frame (Dave and Dasaka 2012).  

 

Air pluviation method is widely adopted for preparation of large, uniform and repeatable 

sand beds (Gade and Dasaka 2016). In case of measuring seismic response of reinforced 

soil retaining wall using shake table test, it is necessary to control the relative density of 

sand bed model for different surcharge conditions (Latha and Krishna 2008). The relative 

density obtained by air pluviation depends primarily on deposition intensity, height of 

fall, uniformity of the sand rain and particle characteristics (Cresswell et al. 1999). Hence, 

we can assure the desired uniform reconstituted sand bed model for shake table testing. 

It is necessary to prepare uniform sand bed in the laboratory for performing physical 

model testing. In case of any experimental investigation of geotechnical structures in 
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shake table test, such as embankment and retaining wall, it is highly recommended to 

ensure uniformity in the density throughout the sand specimens (Hore et al. 2020). In this 

study, a portable travelling pluviator has been developed at first and then, a wrap-faced 

retaining wall model has been prepared by using the pluviator in order to observe the 

dynamic response of the model wall.   

 

1.3 Objectives 
 

Two types of sand have been used in this study. One has been collected from Savar, 

which is denoted as “Local” sand in this research. Another one is available at Sylhet, 

which is remarked as “Sylhet” sand all over this research. The followings are the main 

objectives of the research: 

(i) Determination of deposition intensity of local and Sylhet sands for different 

height of fall using pluviator. 

(ii) Collection of soil response data at different soil layers under different soil 

densities under dynamic loads using a Shaking Table 

(iii) Use of geotextile to improve the stability of soil layers and also study the 

response of the geotextile stabilized sand layers. 

 

1.4 Organization of the Research 
 

There are two aims of this research. One is to develop a pluviator for ensuring uniform 

sand bed in Laboratory testing. Another one is to observe the performance of reinforced 

earth retaining wall under different types of dynamic loading conditions. Hence, the 

research work is divided into following chapters.  

 

Chapter One represents the introductory parts of this research. The objectives and scopes 

of this research are also described in this chapter. 

 

Chapter Two describes the previous studies and recent progress of pluviator and shake 

table testing procedures, which includes theoretical and empirical methods, laboratory 
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tests and field observations. The impact of different types of factor on pluviator and shake 

table test have been discussed in details. 

 

Chapter Three presents the detail procedures of developing portable travelling pluviator. 

The factors considering to develop the portable travelling pluviator are mentioned in this 

chapter. The stages of constructing the pluviator are described here also. 

 

Chapter Four is based on tests carried out using Shake Table. The methodology of 

preparing samples of reinforced earth retaining wall are illustrated here. Then, scale 

factor, set-up of the shake table and test procedures are mentioned. Relationship between 

test results under different types of dynamic loading condition on shake table testing are 

shown in this chapter.  

 

Chapter Five is the concluding portion of this research. The final output of this research 

and the recommendation of future research based on this study are discussed here.   
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Chapter Two 

LITERATURE REVIEW 
 

2.1 Introduction 
 

It is necessary to prepare uniform sand bed in the laboratory for performing physical 

model testing. In case of any experimental investigation of geotechnical structures in 

shake table test like embankment, retaining wall etc., it is recommended to ensure 

uniformity in the density throughout the sand specimens (Hore et al. 2020). However, it 

is very difficult for the researchers to achieve the target and uniform relative density 

during large-scale laboratory testing. It is usually appreciated that either relative density 

or percent compaction is a good parameter to influence soil behavior of the state of 

compactness of a given soil mass. 

 

Many researchers have conducted study on pluviation methodology to develop a 

pluviator. The application of pluviator on preparing uniform soil bedding has been used 

widely. Researchers have also observed the impact of different types of dynamic loading 

on different kinds of reinforced-soil retaining wall considering various factors. In this 

chapter, the available literature on research work of developing a pluviator and of 

conducting shake table testing under different dynamic loading are briefly described. 

 

2.2 Preparation of Uniform Sand Bed  
 

According to Gade and Dasaka (2017), majority of the theories in geotechnical 

engineering have been evolved or verified by using laboratory and field studies. For 

performing model studies in the laboratory, prepared soil samples should replicate the 

natural soil deposits. Tamping, vibration, and pluviation (air/water/vacuum) are some of 

the widely used methods for preparing reconstituted sand specimens in the laboratory (Lo 

Presti et al. 1992; ASTM 2006).  

 

Butterfield and Andrawes (1970) divided laboratory sand preparation methods into two 

groups: (1) adjusted to achieve required porosity [or relative density (RD)] after 

deposition of sand; and (2) controlled porosity or RD during deposition of sand. 
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Shoveling, tamping, and vibrating in layers belong in the former group. In the latter 

group, samples of required porosity have been achieved by controlling the height fall and 

rate of deposition [or deposition intensity (DI)]. The former has been defined as the 

distance between the lowermost diffuser sieve or bottom of the hopper to the sand 

specimen surface (Rad and Tumay 1987; Fretti et al. 1995; Choi et al. 2010; Dave and 

Dasaka 2012; Gade and Dasaka 2016), and the latter has been defined as the mass of soil 

falling in a container or a chamber per unit area per unit time. In general, samples 

prepared by using Group 1 methods are nonuniform (Butterfield and Andrawes 1970; 

Gade and Dasaka 2016), whereas Group 2 methods can produce uniform samples. 

Moreover, the Group 2 methods have additional advantages, such as can achieve no 

particle breakage, can achieve a wide range of sample densities, can easily prepare very 

thin to thick samples, and can be easily interrupted to place another material or 

instrument/sensor. Air pluviation is the widely used method of Group 2, and this setup 

consists of hopper, sand deposition–controlling mechanism, and sometimes a rigid tube. 

On the basis of the mobility of the hopper, pluviation setups are classified into stationary 

and movable. 

 

Lagioia et al. (2006) have mentioned their observation that triaxial tests of undisturbed 

sands are rarely carried out as retrieved of high-quality samples requires expensive 

ground freezing techniques. Tests have been therefore performed mostly on reconstituted 

specimens both when the fundamental soil behavior is investigated and when design 

parameters for some practical applications are required. The selection of the specimen 

preparation method is critical as it strongly influences the sand behavior. Miura and Toki 

(1982) contrasted the behavior of sand specimens prepared by means of moist tamping, 

dry tamping and air pluviation and showed that both stress-strain and volumetric strain-

axial strain curves were considerably affected by the specimen preparation method. 

Similar conclusions were drawn by Vaid et al. (1999) who prepared samples by moist 

tamping, air and water pluviation and showed that the fabric induced by the first two 

methods caused specimens to liquify, whereas water pluviated specimens dilated.  

 

Quadir (1990) had constructed a sand spreader for the development of a bearing capacity 

testing apparatus. This sand spreader was used to form a uniform sand bed in the 

experimental model tank. This sand spreader had a movable steel hopper supported on 
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four wheels where horizontal forward and backward movement of the hopper was 

controlled by a chain gear system.  The opening of the hopper was adjusted by raising or 

lowering the plate by adjustable screws fixed at the outer surface of the spreader. After 

spreading the sand in the tank, it was necessary to level off the sand bed in order to 

achieve the desired thickness of the bed and the perfect horizontal surface. Here, a 

leveling apparatus similar to that used by Abedin (1986) was fabricated using threaded 

and flat bars and flat plates of mild steel for the purpose. Later, Hasan (1993), Dewan 

(1995) and Abedin (1996) had applied same instrument to prepare sand bed. On the other 

hand, Chowdhury (1993) had done some modification of the instrumental set-up 

developed by Quadir (1990) to observe the bearing capacity of sand.  

 

When parameters describing the in-situ soil behavior are required, pluviation should be 

considered as the specimen preparation method. Vaid et al. (1999) showed that specimen 

prepared by water pluviation and then compacted to the target density present the same 

stress-strain behavior as undisturbed frozen specimens. When the fundamental soil 

behavior has been investigated numerous specimens with identical void ratio and fabric 

are required. The reconstitution method should therefore allow achieving any preset 

target void ratio with a tight tolerance and should also be operator-independent. Fabric 

and density need to be as uniform as possible throughout the specimen. Miura and Toki 

(1982) have shown that densities of pluviated samples resulted less operator-dependent 

and more repeatable than those of sample prepared by moist tamping, dry tapping (the 

sand being poured in layers) and pouring using a hand rotated flask (with various fall 

height and nozzle aperture). Void ratio throughout the specimen height is also more 

uniform for sands prepared by pluviation than by other methods (e.g., Vaid et al. 1999).    

 

Relative density is an important parameter governing the soil behavior (Been and 

Jefferies 1985; Bolton 1986; Li and Dafalias 2000). Reconstitution of soil samples to a 

required density in the laboratory is fundamental in investigating various geotechnical 

problems, for example, to calibrate field instruments, to investigate the behavior of model 

foundations and retaining structures, to study the soil behavior due to dynamic or 

earthquake loading, to validate numerical models, etc. (Bellotti et al.1982; Miura and 

Toki 1982; Bellotti and Morabito 1986; Frost 1989; De Gregorio1990; Ochiai et al.1992; 

Yasuda et al.1992; Fannin and Raju1993; Chen et al.1998; Salgado et al. 1998; Mayer et 
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al. 2004; Cerato 2005; Wu and Hong 2009; Kim 2009; Della and Arab 2010; Kim et al. 

2010; Joshi and Patra 2011; Oliveira et al. 2012; Raghunandan et al.2012).  

 

 Many studies are available on the literature of pluviation of sand particles through air 

(Kolbuszewski 1948a, b; Walker and Whitaker 1967; Tatsuoka et al. 1982; Rad and 

Tumay 1987; Passalacqua 1991; Lo Presti et al.1992, 1993; Fretti et al. 1995; Dave and 

Dasaka 2012). These studies have examined the influence of various factors on the 

density achieved through pluviation and concluded that the main factors affecting the 

density include (a) drop height of sand particles, (b) opening width of the sieves through 

which the sand particles are dropped, and (c) the rate of pouring of sand particles or the 

depositional intensity.  

 

Dave and Dasaka (2012) used a ‘Portable traveling pluviator’ with a set of ten diffuser 

sieves and studied the height of fall and the depositional intensity on the relative density 

of bed using pluviation. They achieved relative density in the range of 45–100 % and 36–

100 % for the two poorly-graded sand types by changing both the height of fall and the 

opening width of the sieves. 

 

2.2.1 Moist tamping method 
 

Huang et al. 2015 described that the sample preparation techniques for sandy soils can be 

categorized according to the moisture condition of the soil, the medium that the soil falls 

through, and the method of soil placement (Frost and Park, 2003). According to Ishihara 

(1993), the widest void ratio range can be attained by moist tamping and the narrowest 

by water sedimentation. Moist tamping (MT) is the oldest sample preparation technique, 

which mimics the compaction of fills (Lambe, 1951). In the MT method, dry soil is mixed 

with a small amount of water to facilitate the development of capillarity. Then the moist 

soil has been compacted in multiple layers within a mold to form the specimen with the 

desired density (Lambe, 1951). Key advantages of MT method include its simplicity, the 

wide range of specimen densities, the self-standing nature of the specimen because of 

capillarity, and no segregation. The accumulation and compaction of the upper layers 

however, tend to densify the bottom layer. Ladd (1978) proposed an under-compaction 

procedure to minimize over-compaction and ensure uniformity within the specimen. 
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Frost and Park (2003) critically assessed the MT method and found that it could induce 

over consolidated specimens with a variation in relative density among layers of up to 

15%, which is about twice that of air pluviated specimens.  

 

Some studies have indicated that silty sand specimens made by the moist tamping method 

were not able to simulate the stress–strain response of in-situ alluvial deposits (Høeg et 

al., 2000; Ishihara, 1993; Vaid et al., 1999). Sand specimens made by moist tamping may 

have the most unstable structure and lower strength under monotonic or cyclic loadings 

(Kuerbis and Vaid, 1988; Høeg et al., 2000; Frost and Park, 2003; and Yamamuro and 

Wood, 2004). However, studies by Huang et al. (2004) and Huang and Huang (2007) on 

silty sand specimens prepared by the MT method showed higher strength. 

 

2.2.2 Air pluviation method 
 

In the air pluviation (AP) method, dry soil particles fall through air before they are 

deposited into a mold from a distance above the top of the soil specimen by a pluviator. 

The AP method mimics the deposition process of aeolian deposits. The density of the soil 

specimen is related to the deposition intensity (mass of deposited soil per unit time) and 

vertical distance between the pluviator and top of the deposited soil. Various air 

pluviation methods have been proposed, with the major difference in the design of the 

pluviator. Miura and Toki (1982) developed a multiple sieving pluviation apparatus 

(MSP) to prepare sand specimens at various densities by controlling the rate of sand 

discharge, and the concept has been extended to prepare large volume specimen by Ueng 

et al. (2006). 

 

Preparing a silty sand specimen with the AP method can easily cause particle segregation. 

Lo Presti et al. (1992) reported that particle segregation in both vertical and lateral 

direction can develop. Segregation in the lateral direction forms silt columns below the 

opening of the pluviator. The dry deposition (DD) method by Yamamuro and Wood 

(2004) may be considered as a special case of AP, where dry soil is deposited directly on 

the top of the soil specimen to minimize particle segregation for silty sand. However, 

Kuerbis and Vaid (1988) pointed out that air pluviated dry silty sands are prone to bulking 

and thus can result in lower monotonic and cyclic strength.  
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The air pluviation method has been used to prepare dry sand specimens for physical 

modeling tests (Fretti et al., 1995; Wang and Lin, 2011). Recently, Ueng et al. (2006) 

developed a special pluviator to prepare large saturated sand specimens for 1-g shake 

table tests by combining air pluviation and water deposition. However, the procedure 

cannot be used with silty sands, due to particle segregation. 

 

2.2.3 Water pluviation method 
 

The water pluviation (WP) or water sedimentation method is similar to the AP method, 

except that the dry soil particles are pluviated into deaired water. The terminal velocity 

of the soil particles is significantly reduced in comparison with the AP method, as they 

pass through a layer of water instead of air. As a result, the WP specimens are generally 

looser than those created by AP. The WP simulates the process of alluvial deposition, or 

that of hydraulic fills. For relatively uniform sand, the WP and slurry deposition (SD) 

methods are more likely to duplicate the strength/dilatancy behavior of in-situ alluvial 

soils (Oda et al., 1978; Yamamuro and Wood, 2004; Yoshimi et al., 1984). It is also 

possible to use this technique to prepare large volumes of saturated sandy soils for 

physical modeling tests. However, for silt or silty sands, the WP method tends to create 

segregation during the falling process. 

 

The SD method, proposed by Kuerbis and Vaid (1988), is a modified version of WP for 

reconstituting silty sand specimens. In the SD method, the sand along with silt/clay are 

first thoroughly mixed in deaired water, and then poured into a triaxial specimen mold 

lined with rubber membrane. The initially loose specimen is densified by tapping the 

mold or applying a consolidation pressure in the triaxial cell. Kuerbis and Vaid (1988) 

reported that the SD method is able to produce uniform silty sand specimens and simulate 

the behavior of natural silty sands. However, Høeg et al. (2000) compared the silty sand 

specimens prepared by the SD method with undisturbed samples, and concluded that this 

approach is promising but incapable to reproduce the stress–strain relationships seen with 

in-situ alluvial soil with fines.  

 

Rahardjo (1989) used the SD method to prepare large specimens of silty sands for 

calibration chamber tests. A concrete mixer was used to ensure proper blending of sand 
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and silt. After several hours of blending, the specimen was then poured into a mold for 

consolidation. The cone penetration (CPT) performed in the silty sand specimen prepared 

by the SD method showed limited success in terms of the uniformity and repeatability of 

cone tip resistance (qc). In any case, the complexity of the SD method makes it impractical 

to prepare large size specimens. 

 

2.2.4 Mist pluviation method 
 

The main concern with regard to the usage of pluviation methods with sand with fines is 

particle segregation. According to Huang et al. (2015), the mist pluviation (MP) method 

retains parts of the AP and WP processes, but with an addition of a mist zone that mixes 

soil particles with water droplets while falling through air. The mist pluviation method is 

named after the process of soil placement and the medium in which the soil falls through. 

A schematic diagram of this approach is described in Fig. 2.1.  

 

The setup of the mist pluviation system and details of the pluviator are shown in Fig. 2.2. 

The configuration of the pluviator and spray nozzles for preparation of triaxial specimens 

is shown in Fig. 2.2(a). A detailed cross-sectional view of the cylindrical shaped pluviator 

and its dimensions are shown in Fig. 2.2(b). To initiate soil discharge by the MP method, 

the inversed funnel is lowered so that mixed sand/silt particles are allowed to escape from 

the opening gap between the funnel rim and bottom of the outer tube. The soil in the 

storage compartment is continuously pushed to the opening gap by gravity, and sucked 

out by the airflow under the funnel. The same airflow then pushes the dry, dispersed soil 

particles downward into a cloud of dense water droplets or mist zone generated by a pair 

of water spray nozzles. Soil particles with different sizes and water droplets mixed into 

aggregates with similar diameters in the mist zone, before falling to the thin water layer 

on the surface of the deposited soils. Segregation is reduced because of the similar 

diameters of the soil/water aggregates. The rate of soil discharge is controlled by the gap 

opening and the suction generated by airflow stemming from the inner tube. The rate of 

soil discharge and airflow affects the dispersion of soil particles and mixing among soil 

particles and water droplets.  
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Fig. 2.1 Schematic layout of the mist pluviation method (Huang et al. 2015) 

 

 

Fig. 2.2 Configuration of mist pluviation unit and details of pluviator (Huang et al. 2015) 
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To create uniform deposition after pluviation, a steady rate of soil discharge is required. 

A trial-and-error process was conducted to determine the combination of the gap opening 

and air pressure for optimum performance. Although the density of the mist-pluviated 

specimens can be adjusted by varying the vertical distance of mist zone, the difference is 

minor and dense specimens need be prepared by densification techniques such as static 

compression or vibration after the deposition process (Huang et al. 2015).  

 

2.3 Factors affecting the Pluviation Methodology 

 

The term pluviation comes from the Latin origin "pluvial" and it means "rain". In civil 

engineering term, pluviation means process of densification. There are many methods of 

compaction of soil layers such as tamping, vibration and different types of pluviation 

(air/water/vacuum). Many researchers gave their efforts in the past on developing 

methods to control uniformity (Fretti et al. 1995, Zhao et al. 2006, Choi et al. 2010) and 

to achieve desired relative density (RD) of sand specimen (Miura and Toki 1982, Rad 

and Tumey 1987, Lo Presti et al. 1993, Choi et al. 2010, Dave and Dasaka 2012, 

Srinivasan et al. 2016, Gade et al. 2016). Among all of these techniques, air pluviation 

method is broadly used because of its advantage to reconstitute uniform sand bed for 

laboratory testing. In case of the repeatability and reproducibility of the test results, it is 

significant to reconstitute the soil sample of desired density.  

 

In order to prepare a reconstituted sand bed, there are some important specifications 

which require fulfilling. These are: 1) the technique must be able to make loose to dense 

sand beds in the unit weight range expected within an in-situ soil deposit; 2) the sand bed 

must have an identical void ratio throughout; 3) the sand bed must be well mixed without 

particle size separation, regardless of particle size gradation or fines content; and 4) 

should reproduce the way of soil deposition generally found in the soil deposit getting 

modeled (Kuerbis and Vaid 1988; Dave and Dasaka 2012). In accordance with Lagioia 

et al. (2006), the density of pluviated specimens depends on three factors, namely height 

of fall, depositional intensity and uniformity of the sand rain. 
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2.3.1 Height of Fall 
 

The influence of height of fall on sample density has been a controversial matter in the 

past (e.g., Tatsuoka et al. 1982; Mulilis et al. 1975; Miura and Toki 1982). Vaid and 

Negussey (1984) idealized the pluviation of a relatively uniform sand as a free fall of 

spheres of equivalent diameter D50. If it is assumed that there are no interferences between 

the grains, then the process can be simplified even more and investigated by considering 

the free fall of a single sphere. Density is then assumed to depend on the energy of 

particles impacting on the raising specimen surface. 

 

Rearranging the equation proposed by Vaid and Negussey (1984), the acceleration of a 

single sphere in a fluid is; 

𝑎 = 𝑔 (1 −
𝜌

𝜌𝑠
) − 𝐶

𝐴

𝑉

𝜌

𝜌𝑠

𝑣2

2
                                                                                                    (2.1)  

In which v is the particle velocity, 𝜌 is the fluid mass density, 𝜌𝑠 is the sphere mass 

density, g is gravitational acceleration, C is the drag coefficient, and V and A are the 

volume and projected area of the sphere, respectively.  

 

As the initial velocity is nil, particle’s acceleration is maximum and depends only on the 

ratio of the density fluid and solid material. The acceleration reduces during the particle’s 

fall and eventually becomes zero when a critical velocity is attained, thus the impact 

energy remains thereafter constant. Fig. 2.3 explains the variation of velocity with height 

of fall for a quartz sphere of 0.4 mm diameter (Gs=2.67) in air and in water. It appears 

that in water the critical velocity of 6 cm/s is attained after 0.2 cm drop, whilst in air the 

critical velocity of about 350 cm/s requires 270 cm drop. Vaid and Negussey (1984) also 

showed that critical velocity increases linearly with sphere diameter. This indicates grain 

segregation and describes that at equal height of fall finer sands will have smaller impact 

energy, resulting in lower density. Vaid and Negussey (1984) determined the impact 

velocity of free-falling sand particles through air or water medium. The impact velocity 

was obtained using Equation no. (2.2). In addition, they conducted pluviation studies on 

two types of sand (Leighton Buzzard sand and Ottawa sand), and reported that 

densification through air pluviation is effective for drop heights in the range of 0–50 cm 
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as the increase in impact velocity of a sand particle is found to be greatest within this 

range, and the particle would reach a constant terminal velocity for larger drop heights. 

 

 

Fig. 2.3 Dependence of velocity on drop height as from Equation (2.1) for a 0.4 mm 

diameter sphere in air and water (redrawn from Vaid and Negussey, 1984) 

  

𝑚𝑎 = 𝑚𝑔 − 𝑉𝜌𝑔 −
1

2
𝐶𝐷𝜌𝐴𝑣

2                                                                                             (2.2) 

where, 𝜌 is the mass density of fluid, m is the mass of sand particle, a is the acceleration 

of sand particle, g is the acceleration due to gravity, V is the volume of sand particle 

(assumed as spherical), A is the projected area of the particle, CD is the drag coefficient, 

and v is the velocity of sand particle in the fluid medium. 
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The influence of height of fall on density has been a controversial matter, as adjectives 

in the literature range from ‘negligible’ to ‘strong’. For example, Miura and Toki (1982) 

found that depositional intensity was the main parameter influencing density, whilst the 

impact of height of fall was insignificant particularly for high density. The controversy 

can be explained in accordance with Vaid and Negussey (1988) on the basis of their 

framework (1984) as height of fall adopted by various researchers spanned in different 

ranges. For example, Miura and Toki (1982) adopted a height of fall larger than 30 cm, 

for which low variation of impact velocity are expected as shown by the flattening curve 

of Fig. 2.3. These results are suggested that if low height of fall is used in sample 

preparation, thus the deposition device is needed to be continuously raised during 

pluviation to keep impact energy, and therefore density, constant. (Lagioia et al. 2006) 

 

Chian et al. (2010) derived the equations for theoretical fall velocity of a sand particle 

(Equations 2.3 and 2.4) with respect to the drop height (H).  A lower drop height leads to 

a small fall velocity which further leads to a loosely packed particle arrangement. 

Equation 2.3 shows the theoretical fall velocity (ν) of a sand particle of mass (m) with 

projected area of (A) falling from height of (H) in air during the elapsed fall time of (t); 

𝜌 is therefore density of air and Cd is the drag coefficient in air taken as 0.47. 

𝑣 = √
𝑚.𝑔

𝜌. 𝐴. 𝐶𝑑
. tan ℎ

(

 
𝑡

√
𝑚

𝜌. 𝑔. 𝐴. 𝐶𝑑)

                                                                                (2.3) 

The elapsed fall time can further be determined from Equation 2.4 below for a specific 

drop height (H). It should be marked that tanh and arccosh are the hyperbolic tangent and 

inverse hyperbolic cosine accordingly, 

𝑡 = √
𝑚

𝜌. 𝑔. 𝐴. 𝐶𝑑
. 𝑎𝑟𝑐𝑐𝑜𝑠ℎ (𝑒

𝐻.𝜌.𝑔.𝐶𝑑
𝑚 )                                                                               (2.4) 

Terminal velocity (maximum attainable velocity) will be achieved when the sum of all 

upward forces (drag and buoyancy forces) equilibrates the downward force of gravity; 

the sand grain will therefore have zero acceleration at the terminal velocity. Equation 2.5 

can therefore be derived for the terminal velocity of a sand grain. 
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𝑣𝑡𝑒𝑟𝑚 = √
2.𝑚. 𝑔

𝜌. 𝐴. 𝐶𝑑
                                                                                                                    (2.5) 

By applying the above-mentioned Equations 2.3 to 2.5 in the development of a pluviator, 

Hakhmaneshi et al. (2016) found that the fall velocity of the finer sand is smaller than 

those of the coarser sand sample. Chian et al. (2010) also reported that the terminal 

velocity was not achieved due to the low drop height. 

 

2.3.2 Deposition Intensity  
 

The impact of deposition intensity on density has never been questioned. As the mass of 

sand rained per second and unit area of cross section increases the sample density reduces, 

as sand grains cannot move to the minimum potential energy positions. Different devices 

have been designed for controlling the depositional intensity. When the sand is delivered 

from a stationary hopper, sand flow is modified by changing the size of the nozzle (e.g., 

Miura and Toki, 1982) and the number of the apertures. Extremely low depositional 

intensity cannot be achieved by reducing the nozzle diameter as aperture blockages occur 

below a certain size. Butterfield and Andrawes (1970) devised a sand spreader with 

reversed air flow to reduce the deposition intensity.  

 

Cresswell et al. (1999) studied the effects of deposition intensity and uniformity of sand 

rain on the maximum density achieved by pluviation. They studied four types of sand 

with different gradations. The density of coarser sands from the pluviation method was 

greater than that obtained using the vibratory hammer test performed as per BS 1377-1 

(1990). They proposed the concept of ‘‘energetic layer’’, a zone up to 20 mm thick above 

deposited bed, in which the bouncing grains have a ‘‘hammering’’ effect on deposited 

layer leading to dense packing of beds. 

 

Cresswell et al. (1999) used a flow divider to divert the sand flow failing from the hopper. 

This consists in a narrow metal trough resting in the delivery funnel which can be moved 

to intercept and deviate the falling sand. The device included also diffuser meshes and a 

plastic guide tube and deposition took place in air. By use of such a flow divider the 

authors reached extremely low depositional intensities and investigated the process by 
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which the highest density is achieved. It was found that density increases as depositional 

intensity reduces until a maximum value is achieved. For lower depositional intensity, 

density reduces. Inspection of the pluviating sand revealed that an ‘energetic’ layer, three 

to four grain thick, develops within which the compaction takes place. The maximum 

density was achieved only at an optimum sand flow rate which caused the continuum 

development of such a layer. Sand particles could then move to the minimum potential 

energy position and the hammering effect of falling grains was most effective (Lagioia 

et al. 2006).  

 

Cresswell et al. (1999) described that for higher than optimum deposition rates, particles 

could not achieve the minimum potential energy position whilst for lower values the 

hammering effects was less effective. It is worth noting that time to optimum density 

ranged between 5 to 20 minutes, for a collecting pot of 84 mm in height. It should be 

noted that both latter devices, although extremely interesting, are unlikely to allow an 

extremely repeatable control on deposition intensity (Lagioia et al. 2006). 

 

2.3.3 Uniformity of Sand Rain and Use of Diffuser 
 

It is very difficult to create and maintain a uniform sand rain during specimen 

reconstitution, because this is the major characteristics of pluviation and this controls the 

uniformity of fabric and density.  Generally, sand is delivered from hopper through a 

nozzle in a pluviator. Here, a diffuser is used for breaking up the sand flow. Diffusers are 

usually constituted by a set of sieves or of interwoven wire meshes with different aperture 

size and/or offset with respect to each other (e.g., Miura and Toki 1982; Cresswell et al. 

1999; Rad and Tumay 1987). In such cases, the use of a diffuser might not guarantee a 

sufficiently uniform spread of the sand rain across the specimen horizontal section. Lo 

Presti et al. (1992) described that particle segregation occurs in the horizontal direction 

as larger particles are spread over a wider area than smaller ones, then resulting in a 

concentration of the latter under the nozzle. Lo Presti et al. (1993), using the same 

pluviation device, found non horizontal uniformity of sample density associated to 

variable depositional intensity along the sample diameter. The problem of breaking up 

the sand flow can be overcome by using multiple apertures, such as a regular pattern of 

holes drilled at the bottom of the sand tank. It should be remarked that even when a very 
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diffuse pattern is adopted at least one diffusing mesh should be used. Preliminary tests 

performed at Milan University of Technology (Cassiano and Garavaglia, 1999) for 

developing a pluviation device for a foundation model indicated that if no diffusing mesh 

is used, sand columns appear in the deposited sample, even when closely spaced and 

small diameter holes are used (Lagioia et al. 2006). 

 

Maintaining a uniform rain during sand fall is always a very tough work. Unless the 

height of fall is small, a guide tube is necessary to avoid disturbance of the rain (e.g., 

Cresswell et al. 1999). Cassiano and Garavaglia (1999) explained that in the absence of 

guide tube the disturbed sand rain resulted in non-planar sample surface. However, 

confining the sand fall is not enough to ensure a uniform rain. If the material of the guide 

tube is such that electrostatic charges develop during pluviation, the sand rain will not be 

uniform. Cassiano and Garavaglia (1999) observed that using a plastic guide tube resulted 

in the rain cross section being modified along the perimeter. Rain non-uniformities are 

also coupled with depositional intensity if pluviation takes place in air. As the rate of sand 

flow increases, air turbulence is created by the falling mass, which cause a necking of the 

rain cross section. Attempts to reduce this disturbance by creating air escapes were 

performed at Milan University of Technology but did not produce satisfactory results and 

no planar sample surface were obtained (Lagioia et al. 2006). Effects of air turbulence 

have also been observed by Miura and Toki (1982) who described that for high 

depositional intensity the sample density reduced as the height of fall increased. This 

apparently surprising result was explained by the authors on the ground of air disturbance. 

A collecting pot was used with smaller cross section as the sand rain and, as this necked, 

the rate of sand flow increased resulting in lower density.  

 

Interference between air and falling sand is also likely to affect the validity of the 

framework proposed by Vaid and Negussey (1984). As the depositional intensity 

increases assimilating the sand rain to the free fall of a single sphere in air will 

progressively more inaccurate as, not interactions between particles cannot be 

disregarded, but also the dynamic movement of air turbulence should be considered 

(Lagioia et al. 2006). The most vital requirement of pluviation is achieving uniform 

distribution of sand particles. Rad and Tumay (1987) preferred an evenly distributed 

triangular hole pattern, with completely parallel diffusers for uniformity in pluviation. 
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There is, however, a minimum possible sieve-opening size for a given deposition 

intensity, below which sand particles collect on the diffuser before being deposited. Thus, 

attention should be given during a test to verify that sand particles are not collected on 

the diffuser before being deposited in the sand bed. Rad and Tumey (1987) experienced 

that two diffuser sieves were sufficient for uniform raining and further increase in number 

of sieves has a little or no influence on homogeneity of the specimen and only a minor 

effect on relative unit weight. However, Cresswell et al. (1999) found that the most 

effective system for creating an even rain was applying nine meshes out of which, three 

closely spaced diffusers at the top to break up the initial flow and the remaining in an 

equally spaced series. Further, Abbireddy (2009) used total of twelve meshes out of 

which four close-spaced meshes at the top and the remaining in a series for even spread 

in his research. 

 

2.3.4 Particle size of Sand Specimen  
 

It has been mentioned by several researchers (Vaid and Negussey 1984,1988; Kuerbis 

and Vaid 1988; Lagioia et al. 2006) that in case of well graded sands, the pluviated 

samples may not be homogeneous due to falling back of the finer particles on account of 

their smaller velocity and lesser impact energy as compared to those of coarser particles. 

Hence, it is usually recommended to select the uniformly graded particle distribution 

without significant amount of fines content in order to prepare the sand bed which is 

expected to be well mixed without any particle segregation. The traveling pluviator 

apparatus is found to be best suitable for poorly graded medium to fine sand in order to 

prepare uniform and repeatable sand beds (Dave and Dasaka 2012).  

 

2.4 Mechanism of Pluviation Technique  
 

Different researchers developed different types of pluviation devices based on various 

kinds of pluviation techniques. Most of the researchers used air pluviation method to 

construct a pluviation device. As, air pluviation methods have been considered to prepare 

the reconstituted sand specimen in a more suitable way compared to the compaction 

method, recognizing the success of preventing particle breakage and also fulfilling all the 

fundamental requirements (Rad and Tumay 1987; Cresswell et al. 1999; Srinivasan et al. 

2016). Srinivasan et al. (2016) has stated an opinion that it is necessary to reconstitute 
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the soil sample of desired density within a stipulated time framework without changing 

its physical properties and mechanical behavior to confirm the repeatability and 

reproducibility of the test results, as the most widely used 1g laboratory testing facilities 

for exploring the foundation systems and retaining walls are commonly executed with 

dry cohesionless soils. Further, it is one of the biggest challenges for the researchers to 

make the soil bed of a large quantity and to prepare the test tank of volume 8–10 m3 

without changing any mechanical properties.  

 

Srinivasan et al. (2016) highlighted three basic necessary conditions to prepare the sand 

sample which are mentioned as (1) to achieve the desired density, (2) to maintain the 

uniformity in the density throughout the specimen, and (3) to adopt the optimized rate of 

deposition intensity (DI), where the DI can be defined as the mass of the sand particles 

getting deposited per unit area of the test tank per unit time. Srinivasan et al. 2016 

developed a pluviation device shown in Fig. 2.4. This device was developed based on the 

studies of Fretti et al. (1995), Zhao et al. (2006) and Dave and Dasaka (2010). By applying 

the air pluviation technique, it was targeted to achieve the desired density with uniform 

void ratio throughout the specimen of four different Indian sands (Ennore, Quartzanium, 

Kalpi and Bhadar) to maintain the homogeneity as well as to avoid the spatial variability.  

 

Different parameters such as the diameter of the orifice and the holes, the number of holes 

in the sieve plate, the pattern of the hole arrangement in the sieve plate, the spacing 

between the sieve plates, the orientation angle between the sieve plates need to be 

optimized in order to prepare the sand sample. Further, the preparation of the large-sized 

sand sample involves the time factor in the form of DI which also needs to be optimized. 

In this case, the terms such as (1) deposition intensity, (2) relative density and (3) soil 

resistance was used as the scaling mode to optimize the three necessary and essential 

conditions as described earlier. Srinivasan et al. 2016 collected four different sands 

(Ennore, Quartzanium, Kalpi and Bhadar) of same gradation (0.5–1 mm) from different 

parts of India. The minimum and maximum void ratio were evaluated in the study 

following ASTM D4253 (2014) and ASTM D4254 (2006), respectively. Numerous 

researchers (Chen et al. 2001; Herrick and Jones 2002; Mohammadi et al. 2008; Alam et 

al. 2014) have studied the characterization of the soil sample along its depth and plan area 

using more efficient and cost-effective tool, dynamic penetrometer in order to confirm 
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the uniformity of mechanical properties of the soil. It has been proposed by Mohammadi 

et al. (2008) that the cross section of the mould applied in the characterization of sand 

sample using the dynamic penetrometer adversely affects the outcomes obtained and the 

mould diameter of larger than 0.5 m does not create any scale effect. Hence, the tests 

have been carried out in the test tank of size 0.6 m x 0.6 m x 0.5 m maintaining the total 

filling volume equal to 0.18 m3. Then, the study on the impact of height of fall for the 

respective design patterns of sieves has been necessitated to observe its effect on the 

relative density as well as to check the uniformity of the prepared sand bed. Ghosh et al. 

(2016) has completed a systematic study in order to describe the optimized area of orifice 

opening which could provide the maximum deposition intensity for the conferred 

effective area of the sieve plate. 

 

Fig. 2.4 (a), (b), (c) Description of various parts of air pluviation apparatus. Line sketch 

not to scale. All dimensions are in mm. (Srinivasan et al. 2016) 
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Srinivasan et al. (2016) have applied Jornada dynamic penetrometer (Herrick and Jones 

2002) at different locations of the test tank in order to check the uniformity of placement 

density throughout the sand bed as well as the resistance offered by the soil mass at 

different densities (Fig. 2.5). In order to reduce the dead weight of the instrument, a 

hollow aluminium pipe was used instead of a solid steel bar and a solid aluminium disc 

for the circular strike plate. The cone head, adjustable stopper and hammer were made of 

stainless steel, brass and mild steel respectively. The hollow tube along with the strike 

plate weighs were as low as 450 gm, whereas the adjustable stopper and the cone head 

weigh were 50 gm each. The hollow aluminium pipe was graduated with a least count of 

1 mm in order to ease the fixing of movable stopper as well to measure the depth of 

penetration of the instrument inside the soil mass. The calculation for the soil resistance 

has been made by applying the method explained by Herrick and Jones (2002). Fig. 2.5c 

displays the plan view of different penetration test locations in the tank where point 5 

was referred as the centre point, points 1, 3, 7 and 9 as the corner points and 2, 4, 6 and 

8 as the peripheral points (Srinivasan et al. 2016).  

 

 

Fig. 2.5 (a) Jornada impact dynamic penetrometer, (b) cone head used in Jornada impact 

dynamic penetrometer, (c) penetration test locations in the tank (Srinivasan et al. 2016) 

 

Srinivasan et al. (2016) observed that while the diameter of the orifice increases, there is 

significant increase in the inflow, as a result the depositional intensity increases. 

Srinivasan et al. (2016) also noted that with the increment in the orifice opening, the flow 
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pattern shifts from no flow or very less flow condition to the clogging of sand grains in 

the diffuser sieves for all types of sand. Moreover, it was also observed that the sieve 

plates with least porosity produce much higher relative densities, whereas the higher 

porous sieve plates result in significantly lower relative densities. They also observed that 

that there is almost linear relationship between the soil resistance and the relative density 

of the prepared sand sample which is concurrent with the results reported by Alam et al. 

(2014). It was worth noting there that the soil resistance obtained from the aforesaid 

procedure cannot be directly correlated to the angle of internal friction of the respective 

sand at different relative densities. 

 

Hakhamaneshi et al. (2016) has developed and calibrated a sand pluviation device where 

the effect of pour height and mesh diameter was reported to calibrate the sand hopper for 

different desired relative densities. Hariprasad et al. (2016) has tested both vibratory 

methods and stationary pluviation method and found that pneumatic vibrator method for 

preparation of sand particles was appropriate for low pneumatic pressures in the vibrator 

where the separation of soil particles will be minimum. Further, vibratory method was 

found to be quicker than that of pluviation method. 

 

In this research, a pluviation device has been developed based on the mechanism of air 

pluviation technique. Hence, this device will be used to prepare reconstituted sand 

embankment to conduct the tests under dynamic loading.  

 

2.5 Pluviator  
 

There are some fundamental reasons behind preparing the sand sample. These are to 

acquire the expected density, to preserve the homogeneity and the uniformity in the 

density throughout the sample and to consider the optimized rate of deposition intensity 

(DI), where the DI can be explained as the mass of the sand particles being deposited per 

unit area of the test reservoir per unit time. There are two popular mechanism of 

densification of sand specimen such as, (1) layer by layer tamping and compaction or 

vibration, and (2) air pluviation either by stationary pluviators or portable travelling 

pluviators. The device developed considering the technology of pluviation is known as 
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pluvitor. Many researchers constructed various types of pluviators depending on different 

kinds of pluviation methods and user’s suitability in the applied field. 

 

According to Dave and Dasaka (2012), the pluviator can be classified based on type of 

opening under the sand storage as (1) single nozzle, in which nozzle is stirred in constant 

pattern to rain whole soil surface (Fretti et al. 1995) (2) Curtain rainer, in which sand 

from hopper falls through a thin slot in the form of a thin curtain (Butterfield and 

Andrawes 1970, Stuit 1995) (3) Sieve rainers, where one or multiple sieves beneath the 

hopper rain sand on an area equals or slightly larger than the sample container (Miura 

and Toki 1982, Cresswell et al. 1999, Abbireddy 2009). Zhao et al. (2006) has 

demonstrated that larger nozzle diameters had an effect in a steep increase in the flow 

rate. On the basis of raining mode, pluviator can be subdivided as (1) stationary-generally 

used for arrangement of triaxial specimen and (2) traveling-used for model sand bed 

production. A traveling pluviator may be preferred over stationary pluviator for the 

advantage of reduction the spatial variability of the sample relative density (RD) and 

gradation of large reconstituted specimens (Lo Presti et al. 1993).  

 

Gade and Dasaka (2016) has developed a mechanized traveling pluviator (MTP) which 

had two special features, including a freely movable hopper and rigid tube made up of 

Plexiglas to see the sand flow during pluviation. They observed that using an MTP with 

diffuser sieves to make large sand samples was better than the stationary hopper used in 

portable travelling pluviator (PTP), as height of fall (HF) could be kept constant without 

changing the uniform flow rate that occurred in the previous setup. Gade and Dasaka 

(2016) described the differentiation between various existing types of pluviators based 

on their state of hopper and relative density (RD) controlling factor which is showed in 

Table 2.1. Here, pluviator is divided into two major groups; one is stationary and another 

one is travelling. State of hopper is classified into three types which are fixed, movable 

and automated (can move in three directions). Relative density controlling factors are 

diffuser sieves (DS), rigid tube (RT), depositional intensity (DI) and shutter plate (SP). 

 

Major types of pluviators have been discussed in details under the sub-sections of this 

section. The advantages of these pluviators on sample preparation are also discussed.   
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Table 2.1 Summary of Pluviation Setups Used by Various Researchers (Gade and Dasaka 

2016) 

Author State of hopper Relative Density (RD) 

controlling factors 

Stationary pluviators 

Miura and Toki (1982) 

and Lo Presti et al. (1992) 

Fixed DS 

Rad and Tumay (1987) Fixed SP and DS 

Lo Presti et al. (1993) Fixed DI 

Cresswell et al. (1999) Fixed DS and flow divider 

Lagioia et al. (2006) Fixed SP and DS 

Choi et al. (2010) Fixed SP and DS 

Traveling pluviators 

Walker and Whitaker 

(1967) 

Movable Roller and divider 

Passalacqua (1991) Movable DI 

Fretti et al. (1995) and 

Dief and Figueroa (2003) 

Fixed DI and RT 

Zhao et al. (2006) Automateda DI and DS 

Dave and Dasaka (2012) Fixed DI, RT and DS 

Gade and Dasaka (2016) Movable DI, RT and DS 

Note: DS = diffuser sieves; RT = rigid tube; SP = shutter plate. 

aHopper can move in three directions. 

 

2.5.1 Portable Travelling Pluviator  
 

Many researchers developed different kinds of travelling pluviator. According to Dave 

and Dasaka (2012), an apparatus based on air pluviation technique named "Portable 

Traveling Pluviator (PTP)", which consists of a stationary hopper of 50 kg capacity 

connected to a 60 cm long rigid tube by means of flexible tube of various lengths 

depending on height requirement. The flexible tube was provided easing in moving rigid 

tube manually back and forth to prepare large specimen sand bed for model studies while 

the rigid tube provides passage for material to fall evenly on the set of diffuser sieves 

within the rigid tube in the pluviator assembly as shown in Fig. 2.6. Hopper used in the 
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study could be mounted on a wall or a scaffolding or a ceiling depending on the tank 

dimensions and space availability. Pluviation was carried out in thin layers by raising the 

rigid tube continuously to ensure a constant height of pluviation with the help of a 

reference bar attached to the rigid tube. The height of fall was maintained constant with 

the use of reference bar, which could be achieved by ensuring that the bottom tip of the 

reference bar just touches the surface of the sand bed during pluviation process. Rigid 

tube is continuously raised with respect to the reference bar to maintain the height of fall 

during pluviation process. A set of orifice plates with central circular opening of 4 mm 

to 10 mm was designed to place at the bottom of the hopper to control DI, and to regulate 

the flow of material from hopper to flexible tube.  

 

Fig. 2.6 Details of portable traveling pluviator assembly (All dimensions are in mm) 

(Dave and Dasaka 2012) 
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Dave and Dasaka (2012) used a set of ten diffuser sieves with 20.8% porosity in order to 

obtain uniform flow of material through pluviator. Out of which, top three diffuser sieves 

were placed at a spacing of 6 mm and remaining were placed at regular spacing of 10 

mm using spacer rings and guide rod; details of the diffuser are shown in Fig. 2.7. 

Diffuser sieves were oriented at 45° vertically with respect to each other for breaking up 

the sand flow. Sand was pluviated in thin horizontal layers with rigid tube being vertical 

so as to achieve proper dispersion of sand. Care was taken to avoid accumulation of sand 

on diffuser sieves by flow regulation and thus to ensure uninterrupted uniform sand rain. 

Sand was pluviated using U-turn traveling loop because of its suitability in accordance 

with Chen et al. (1998). 

 

Fig. 2.7 Details of diffuser sieve set (a) Schematic diagram (b) Pictorial view (c) Sieve 

set assembly (Dave and Dasaka 2012) 



 

 

29 

 

Dave and Dasaka (2012) observed that with increase in height of fall (HF), there was 

steep increase in relative density (RD) of sand bed for the lower range of HF, but its effect 

on RD of sand bed diminished with increase in HF, which is line with the observations 

from the previous studies (Vaid and Negussey 1988, Stuit 1995, Choi et al. 2010). 

Further, for the same orifice size, with increase in particle size, depositional intensity (DI) 

reduces. For HF in the range of 15 cm to 30 cm, minor effect on RD of sand bed was 

observed for both the sands. However, for this range of HF, lower DI were found suitable 

for achieving higher RD, this is in agreement with the observations of previous studies 

(Rad and Tumay 1987, Lo Presti et al. 1993, Zhao et al. 2006). This may be due to the 

allowance of sufficient time for sand grain hammering (Cresswell et al. 1999). After 

reaching terminal HF, RD was almost constant, however, DI was certainly affecting the 

observed RD. The two main advantages of PTP found from this research were 

compactness and ease of preparation of sand beds of wide range of densities. 

 

Srinivasan et al. 2016 followed the similar test set-up of portable travelling pluviator 

reported by Fretti et al. (1995), Zhao et al. (2006) and Dave and Dasaka (2010). They 

found that the optimized area of orifice opening should be in the range of one-third to 

half of the effective area of the diffuser sieves and the arrangement with 3 plates is found 

to provide the maximum DI for all types of sand and sieve designs without sacrificing 

the uniformity. It was noted in this case that for a particular height of fall, the relative 

density decreases with increase in the porosity of diffuser sieves i.e., higher the porosity, 

greater is the DI and hence, there is a drop in the relative density. It was also observed 

here that there is almost linear relationship between the soil resistance and the relative 

density of the prepared sand sample. 

 

2.5.2 Stationary Pluviator  
 

Hariprasad et al. (2016) conducted a calibration studies before developing a full-scale 

stationary pluviator. They first fabricated a scaled-down pluviation device (with plan 

dimensions equal to 300 mm ⅹ 300 mm) to perform calibration studies. It consists of 

open, square box of plan area equal to 300 mm ⅹ 300 mm (shown as ‘1’ in Fig. 2.8a) 

consisting of four sheets. The top two sheets (shown as ‘2’ and ‘3’ in Fig. 2.8a) were 

made up of hylam material of thickness equal to 5 mm, and third and fourth sheets (shown 
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as ‘4’ and ‘5’ in Fig. 2.8a) were made up of commercially available thin-wire metallic 

meshes.  

 

Fig. 2.8 Pluviation system: (a) sectional view of pluviation device, and (b) Photographs 

of thin-wire metallic meshes with opening sizes equal to (i) 2 mm, (ii) 4 mm, and (iii) 6 

mm (all dimensions shown are in mm) (Hariprasad et al. 2016) 
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Hylam sheets were found to be lightweight, and the locking and unlocking mechanism 

was much easier with this material. However, it was tedious to drill closely-spaced holes 

in hylam sheets for the bottom two sheets, and hence commercially available metallic 

meshes were used for sheets ‘4’ and ‘5’. The top two sheets were almost flush with one 

another, and were positioned in the grooves within the side walls (shown as ‘6’ in Fig. 

2.8a). The third and fourth sheets (shown as ‘4’ and ‘5’ in Fig. 2.8a were located at a 

distance equal to 50 mm and 105 mm, respectively, from the bottom of the second sheet 

(‘3’ in Fig. 2.8a). Height of fall (HF) of sand particles is taken as the distance from the 

bottom sheet (sheet ‘5’ in Fig. 2.8a) to the top of the sand bed. The height of fall can be 

adjusted by lowering or raising the entire pluviation system using hook and chain system 

(Fig. 2.8a). Fig. 2.8b (i–iii) shows the top view of the sheets ‘4’ and ‘5’ with openings 

widths equal to 2, 4, and 6 mm, respectively. A lever, shown as ‘7’ in Fig. 2.8a, is used 

to lock and unlock the sheets. It was connected to sheet ‘2’ and was so adjusted that the 

openings available in sheets ‘2’ and ‘3’ do not overlap when sand was filled and was 

referred as closed position (refer to Fig. 2.9a, b). During the raining process, the lever 

was adjusted for the openings to overlap and facilitate raining of soil particles (open 

position). 

 

Fig. 2.9 Details of stationary pluviator: (a) schematic of cross section of sheets in closed 

and open positions, and (b) pluviator in closed position 
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Hariprasad et al. (2016) used rectangular and cylindrical shaped molds of different sizes 

to measure the relative density of sand beds. It was mentioned that the shape and size of 

the mold will not affect the relative density of sand. The standard procedure described in 

ASTM D4254 (2006) was followed while leveling the surface of the molds, and great 

care was taken to minimize the disturbance due to the adjustment of soil particles during 

the leveling process. This procedure was found to produce repeatable test results. 

Equation 2.6 shows the relative density (𝐷𝑅) whereas equations 2.7, 2.8 and 2.9 describe 

the mean value (𝐷𝑅̅̅̅̅ ), standard deviation (𝜎) and coefficient of variation (COV).   

𝐷𝑅 =
𝛾𝑑,𝑚𝑎𝑥(𝛾𝑑 − 𝛾𝑑,min )

𝛾𝑑(𝛾𝑑,𝑚𝑎𝑥 − 𝛾𝑑,𝑚𝑖𝑛)
× 100                                                                                       (2.6) 

𝐷𝑅̅̅̅̅ =
∑ 𝐷𝑅𝑖
𝑁
𝑖=1

𝑁
                                                                                                                       (2.7) 

𝜎 = √
∑ (𝐷𝑅𝑖 − 𝐷𝑅̅̅̅̅ )2
𝑁
𝑖=1

𝑁 − 1
                                                                                                      (2.8) 

𝐶𝑂𝑉 =
𝜎

𝐷𝑅̅̅̅̅
                                                                                                                               (2.9) 

Where, 𝛾𝑑,𝑚𝑎𝑥 is the maximum density of sand, 𝛾𝑑,min is the minimum density of sand, 

𝛾𝑑 is the density of sand achieved, 𝐷𝑅 is the relative density of sand, 𝜎 is the standard 

deviation of measured density, 𝐷𝑅̅̅̅̅  is the mean value of relative density, and N is the 

number of locations where 𝐷𝑅 was measured. The impacts of height of fall and opening 

width on the relative density reported in Hariprasad et al. (2016) are in good agreement 

with the findings of Vaid and Negussey (1984); Rad and Tumay (1987); Passalacqua 

(1991); Lo Presti et al. (1993); Dave and Dasaka (2012). 

 

Based on the calibration studies, Hariprasad et al. (2016) found the pluviation method to 

produce uniform and repeatable density of sand beds. A similar configuration was 

adopted to develop a full-scale pluviator with plan dimensions equal to 890 mm×890 mm 

in order to prepare sand beds in a test chamber with size equal to 900 mm×900 mm in 

plan and 1000 mm in depth. The photographs of pluviation device and the deposition of 

sand particles inside the test chamber are shown in Fig. 2.10. Pluviation setup can move 

up to the bottom of the test chamber and height of fall of sand particles can be adjusted 
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with the help of chain system to facilitate preparation of sand beds with different relative 

densities. In order to compare the relative density of prepared sand bed from the full-

scale pluviation device with that obtained from the calibration studies, sand bed was 

prepared in the test chamber by maintaining the height of fall and opening width. The 

relative density of the sand bed was found to be in the range 84–88 % using the full-scale 

pluviator, which are only slightly lower (about 3%) than that obtained from the 

calibration studies. 

 

Fig. 2.10 Photographs showing: (a) pluviation device, and (b) pluviation of sand within 

test chamber. (Hariprasad et al. 2016) 
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The procedure, stationary air pluviation is developed to prepare sand beds to a target 

relative density using two methods, which are pluviation and pneumatic vibration. 

Hariprasad et al. (2016) found that the relative density of sand increases with increase in 

the height of fall and decrease in the opening size through which the sand particles were 

pluviated. They also observed that the increase in time of vibratory compaction led to an 

increase in the relative density. However, the increase in DR for compaction period of 

more than 90 s was found to be insignificant. In such case, the COV in relative density 

of beds prepared using pneumatic vibrator was found be less than 4%. Hence, this method 

can be used to prepare uniform beds. In addition, this method can be adopted for any size 

of the test chamber. 

 

2.5.3 Mechanized Traveling Pluviator  
 

Gade and Dasaka (2016) developed a movable traveling pluviator, which they named as 

mechanized traveling pluviator (MTP). They developed MTP to address the limitations 

of the portable traveling pluviator (PTP) developed by Dave and Dasaka (2012). 

According to them, two major limitations of PTP are (1) as the hopper is stationary while 

preparing large sand beds, it is very difficult to ensure uniform DI at the far ends of the 

container, as the slope of the flexible tube becomes too flat; and (2) during the sand flow 

through the rigid tube, sand particles may accumulate on the sieves, which can prevent 

the continuous flow of sand (Fretti et al. 1995; Choi et al. 2010).  

 

In general, PTP consists of a wall-mounted hopper, orifice plates, a flexible hose, and a 

circular rigid tube of 60 mm diameter and 710 mm height housing a set of diffuser sieves. 

To address the limitations mentioned by Gade and Dasaka (2016), a few modifications 

have been implemented to the PTP: (1) the hopper can be movable in one direction over 

a length of 1,850 mm with the help of a chain pulley mechanism operated manually; and 

(2) the rigid tube is made of acrylic Plexiglass with an internal cross section of 

50mm×50mm so that sand flow through it can be observed. The cross section of the rigid 

tube is chosen in such a way that it can be held easily in one hand during the preparation 

of specimens. Drawing details of the MTP assembly and the modified rigid tube are 

shown in Fig. 2.11 and 2.12, respectively. An original view of the modified traveling 

pluviator and pulley chain mechanism are shown in Fig. 2.13. 
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Fig. 2.11 Details of mechanized traveling pluviator assembly (Gade and Dasaka 2016) 

 

Fig. 2.12 Cross-sectional details of modified rigid tube (Gade and Dasaka 2016) 
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Fig. 2.13 (a) Pictorial view of modified traveling pluviator; (b) front view of chain pulley 

mechanism; (c) side view of chain pulley mechanism and roller on rail (Gade and Dasaka 

2016) 

 

According to Gade and Dasaka (2016), the MTP setup consists of a frame, guide rails, a 

chain pulley, a hopper, orifice plates, an acrylic rigid tube, and diffuser sieves. The 

volume of the hopper was chosen as 0.031 m3 to accommodate approximately 50 kg of 

sand. An orifice plate was placed at the bottom of the hopper to control the sand flow 

from it. The rigid tube was made of transparent acrylic material to observe the sand flow 

and accumulation of sand on the diffuser sieves, with a conically tapered steel fixture 

attached at the top. A flexible hose was connected to the hopper bottom on one side and 

the rigid tube on the other side with the help of clamps. The height of the rigid tube was 

reduced compared to that used in PTP, as changes in head difference will not affect the 

density of the sand specimen while using the diffuser sieves (Rad and Tumay 1987). In 

this way, the rigid tube is comparatively easy to operate for a long time. The detailed 
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comparison of PTP and MTP pluviation setups is listed in Table 2.2. However, the major 

limitation of MTP over PTP is that the MTP setup requires considerably more ground 

space and cannot be easily relocated, as it is anchored to the ground.  

 

Table 2.2 Comparison of PTP and MTP Sample Preparation Setup Gade and Dasaka 

(2016) 

Description PTP MTP 

Hopper state Stationary Movable in the horizontal 

direction 

Rigid tube Heavy Lightweight 

Nontransparent material Transparent 

710 mm in height 320 mm in height 

Circular Square 

Flexible pipe Vertical and inclined Always vertical 

Sand flow May or may not be 

continuous 

Continuous 

Depositional 

intensity 

Reduced at farther 

locations 

Constant throughout 

Accumulation of 

sand on diffuser 

sieves 

Cannot be observed Can be observed 

Orientation diffuser 

sieves 

May change during the 

sand flow 

Fixed 

Suitable for size of 

specimens 

Small specimens Small and large specimens 

Space requirement Wall mount Large area required 

Erection Easily fixed to wall and 

can be relocated 

MTP frame needs to be 

anchored to the ground; 

relocation is difficult 

 

Two sets of diffuser sieves (A and B) were used with the same porosity, stacked 

alternately. Each diffuser sieve is 50mm×50mm×2mm thick, with a porosity of 20% (24 

holes of 5-mm Ø). Holes were arranged in set A in a triangular pattern, and in set B, they 
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were rotated by a 45-degree angle about the center of the sieves with respect to the hole 

arrangement in set A. This ensured that a continuous flow of sand from the top to the 

bottom sieves is prevented. At the bottom of the rigid tube, 2-mm inward projections 

were made to acrylic plates on all sides to hold the stakes of diffuser sieves. More details 

on the orientation and arrangement of sieves were obtained from Dave and Dasaka 

(2012). 

 

Diffuser sieves were stacked on a steel rod of 130-mm length and 6-mm Ø at a center-to-

center distance of 10 mm, maintained using spacers. The top and bottom of the sieves 

were tightened with nuts. A reference bar of 450-mm length and 4-mm Ø was fixed to 

the rigid tube on one of its sides to control uniform HF, which was measured from the 

bottom of the last diffuser sieve to the surface of the soil specimen, as shown in Fig. 2.12. 

Gade and Dasaka (2016) used poorly graded Indian standard sand (Grade II) which 

uniformity coefficient and coefficient of curvature were 1.36 and 0.95, respectively. 

Preliminary tests were performed with MTP to evaluate the effect of HF (2.5–180 cm), 

DI (orifices of 5-, 6-, 7-, 8-, 10-, 12- and 15-mm diameter) and the number of sieves (0, 

2, 4, and 6) on the RD of the pluviated specimen. A California bearing ratio (CBR) mold 

with a volume of 3,170 cc was used for evaluating the RD and DI of specimens. HF was 

maintained constant during the preparation of the sample with the help of a reference bar 

and a flexible hose. During the pluviation process, the rigid tube was continuously raised 

to maintain constant HF. RD and DI for each of these combinations were obtained by 

averaging the respective values obtained from three identical samples. 

 

A miniature cone with a 11.3-mm diameter and 100-mm2 cross-sectional area, which 

is1=10th of standard cone area (1,000 mm2), was used in the study of Gade and Dasaka 

(2016), as adopted by Bolton et al. (1999). This miniature cone was connected to an 8-

mm-diameter connecting rod at one end, and the other end of the connecting rod was 

attached to a universal testing machine (UTM) with the help of a coupling. Sand 

specimens of 282mm×282mm×390mm in height were used for penetration testing. It was 

observed from MTP testing of Gade and Dasaka (2016) that samples prepared without 

diffuser sieves achieved relative densities in the range of 13.67%–85.3%, as the HF 

increased from 20 to 180 cm. Further, preparation of large sand specimens without using 

diffuser sieves was not feasible because HF, which was a major factor influencing the 
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RD of a specimen, gradually reduces as the sand fills the container in the case of a 

stationary hopper. The main objective of a modified rigid tube was to observe the sand 

flow through sieves. Fig. 2.14 and 2.15 show the sand flow through a rigid tube with 

either two or four sieves during the specimen preparation for an HF of 15 cm.  

 

Fig. 2.14 Sand flow through rigid tube with two diffuser sieves and different orifice sizes: 

(a) 8-mm diameter (RD=84%); (b) 10-mm diameter (RD=82%); (c) 12-mm diameter 

(RD=76%); (d) 15-mm diameter (RD=NA) (Gade and Dasaka 2016) 

 

 

Fig. 2.15 Sand flow through rigid tube with four diffuser sieves and different orifice sizes: 

(a) 8-mm diameter (RD=80%); (b) 10-mm diameter (RD=77%); (c) 12-mm diameter 

(RD=73%) (Gade and Dasaka 2016) 

 

Sand specimens prepared using two sieves and orifice diameters of 8-, 10-, 12-, and 15-

mm reveal that as the orifice diameter increases, sand flowing through the rigid tube also 

increases, leading to the accumulation of a large amount of sand on the top diffuser sieve 

for a 15-mm diameter orifice, as shown in Fig. 2.14(d). From Fig. 2.14, the observed 
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thickness of accumulated sand on the second diffuser sieve was 3 mm, 4.5 mm, 7 mm, 

and 9.5 mm for orifice diameters of 8 mm, 10 mm, 12 mm, and 15 mm, respectively. In 

Fig. 2.15, the observed thickness of sand accumulated on the second diffuser sieve was 

3.5 mm, 5 mm, and 7 mm for orifice diameters of 8 mm, 10 mm, and 12 mm, respectively. 

From these figures, it was evident that the thickness of accumulated sand increases as the 

orifice diameter increases. 

 

Gade and Dasaka (2016) found that sand accumulation on the top diffuser sieves 

increases with the increase in DI, and this accumulated sand on diffuser sieves obstructs 

the free flow of sand. Moreover, DI increases quadratically with increases in the orifice 

diameter. Though MTP without diffuser sieves produces a wide range of relative densities 

(13.7%–85.3%), the uniformity of the sand bed needs to be compromised, as evident from 

CPT results. Similarly, tamping fails to produce uniform sand beds. Gade and Dasaka 

(2016) said that uniform sand beds with RDs in the range of 38.4%–100% can be 

achieved using MTPs with diffuser sieves. They also mentioned that to prepare large sand 

specimens, using an MTP with diffuser sieves is better than the stationary hopper used in 

PTP, as HF can be kept constant without sacrificing the uniform flow rate that occurs in 

the former setup.  

 

2.5.4 Mobile Pluviator  
 

Khari et al. (2014) has designed a new mobile pluviator, which could be moved 

horizontally in two directions following the air pluviation method, where the pluviation 

method has been developed based on the free fall theory of spherical particles. Further, 

four wooden perforated plates with different arrangements of holes in terms of diameter 

and number were used as shutter plates to control the flow rate of the sand mass. Here 

description of mobile pluviator has been discussed in details.  

 

The pluviation methods of mobile pluviator have been developed based on the free fall 

theory of spherical particles. In this theory, it is considered that the mass m of a falling 

body toward the surface of the earth, and the drag force resistance against it in an upward 

direction, and therefore, the particle velocity remains constant; and as a result, the particle 

acceleration will be equal to zero. So, it can be mathematically shown as following, 
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𝑉 = √
2𝑚𝑔

𝜌𝐴𝐶𝑑
                                                                                                                           (2.10) 

Where, ρ, g and A are mass density, gravitational acceleration, and particle acceleration, 

respectively. Cd is the drag coefficient. The mean size of the sand particles (D50) was 

assumed as idealized as a free fall of spheres during pluviation. The interference effect 

due to simultaneous fall of many particles was usually neglected.   

 

As shown in Fig. 2.16(a) and as per the description of Khari et al. (2014), the Mobile 

Pluviator consists mainly of a soil bin (hopper), the diffuser system (the three sieves), the 

sand collector, a fixing device to set up these components so that the whole system is 

carried by a moveable steel frame. The fixing device has sections of three steel pipes 

arranged around a circle with 20 cm in diameter. The sand hopper used to stock up the 

sand has a conical shape with a base diameter equal to 20 cm. The intensity of the sand 

deposition plays a very important role in obtaining the desired relative density and in 

terms of controlling the flow rate of the sand mass. For this reason, different arrangements 

of holes, in terms of diameter and number, were tested (Figure 2.16b). These patterns 

were formed on a wooden perforated plate with a diameter of 20 cm (known as the shutter 

plate). The four patterns of the shutter plates were formed of different arrangements of 

holes to control the rate of the soil discharge. The interchangeable circular wooden plates 

were installed at the bottom of the sand hopper. The porosities of the shutters were equal 

to 0.8, 1.88, 5.25, and 5.5 % for the shutters P1 (21 holes with diameter = 5 mm), P2 (21 

holes with diameter = 7 mm), P3 (21 holes with diameter = 10 mm), and P4 (16 holes 

with diameter = 13 mm), respectively. To attain the best diffusion results and to ensure 

uniform deposition of particles, the utilized diffuser system made use of three standard 

sieves with different sizes based on the maximum sand particle size without any sand 

accumulation on the sieves. The distance between sieves was 5 cm; and it remained 

constant during the tests. The drop (distance between the bottom sieve and the sand 

surface within the collector—referred to as H) is an important parameter in obtaining 

terminal velocity and subsequently the desired relative density. For this reason, this 

distance should be equal or more than the height determined during sand pluviation. In 

addition, the height, F (distance between shutter plate and the top sieve) and H 

complement each other. In other words, when F increases, H will decrease and vice versa.  
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Fig. 2.16 Mobile Pluviator system comprised of: (a) Mobile Pluviator, and (b) shutter 

plates (Khari et al. 2014) 

When using the Mobile Pluviator, the test chamber can be fixed and the sampled soil can 

be spread by a raining process over the whole area of the test chamber. This is particularly 

applicable for soil modeling in centrifuge and shaking table applications, as their 

instrumentations are very sensitive to movement and stress. The sand collectors, as per 

khari et al. (2014), were the three cylindrical molds with 45- and 100-mm standard radius 

and height, respectively, constructed of PVC. A 225-cm2 plastic base plate was glued to 

the bottom of each of the molds. A vacuum cleaner was used to level the sand surface of 

a sand sample by removing extra sand particles. The Mobile Pluviator system moves 
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manually over the area of the molds in the two horizontal directions. It was observed that 

vertical and horizontal velocities of the particle are independent when the moving particle 

is uniform and slow. Under these conditions, the movement directions have insignificant 

influence on the desired relative density. 

 

Khari et al. (2014) used three types of soils (A, B and C) in their tests where, all of the 

soils are uniform and are classified as SP, according to the Unified Soil Classification 

System (USCS). The medium diameter (mean size = D50) of the three types of sands is 

0.65, 0.53, and 0.33 for soil A, soil B, and soil C, respectively. The tests were carried out 

by selecting one of the parameters as a variable and keeping other parameters constant 

during each of the tests. After that, each of the three soils was poured into the sand hopper 

and allowed to rain down when the plastic plate was removed from behind the wooden 

perforated plate. The sand jets were diffused by the three sieves (according to ASTM-

D2487, No#4 sieve having opening 4.75 mm size) after falling through the height, F. The 

volume and the weight of sand collected were measured, and the relative density was 

computed as follows: 

𝐷𝑟 = (
𝛾𝑑 − 𝛾𝑑 𝑚𝑖𝑛

𝛾𝑑 𝑚𝑎𝑥 − 𝛾𝑑 𝑚𝑖𝑛
)
𝛾𝑑 𝑚𝑎𝑥
𝛾𝑑

                                                                                         (2.11) 

Where, 𝛾𝑑 𝑚𝑖𝑛, 𝛾𝑑 𝑚𝑎𝑥, and 𝛾𝑑 are the minimum, maximum, and dry unit weights of sand, 

respectively.  

 

Khari et al. (2014) conducted 180 sets of tests to establish a relationship between relative 

densities and the different parameters. Based on results obtained, soil particles reached 

the terminal velocity at a critical falling height (Hcrit) equal to 60, 50, and 45cm for soils 

A, B, and C, respectively. It was observed from the results that if the distance, F increases 

beyond the critical value, the increase in the relative density is not significant. The shutter 

porosities have an effect on Dr at different F distances. The higher relative density was 

obtained with the least shutter porosity. Based on the results obtained, the mean grain 

size of the soil has affected the relative density so that the three sizes used could produce 

the sand samples repeatedly over a wide range of Dr ranging from 10 to 98 %. A series 

of tests were also performed to compare the peak dry densities attained by ASTM method 

versus the Mobile Pluviator. The peak dry densities obtained using the Mobile Pluviator 

can be 10% less than the dry densities produced by ASTM method. The friction angle of 
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samples prepared by the Mobile Pluviator was equal to 29.5o and 35.7o for the loose and 

the dense sand, respectively. Further, the influence of the horizontal movement of the 

Mobile Pluviator had insignificant effect on the results obtained.  

 

2.5.5 Point Pluviator  
 

Hakhamaneshi et al. (2016) introduced a centrifuge model-based point pourer pluviator 

device developed at the Centre for Energy and Infrastructure Ground Research (CEIGR) 

at the University of Sheffield. As per Hakhamaneshi et al. (2015), many centrifuge 

models are tested to achieve repeatable, uniform sand bed profiles of different relative 

densities and it is very common for researchers to develop a series of experimental 

parametric studies where sand beds must be uniform across the whole test series. Many 

researchers also aim to compare their experimental findings with numerical predictions 

(e.g.  Arulanandan and Scott 1993) or the experimental results to be used as a benchmark 

for calibration of numerical models (e.g.  Hakhamaneshi et al.  2015). It is therefore 

important for every centrifuge facility to employ a pourer device capable of producing 

repeatable uniform relative densities of a wide range that reflect loose and dense states. 

 

According to Stringer et al. (2014), geotechnical centrifuge facilities typically employ 

one or more of the following sand hopper systems based on the pour area or the number 

of axis to be controlled: point pluviators, curtain pluviators and carpet pluviators. Point 

pluviators pour sand typically from a small orifice where the 3-axes of pour are all 

controllable manually by the user. This is the most common type of placement system 

currently adopted in model preparation. Compared to a point pour, curtain pluviators pour 

a complete line of sand but need to be moved laterally to cover the entire surface area of 

the container in one sweeping motion. The most sophisticated pluviators cover full 

surface area of the model leaving the user to adjust the vertical axis during the pour 

(Chapman 1974). 

 

Hakhamaneshi et al. (2016) developed a point sand pourer at the University of Sheffield 

which enables a wide range of relative densities to be achieved.  The system is mentioned 

as relatively easy to operate without the need of any special training, with the exception 

of observing Health and Safety requirements surrounding air-borne particles. The 
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designed and manufactured point pourer is shown in Fig. 2.17 and 2.18.  The sand 

hopper’s main body was fabricated from 2 mm aluminum sheet; the four sides were cut; 

380 mm x 425 mm and each piece was tapered and folder at a 35° angle at a distance 200 

mm from the top of the pourer.  This angle serves to ensure that sand stored in the hopper 

is funneled towards to the nozzle during pluviation to maintain a constant flow of sand. 

 

 

Fig. 2.17 Schematic of the point sand pourer developed at the CEIGR along with the four 

allocated mesh inserts. (Hakhamaneshi et al. 2016) 
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Fig. 2.18 Sand pluviation configuration. (Hakhamaneshi et al. 2016) 

 

The hopper sides were fasted together using aluminum angle section and pop riveted to 

create the main pyramid shape. A base plate was fabricated at the tapered end of the 

hopper to interface with the end nozzle attachment.  This was machined to convert the 

square base into a 50 mm diameter outlet. The base plate was drilled and tapped to 

facilitate the outlet supply pipe. A length of 40mm extruded aluminum was fastened 

through the top of the hopper to create a lifting point so the hopper could be suspended 

from a height adjustable pulley. This also served to strengthen the hopper overall 

construction. The overall capacity of the hopper was approximately 0.068m3. The outlet 

pipe was manufactured from solid 80 mm aluminum bar and consisted of 3 segmented 

sections and an end cap.  A 50 mm hole was machined through each section to correspond 
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with the outlet from the main body.  Each segment was recessed to allow a mesh filter to 

be inserted. Individual mesh filters were manufactured from 1 mm thick aluminum disks 

measuring 50 mm diameter that were perforated with holes ranging from 1.5 mm to 6 

mm. It was noted that, the mesh reference number refers to the size of the perforations, 

i.e., mesh 4 has holes 4 mm in diameter.  It was also noted that the mesh density decreased 

as the mesh diameter increased; the 1.5 mm disk had a mesh density of 0.15 hole/mm2 

while the 6 mm disk had a mesh density of 0.02 hole/mm2. 

 

The segmented system allowed the use of up to 4 mesh filters simultaneously which 

offers great scope to achieve various sand densities during pluviation. For reference the 

mesh positions were referred to as ‘A to D’, with ‘A’ being the uppermost mesh closest 

to the hopper body and ‘D’ being the mesh at the exit position.  It was remarked that a 

combination of meshes were denoted in sequence; i.e.  Mesh 6/-/-/2 indicates mesh sizes 

6 and 2 are located in position A and D respectively, with position B and C having not 

mesh present. Hakhamaneshi et al. (2016) observed a number of mesh combinations in 

order to demonstrate the variations in density that could be achieved. 

 

Two different types of silica sands named CH30 and CNHST95 were employed in the 

research at the CEIGR. These sands were very similar to the commonly used Fraction C 

and Fraction E Leighton Buzzard silica sands (Chian et al. 2010). In the experiment of 

Hakhamaneshi et al. 2016, theoretical fall velocity theory was applied, which is described 

in Equations no. 2.3, 2.4 and 2.5 under sub-clause 2.3.1.1 in this literature review. 

Hakhamaneshi et al. 2016 found that with the increase of diameter of the exit mesh, the 

flow rate increases accordingly for both types of sand. This was because at mesh 

perforation diameters larger than the grading of the sand, sand particles would flow more 

freely through the mesh resulting in flows that would be very similar thus making the 

effect of mesh diameter insignificant. They observed that the finer sand (CNHST95) 

consistently had larger flow rate than the coarser sand (CH30). Finer sand particles could 

exit a certain mesh diameter faster than a coarser particle leading to a larger flow rate. 

The difference was less pronounced at larger mesh diameters (larger than 4mm in current 

study). Chian et al. (2010) observed a similar pattern. Effect of pour height and mesh 

diameter were studied in the tests of point pluviator developed by Hakhamaneshi et al. 

2016 to calibrate the sand hopper for different desired relative densities. 
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2.6 Shake Table Testing 
 

There are several different experimental techniques that can be used to assess the 

response of structures and soil or rock slopes to verify their seismic performance, one of 

which is the use of an earthquake shaking table (a shaking table, or simply shake table). 

The shaking table test is one of the most widely applied techniques to assess the seismic 

performance of structures made of various materials. Generally, it is widely used for 

assessing linear/nonlinear and elastic/inelastic dynamic response of structures. In 

the field of earthquake engineering, engineers can use a shake table in order to model 

how their seismic resistant designs respond to vigorous shaking. The ground can shake in 

many different ways during an earthquake.  

 

According to Reitherman (2012), while modern tables typically consist of a rectangular 

platform that is driven in up to six degrees of freedom (DOF) by servo-hydraulic or other 

types of actuators, the earliest shake table, invented at the University of Tokyo in 1893 

to categorize types of building construction, ran on a simple wheel mechanism. Test 

specimens are fixed to the platform and shaken, often to the point of failure. Thus, using 

video records and data from transducers, it is possible to interpret the dynamic 

behavior of the specimen. Earthquake shaking tables are used broadly in seismic 

research, as they provide the means to excite structures in such a way that they are 

subjected to conditions representative of true seismic ground motions. According to 

Bairrao and Vaz (2000), the application of shaking tables for the assessment of the 

dynamic and seismic behaviour of civil engineering structures is operative since the 

sixties. Previously, shaking tables had important limitations concerning the power 

available and they have been utilized to study the dynamic characteristics (natural 

frequencies and mode shapes) of small models behaving essentially in the linear range. 

In the meantime, bigger and more powerful shaking tables have been placed in operation 

allowing for the adoption of lower scaling factors and then involving very essential 

dynamic forces. 

 

2.6.1 Shake Table Set-up and Mechanism 
 

Numerous Researchers have used different types of shake table facilities to observe 

seismic performance of different kinds of structures. There are differences between 

https://www.wikiwand.com/en/Degrees_of_freedom_(engineering)
https://www.wikiwand.com/en/Hydraulic_cylinder
https://www.wikiwand.com/en/Crash_testing
https://www.wikiwand.com/en/Transducer
https://www.wikiwand.com/en/Structural_dynamics
https://www.wikiwand.com/en/Structural_dynamics
https://www.wikiwand.com/en/Sample_(material)
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mechanism, set-up and test facilities of shake tables in various types of research papers. 

The set-up, mechanism and dimension of different shake tables implemented in various 

researches are discussed here.    

 

Duque and Bairrao (2000) described LNEC's triaxial shaking table designed by LNEC's 

staff (Emilio et al., 1989) and was built during the early nineties.  Prior it was conceived 

as a platform suitable to reproduce seismic actions on civil engineering structures and 

according to observed earthquakes. It must be stressed here that the shaking table has all 

rotations inhibited by a set of three torque tubes, the translational couplings are 

minimized by a system of linking rods connecting the actuators to the platform and the 

inert weight load is compensated by a passive nitrogen hydraulic system. Moreover, each 

one of the translations can be mechanically blocked. (Duarte et al., 1992, Duarte et al., 

1994, Bairrao et al., 1995). The digital control was provided and installed by INSTRON. 

The control and signal adapting were installed on two personal computers 

communicating with each other by a TCP/IP based local area network. Fig. 2.19 shows 

the schematic view of the LNEC's 3 DOF seismic platform. As per Duque and Bairrao 

(2000), the actuators servo-valve control was done with an RSPLUS, INSTRON, 

program installed on a personal computer with the WINDOWS 3.11 operative system. In 

order to obtain a drive signal for the regeneration of a given time history on the shacking 

table, an iterative process was implemented using SPIDAR, a general-purpose software 

package for data analysis and display, on another PC, running UNIX OS and 

communicating by TCP/IP with the control program. Standard procedure for obtaining 

the control drive signals involved a MATHLAB signal pre-processing of the target file 

which typically included the stages of data verification, resampling, signal filtering. A 

proper signal is a part of the solution. Further, a drive signal is to be created from those 

of the adapted response. Duque and Bairrao (2000) mentioned that for the purpose of 

obtaining the characterization within all the frequency working range of a general system, 

a long duration white noise is normally used. However, practical considerations about the 

loads involved and the hydraulic flows required led to the use of a pseudo pink noise 

signal varying inversely with the frequency. Such a signal drastically decreases the 

kinetical energy involved while reducing the peak flow values demands. A corresponding 

control signal drive was found, by trial and error, for a range of typical loads. For 

obtaining an appropriate drive signal, the frequency response function (FRF) is evaluated 
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by applying, to the loaded shaking table, a control drive that creates a movement that has 

a pink noise spectral shape. 

 

Fig. 2.19 Schematic view of the LNEC's 3 DOF seismic platform (Duque and Bairrao 

2000) 

While writing the corresponding set of equations in the matrix notation a set of 

simultaneous equations is derived by: 

〈𝑆𝑡𝑔𝑡〉 = [𝐻]〈𝑆𝑑𝑟𝑣〉                                                                                                              (2.12) 

Where, [H] is the familiar transfer function matrix between output and input, Stgt is the 

target signal and Sdrv is the drive signal. For performing the characterization, there should 

be at least as many response transducers as actuators. If this is not the case then there is 

inadequate information to solve the system and a drive signal cannot be obtained. If the 

number of response transducers and actuators is the same, then [H] is a square matrix and 

it can be directly inverted. Generally, more response transducers than actuators and the 
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matrix [H] is non-square. It can be proved, using standard linear regression techniques, 

that the following set of simultaneous equations: 

〈𝑆𝑑𝑟𝑣〉 = [(𝐻
𝑇𝐻)−1𝐻𝑇]〈𝑆𝑡𝑔𝑡〉                                                                                             (2.13) 

 

Equation (2.13) can be used to obtain the inverse matrix of [H]. Given the fact that the 

transducers have limited frequency working ranges, they give none, or a very little, 

response outside that frequency range. Low multiple coherence, low values of transfer 

function and high values of inverse transfer function are than produced. At those 

frequencies the process cannot be carried out. To avoid this, multiple coherence should 

be high, typically greater than 0.6 (Duque and Bairrao 2000). It is thus possible to begin 

an iterative process showing in Fig. 2.20. By obtaining a drive signal that will reproduce, 

on the loaded seismic platform, the target signal using:  

〈𝑆𝑑𝑟𝑣〉 = [𝐻
−1]〈𝑆𝑡𝑔𝑡〉                                                                                                           (2.14) 

To avoid the over-prediction of those drive signals they should be scaled being the initial 

drive given by: 

〈𝑆𝑂𝑑𝑟𝑣〉 = 𝑎〈𝑆𝑑𝑟𝑣〉                                                                                                               (2.15) 

Here, a is a positive, less than 1.0, constant. Thus, those drive signals are injected to the 

seismic platform and the corresponding response signals are determined. The response 

error is estimated and from it a drive error is then computed, by doing: 

〈𝑒𝑆𝑂𝑑𝑟𝑣〉 = [𝐻
−1](〈𝑆𝑡𝑔𝑡〉 − 〈𝑆𝑂〉)                                                                                   (2.16) 

The latest estimate for the drive signal is now found by making: 

〈𝑆𝐼𝑑𝑟𝑣〉 = 〈𝑆𝑂𝑑𝑟𝑣〉 + 𝑏〈𝑒𝑆𝑂𝑑𝑟𝑣〉                                                                                       (2.17) 

where b is once again a positive, less than 1.0 and constant. The new drive signal is output 

to the seismic platform and the all process is repeated until a convenient set of response 

is obtained. Typically, at least, three iterations are needed, but more than six are not 

seldom done (Duque and Bairrao 2000). Bairrao and Vaz (2000) explained the procedures 

of using LNEC 3D seismic platform. This particular simulator had three independent 

translational degrees of freedom which were driven by hydraulic actuators, whereas its 

rotational degrees of freedom were minimized by torque tube systems, one for each axis 
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(roll, pitch and yaw). Under the horizontal cranks, either passive gas actuators, to cope 

with the dead weights of the shaking table and of the testing specimen, or rigid blocks, 

eliminating the vertical motion of the table, can be inserted (Fig. 2.19). 

 

Fig. 2.20 Simplified diagram of the iterative process used for adapting signals to the 

shaking table (Duque and Bairrao 2000) 

At each end, the torque tubes were linked, by means of a crank, with a stiff connecting 

rod between them and the moving platform. The vertical connecting rods were pinned at 

both ends, and horizontal motion of the platform is allowed. When the platform moved 

vertically, it either pulled or pushed the connecting rods, rotating both cranks by the same 

angular displacement, and the respective torque tube likewise. In such case, if there was 

an overturning moment inducing a rotation on the platform, then vertical movement in 

opposed directions appeared at the upper end of the connecting rods, which, in turn, 

caused small opposite rotating forces in the cranks. However, this was resisted through a 

large reaction force produced by torsional stiffness of the concerned very stiff torque 

tube, resulting only in an insignificant platform rotation. The main features of this shaking 

table were an area of 5.6 m x 4.6 m, a table mass of about 40 t, a maximum allowable 

specimen weight of 400 kN, a frequency range from 0 to 15 Hz, maximum accelerations 

of 1.1, 0.5 and 1.8 g for the transverse, vertical and longitudinal axis respectively, and 
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maximum displacements of ± 175 mm for all the three axes. Bairrao and Vaz (2000) used 

LNEC shake table to perform tests on bridge pier models. 

  

Latha and Krishna (2006) and Krishna and Latha (2007) conducted several shaking table 

studies which had been carried out on wrap-faced reinforced soil retaining walls to search 

insight into their behavior under dynamic loading. Model retaining walls have been built 

with variations in the acceleration and frequency of base sinusoidal shaking and 

surcharge loading. They used a computer-controlled servo-hydraulic single degree of 

freedom (horizontal) shaking table facility to simulate the horizontal shaking action, 

associated with seismic and other vibration conditions. The shaking table included a 

loading platform of 1 m × 1 m size and payload capacity of 1 t. Shaking was provided by 

a digitally controlled servo-hydraulic actuator with ±200 mm stroke and 30 kN force 

rating. A dedicated control room housing the control system included a host computer to 

facilitate testing under both constant amplitude and pseudo-random conditions. The 

shaking table could be handled over an acceleration range of 0.05g to 2g and frequency 

range 0.05 to 50 Hz with a maximum amplitude of ±200 mm. Maximum velocities were 

0.3 m/s.  

 

Krishna and Latha (2007) constructed retaining wall models in a laminar box to reduce 

boundary effects as far as was practicable. Generally, a laminar box is a large shear box 

consisting of several frictionless horizontal layers. The laminar box used for their tests 

was rectangular in cross-section, with inside dimensions 500 mm × 1000 mm × 800 mm 

deep, with 15 rectangular hollow aluminum layers, machined so that the friction between 

layers was minimal. The gap between the successive layers was 2 mm, and the 

bottommost layer was rigidly connected to the solid aluminum baseplate of size 800 mm 

× 1200 mm in plan and 15 mm thickness. The layers were separated by linear roller 

bearings arranged to permit relative movement between the layers in the longitudinal 

direction with minimum friction. Fig. 2.21 shows the laminar box mounted on the shaking 

table mentioned in Krishna and Latha (2007). Hore et al. (2020) described a single degree 

shaking table, used to simulate the horizontal shaking action, associated with seismic and 

other vibration conditions. The testing platform was made of steel (2 m by 2 m), had 1350 

kg of payload capacity as shown in Fig. 2.22. Shaking was given by a digitally controlled 

servo-hydraulic actuator. It had an acceleration range from 0.01g to 4g and frequency 
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range from 0.05 Hz to 50 Hz with maximum amplitude of ±200 mm. Similar functional 

shake table was used by Chakraborty et al. 2021 and Hore et al. (2021), which is situated 

at Bangladesh University of Engineering and Technology (BUET). This shake table will 

be used in this thesis also. 

 

Fig. 2.21 Laminar box mounted on shaking table (Krishna and Latha 2007) 

 

Hore et al. (2020), Chakraborty et al. (2021) and Hore et al. (2021) mentioned about 

laminar box which is an ideal container that gives a seismic response of the soil model 

identical to that obtained in the prototype. They used embankment with soft clayey soil 

model, constructed in a laminar box to reduce boundary effects. The fabricated laminar 

shear box consisted of 24 hollow aluminum layers of frames. Each layer consisted of an 

inner frame with an inside dimension of 915 mm × 1220 mm × 1220 mm. The gap 

between the successive layers was 2 mm, and the base layer was rigidly connected to the 

solid aluminum base plate (915 mm × 1220 mm × 15 mm). Transfer ball bearings were 

utilized to minimize the friction between the layers. Ball bearings consisted of one main 

ball, with a diameter of 12 mm, located in a hemispherical space filled with fine balls. A 

2 mm thick rubber membrane was used inside the laminar box for the hydraulic cut-off 

system and for the protection of the ball bearings. The main purpose of using this fabric 
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was that it is designed to fold or unfold as sand moves against it rather than to stretch like 

a conformist silicone rubber membrane (Hore et al. 2020, Chakraborty et al. 2021, Hore 

et al. 2021).  

 

 

Fig. 2.22 Laminar box mounted on the shaking table (Hore et al. 2020) 

 

Latha and Krishna (2008) defined laminar box as a large-sized shear box consisting of 

several frictionless horizontal layers. They used a laminar box which was rectangular in 

cross section with inside dimensions of 500 mm × 1000 mm and 800 mm deep with 15 

rectangular hollow aluminum layers, machined such that the friction between the layers 

is minimum. The layers were divided by linear roller bearings arranged to permit relative 

movement between the layers in the long direction with minimum friction.  

 

2.6.2 Shake table test on Wrap-Faced Reinforced Wall Model 
 

The use of reinforced-soil walls in the field of civil construction has increased worldwide 

as a result of their satisfactory seismic performance and cost effectiveness. As per 

Krishna and Latha (2007), reinforced soil-retaining walls show improved performance in 

addition to the advantages in ease and cost of construction compared with conventional 
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retaining wall systems. In spite of the tremendous growth in reinforced soil retaining 

walls in current years, available studies on the seismic vulnerability of these important 

permanent structures are limited. Many researchers have observed the dynamic behaviour 

of full-height rigid/continuous-faced retaining walls (Murata et al.1994; Tatsuoka et 

al.1997b; Matsuo et al. 1998; Bathurst et al. 2002a; Huang and Wang 2005; Nimbalkar 

et al. 2006) and segmental or modular block retaining walls (Huang et al.2003; Ling et 

al.2005; Huang and Wu 2006). However, only a few studies are available on wrap-faced 

retaining wall systems (Sakaguchi et al. 1992; Ramakrishnan et al. 1998; Perez and Holtz 

2004; Benjamim et al.2007). 

 

Numerous research methods have been applied in the research of reinforced-soil walls 

and slopes in recent years, including studies of full-scale structures (Collin, 2001; 

Kazimierowicz-Frankowska, 2005; Lee and Wu, 2004; Yoo, 2004; Yoo and Jung, 2004; 

Won and Kim, 2007), reduced-scale models (Latha and Krishna, 2008; El-Emam and 

Bathurst, 2007; Nova-Roessig and Sitar, 1999; Chen et al., 2007) and numerical analysis 

(Al-Hattamleh and Muhunthan, 2006; Rowe and Skinner, 2001; Skinner and Rowe, 2005; 

Hatami and Bathurst, 2000; Huang et al., 2006). Moreover, analytical models such as the 

homogenized analytical concept (Chen et al., 2000), limit analysis (Porbaha et al., 2000), 

limit equilibrium (Baker and Klein, 2004a, b; Nouri et al., 2006, 2008; Shekarian et al., 

2008; Reddy et al., 2008) and the characteristics method (Jahanandish and Keshavarz, 

2005) have been developed. Richardson and Lee (1975) introduced as a pioneer of small 

scale and full-scale shaking table tests on reinforced soil walls of metallic reinforcement. 

Bathurst et al. (2005) recognized a working stress method for the calculation of 

reinforcement loads in geosynthetic reinforced-soil walls using a database of 

instrumented and monitored full-scale field and laboratory walls. Nouri et al. 2006 

presented Horizontal Slice Method (HSM) by developing a new limit equilibrium method 

of analysis for reinforced soil structures. The new design method captures the essential 

contributions of the different wall components and properties to reinforcement loads 

(Sabermahani et al. 2009). 

 

It has been observed from previous research that excellent performance of reinforced-soil 

walls was shown during large earthquakes (Collin et al., 1992; Sandri, 1997; White and 

Holtz, 1997; Tatsuoka et al., 1995, 1997a; Ling et al., 2001). Sabermahani et al. (2009) 
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mentioned that many conventional gravity-types retaining walls as well as numerous 

cantilever-type reinforced concrete retaining walls were seriously damaged by the 1995 

Hyogoken-Nanbu earthquake in Japan (Koseki et al., 1998), whereas geosynthetic 

reinforced-soil (GRS) retaining walls performed well (Tatsuoka et al., 1996a, b). Nova-

Roessig (1999) discussed a review of field performance, shaking table and centrifuge 

tests on reinforced-soil structures. Further, Koseki et al. (2006) summarized recent 

reviews of some case histories, and analytical and physical modeling research on the 

seismic response of reinforced-soil walls. Siddharthan et al. (2004a) remarked that, 

although static performance of mechanically stabilized earth walls is better understood, 

their seismic behavior is not. 

 

Wrap-around structures are built by folding an extended reinforcing element (geotextile 

or geogrid) through 180o to form the face and anchoring it back into the fill or to another 

element at a higher elevation (Koerner 1999; Krishna and Latha 2007). A flexible soft 

facing is designed by wrapping each layer of reinforcement around individual lifts or 

pillows of fill. The reinforcement is anchored back into the fill either by pinning or by 

partial burial of the inner end by a sublayer of the encapsulated fill. Fill is generally placed 

and compacted against external, temporary framework. The face permits free movement 

of the reinforcing inclusion, therefore allowing it to follow any settlement of the 

reinforced soil block (BS 8006). Juran and Christopher (1989) explained the outcomes of 

a laboratory model study on the performance, behavior and failure mechanisms of 

reinforced soil-retaining walls using different reinforcing materials: woven polyester 

geotextile strips, plastic grids, and nonwoven geotextile strips. Palmeira and Gomes 

(1996) described comparisons of predicted stability analyses with measured and observed 

results of model reinforced soil walls using theoretical design methods. Bathurst et al. 

(2002b) conducted many studies related to the seismic aspects of geosynthetic-reinforced 

soil walls, and reviewed the work associated with the properties of cohesionless soil, 

geosynthetic reinforcement and facing components under cyclic loading. 

 

Various researchers conducted their studies considering different kinds of the scaling 

factor. Richardson et al. (1977) executed seismic testing of full-scale reinforced earth 

walls. They produced low-strain dynamic loads using vibrators and high-strain loads with 

blasting. Nakanishi and Sakaguchi (1990), Sakaguchi et al. (1992) and Sakaguchi (1996) 
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operated shaking table tests on reinforced model walls 1.5 m high, and explained the 

influence of various parameters, such as density of backfill, reinforcement strength, and 

length of reinforcement, on the seismic behaviour of these walls. The facing was made 

with lightweight blocks that were wrapped around with geogrid reinforcement or 

nonwoven geotextile. Sakaguchi et al. (1994) and Sakaguchi (1996) discussed centrifuge 

tests conducted on model walls 150 mm high using 30g acceleration, which corresponds 

to a 4.5 m high prototype wall, with geotextile reinforcement and lightweight rigid facing. 

Telekes et al. (1994) concised the outcomes of shaking table tests on reinforced 

embankment models, and resulted the impacts of scale factor, slope angle and 

reinforcement on the dynamic behaviour.  

 

Koseki et al. (1998) executed a series of shaking table tests on relatively small-scale 

models of geosynthetic-reinforced soil-retaining walls (GRS-RW) with full-height rigid 

facing and conventional retaining walls (gravity, leaning and cantilever types). Koga et 

al. (1988) performed tests on retaining wall models of 1.0 to 1.8 m high with vertical and 

inclined slopes at oneseventh scale, and observed that deformations decreased with 

increasing reinforcement stiffness and density and decreasing face slope angle. 

Ramakrishnan et al. (1998) showed the results of shaking table tests on model geotextile 

wrap-faced and geotextile-reinforced segmental retaining walls that were 0.95 m wide, 

2.05 m long and 0.81 m high subjected to horizontal base accelerations. Accelerometers 

were situated at the bottom of the box, at mid height, and at the top of the wall. 

Displacement sensors were located at four locations. It was finalized that the model walls 

could sustain considerable acceleration before lateral movement happened. The 

segmental retaining wall was observed to sustain approximately twice the critical 

acceleration of the wrap-faced wall. 

 

Current methods for the seismic design of reinforced-soil walls (Bathurst, 1998 and 

FHWA, 2001) are based on limit equilibrium using the Mononobe–Okabe earth pressure 

theory, which assumes two main conditions as per Sabermahani et al. (2009): 

1) Minimum ultimate strength (Tu) of reinforcements is selected to sustain proportional 

lateral earth pressure distributed in vertical spacing between layers (Sv). 

2) Minimum length (L) of reinforcements is selected to satisfy adequate anchorage 

length and enough length for base sliding resistance. 
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Besides backfill soil parameters and bond conditions between soil and reinforcements, 

reinforcement characteristics such as Tu, L and Sv are main parameters indicating the 

geometry of GRS walls and their stability safety factors. 

 

Displacement-based analyses have recently become more significant as engineers focus 

on performance-based design methodology. For this reason, FHWA, (2001) advises the 

well-known Newmark (1965) sliding block analysis to be applied for the determination 

of the seismic displacement of walls subjected to PGA>0.3g. The development of the 

Newmark method for reinforced-soil walls is mentioned in the research of Bathurst and 

Alfaro (1996); Bathurst et al. (2002b); Cai and Bathurst (1996); Huang et al. (2003); 

Kramer and Paulsen (2004); Huang and Wang (2005); Huang and Wu (2006), (2007). In 

this technique, wall displacement is measured using the Newmark block model by 

integrating twice the base acceleration time history above the critical acceleration value. 

As marked out by Siddharthan et al. (2004b), Wood and Elms (1990) assumed in their 

models that the failure mass contained behind the wall moves as a single rigid block and 

slides without tilting. The methods of Cai and Bathurst (1996) and Kramer and Paulsen 

(2004) also utilizes a one-block model whereby the soil contained within the entire 

reinforced zone is assumed to move as a rigid block. This defines that the wall 

deformations provided by all of these methods will be uniform across the wall face and 

do not have separate internal or external mechanisms which lead to various deformation 

shapes of the facing along the wall height. 

 

By considering a deformation profile shape along the wall height, two main deformation 

modes of reinforced-soil walls have been recognized in real earthquake events, numerical 

models, and centrifuge and 1-gshaking table tests; which are overturning (corresponding 

to maximum displacement at top) and bulging (corresponding to maximum displacement 

at mid-height of wall). Table 2.3 provides a summary of research on the behavior of 

reinforced-soil walls in which the deformation mode of the facing is stated described by 

Sabermahani et al. (2009). It has been noted that base sliding is a third deformation mode 

found in combination with the abovementioned modes, especially when the toe boundary 

of the walls was free sliding. El-Emam and Bathurst (2007) added that variants of the 

Newmark sliding block method do not completely account for the influence of 

reinforcement stiffness on wall response. Therefore, it is essential to find all potential 
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failure mechanisms and deformation modes of the GRS wall facing as well as effective 

parameters governing the formation of deformation modes. Moreover, the effect of 

reinforcement tensile stiffness on the seismic response of walls in comparison with that 

of ultimate tensile strength should be recognized (Sabermahani et al. 2009). 

 

Although the deformation mode is a vital feature of the dynamic response of reinforced-

soil walls, non-uniform distribution of acceleration throughout the wall and non-linear 

behavior of reinforced soil may also be a factor in the assessment of permanent 

displacement. In other words, the dynamic response of the wall prior to any large 

permanent displacement is also significant and influences the type of failure mechanism. 

Shear stiffness (G) and damping ratio (D) for small to medium strains are the two key 

limits affecting dynamic response of any soil body. In the case of reinforced-soil walls, 

Richardson and Lee (1975) examined G versus γ and D versus γ relationships. Richardson 

(1978) presented stiffness coefficient Iʹ to describe the dynamic response of reinforced-

soil walls.  

Table 2.3 Summary of observed deformation modes in different projects (Sabermahani 

et al. 2009). 
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Case 

history 

El Salvador 

earthquake 

Race and del 

Cid (2001) 

<8 m Discrete 

concrete 

block 

Unknown 

(probably 

geogrid) 

El Salvador 

earthquake 

Overturning 

Chi-Chi 

earthquake 

Koseki and 

Hayano 

(2000), Huang 

(2000) 

and Huang et 

al. (2003) 

>3 m Discrete 

concrete 

block 

Geogrid Chi-Chi 

earthquake 

Bulging 

Analyti-

-cal 

Finite 

element 

Lee et al. 

(2002) 

5 m – Geogrid Sinusoidal Bulging 
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Experi- 

-mental 

Centrifuge Ling et al. 

(2005a) 

6 m Discrete 

concrete 

block 

Geogrid Sinusoidal Bulging 

Siddharthan et 

al. (2004b) 

31 cm Discrete 

aluminum 

bar 

Bar mat-

ribbed 

steel strip 

Sinusoidal 

– Kobe 

earthquake 

Bulging 

Sakaguchi et 

al. (1992) and 

Sakaguchi 

(1996) 

15 cm Wrap 

around 

Geotextile Sinusoidal Overturning 

Howard et al. 

(1998) 

30 cm Thick flat 

aluminum 

Bar mat-

ribbed 

steel strip 

Stepped 

sinusoidal – 

Kobe 

earthquake 

Bulging 

 

Takahashi et 

al. (1999) 

15 cm Discrete 

aluminum 

panels 

Geogrid Sinusoidal Overturning 

Saito et al. 

(2006) 

20 cm Aluminum 

panel-soil 

cement-

wrapped 

Geogrid Sinusoidal Overturning 

Shaking 

table 

Koseki et al. 

(1998) 

50 cm Full-height 

rigid facing 

Grid strip Sinusoidal Overturning 

Watanabe et al. 

(2003) 

50 cm Full-height 

rigid facing 

Phosphor-

bronze 

strips 

Scaled 

Kobe 

earthquake 

Overturning 

Richardson 

and Lee (1975) 

28– 

41 cm 

Curved 

aluminum 

Aluminu

m foil 

Sinusoidal Overturning 

El-Emam and 

Bathurst 

(2007, 2004, 

2005) 

1 m Full-height 

rigid facing 

Geogrid Stepped 

sinusoidal 

Overturning 

Krishna and 

Latha (2007) 

60 cm Wrap 

around 

Woven 

geotextile 

Sinusoidal Overturning 
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Sabermahani et al. (2009), conducted twenty 1-g shaking table tests on geosynthetic-

reinforced-soil walls performed on the shaking table of the Centrifuge and Physical 

Modeling Center at Tehran University. The test facility was a 1.2 m wide by 1.8 m long 

single-degree-of-freedom shaking table. The physical models were built in a 0.8 m wide 

by 1.82 m long and 1.23 m high container which was fabricated from rigid, transparent 

Plexiglas sheets to make wall deformations and behavior visible. According to 

Sabermahani et al. (2009), the greater the height of a model, the more realistic are results 

obtained. They constructed their models of 1 m height which was similar to the studies 

of El-Emam and Bathurst (2007) and Bathurst et al. (2002b). In their research, all walls, 

except Wall-11, were constructed of 10 layers, each measuring 10 cm. Wall-11 was 

constructed of five, 20 cm layers, which were shown in Fig. 2.23. They constructed wrap-

around type wall facing since this type of flexible facing has no interaction with rigid 

planar elements. Further, this type of facing can deform in different curved or linear 

shapes. A free-sliding toe boundary and wrap-around wall facing allowed all potential 

deformation modes of the wall and various deformation shapes of the facing to be evident. 

Besides, rigid planar facings would only dictate rotation and translation or combinations 

thereof. Bathurst et al. (2002b) showed wall displacement for models with various facing 

types and presented that vertical walls with full height rigid facing resist better and have 

less deformation compared to segmental block facing walls with no shear connections. 

Walls with wrap-around facings are predicted to show more displacement than other 

facing types since they have no structural stiff components to strengthen their resistance 

against lateral displacements. 

 

Fig. 2.23 Schematic view of physical models: (a) Wall-11; (b) other walls. (Sabermahani 

et al. 2009) 
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As mentioned by El-Emam and Bathurst (2007), the rigid back wall of a strong box can 

be likely to influence the dynamic response of the model walls. Bathurst and Hatami 

(1998) presented in a numerical study that far-field boundary conditions have a 

potentially large effect on reinforced-soil wall response. By using a compressible ductile 

back boundary (foam damper) in the models rather than rigid ones, Sabermahani et al. 

2009, observed that wave reflection and boundary effects will decrease comparatively. 

They measured accelerations and deformations by using accelerometers and 

displacement transducers (LVDT sensors), respectively. Viswanadham and Mahajan 

(2007) stated that, to model reinforcement layers properly, two similitude requirements 

have to be fulfilled: (1) scaling of tensile strength-strain behavior and (2) modeling of the 

bond between soil and geotextile. As physical models are shorter versions of prototype 

walls, the frequency of induced input motions should be scaled to create impacts similar 

to those of earthquakes on prototype walls. Considering the abovementioned aspects of 

similitude between model and prototype, the scaling factors for numerous parameters 

were obtained based on scaling relationships described by Iai (1989) and discussed and 

established by Wood (2004). Since sandy soil was used for model construction, according 

to the relationship between G and σv in the prototype media (G ~ σv
α), α is a governing 

parameter for correct calculation of scaling factors. Sabermahani et al. 2009, describes 

the scaling factors assuming α = 0.5 for sand (Kokusho, 1980; Yu and Richart, 1984) and 

considering the prototype to model scale being N = 5. All factors obtained for their 

research are shown in Table-2.4. 

 

Sabermahani et al. (2009), used seven types of lightweight scaled-down synthetic fabrics 

ranging from low stiffness knitted and non-woven sartorial textiles to miniature versions 

of commercially available geosynthetic materials as reinforcement layers in order to 

provide similitude and to monitor failure mechanisms at physical model tests. 

Viswanadham and Mahajan (2007) noted that selection, modeling and instrumentation of 

idealized materials are major factors in research involving models using geosynthetics 

materials. In contrast to the soil, the creation of models with similitude does not allow for 

the use of identical geosynthetics materials in model and prototype studies. ASTM-D 

4595, 1994 is used widely in determination of unit width ultimate tensile strengths and 

stiffnesses of geosynthetics materials.  
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Table 2.4 Scale factors for shaking table tests (Sabermahani et al. 2009). 

Description Parameter Scale factor Scale factor 

M/Pa 

Scale factor 

P/M 

Acceleration a 1 1.00 1.00 

Density ρ 1 1.00 1.00 

Length L 1/N 0.20 5.00 

Stress σ 1/N 0.20 5.00 

Strain g 1/N1-α 0.45 2.24 

Stiffness G 1/Nα 0.45 2.24 

Displacement d 1/N2-α 0.09 11.18 

Frequency f N1-α/2 3.34 0.30 

Force F 1/N3 0.01 125.00 

Force/L F/L 1/N2 0.04 25.00 

Shear wave 

velocity 

Vs 1/Nα/2 0.67 1.50 

Time t 1/N1-α/2 0.30 3.34 

  a N=5, α=0.5. 

 

Krishna and Latha (2007) used a woven polypropylene multifilament geotextile for 

reinforcing the sand in the tests. In such case, the individual multi-filaments are woven 

together so as to provide dimensional stability relative to each other. The tensile strength 

of their geotextile was determined by the wide-width strip method (ASTM D4595) as 

55.16 kN/m. Tensile strength of their geotextile material corresponds to 2% of strain was 

3.04 kN/m, and the corresponding stiffness was 152 kN/m. They used pluviation 

technique to prepare sand bed of uniform density. Krishna and Latha (2007) conducted 

shaking table tests of 1g model tests, and the stress levels in such small-scale model tests 

on a shaking table did not match those expected in prototype walls because of gravity 

effects, even if the model was correctly scaled to achieve similitude with the prototype 

wall. As soil behavior is stress dependent, the seismic response of these models may not 

truly reflect that of the prototype. However, they determined the representative prototype 

wall height (as shown in Fig. 2.24) according to the procedure explained by 

Ramakrishnan et al. (1998) for limit equilibrium conditions for the chosen size of the 

model retaining wall (height of model wall, Hm, and reinforcement length in model wall, 
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Lm). Assuming sliding as the predominant mode of failure, the factor of safety for the 

model retaining wall (FSm) was assessed as 7.34. The corresponding representative 

prototype wall would have Hp/Lp = 3.49 according to Equation 2.18 as given by 

Ramakrishnan et al. (1998), where Hp is the height of the prototype wall and Lp is the 

length of geotextile at the base for the prototype wall, with the condition that the factor 

of safety for the prototype (FSp) is 3. 

𝐹𝑆𝑚 =
𝐻𝑝/𝐿𝑝

𝐻𝑚/𝐿𝑚
𝐹𝑆𝑝                                                                                                              (2.18) 

 

Fig. 2.24 Schematic diagram of typical test wall configuration and instrumentation (all 

dimensions are in mm) (Krishna and Latha 2007) 

 

2.6.3 Effects of Dynamic Loading on Wrap-Faced Reinforced Wall Model 
 

Numerous researchers observed the response of wrap-faced reinforced wall model under 

different types of dynamic loading. Table 2.3 describes the different kinds of case studies 

of dynamic loading applied on various types of wall heights, facing types, reinforcement 

types and input motions. Most of the researchers applied the sinusoidal-like time history 

input motions of different ranges frequencies and base accelerations. A few researchers 

observed the impact of renowned earthquakes like Kobe earthquake, El Salvador 

earthquake, Chi-Chi earthquake etc.  
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A sine wave or sinusoidal is a mathematical curve that defines a smooth periodic 

oscillation. A sine wave is a continuous wave, that is named after the function sine, of 

which it is the graph. It occurs often in both pure and applied mathematics, as well as 

physics, engineering, signal processing and many other fields. Its most basic form as a 

function of time (t) is expressed as the equation no. 2.19.  

𝑦(𝑡) = 𝐴 sin(2𝜋𝑓𝑡 + 𝜑) = 𝐴 sin(𝜔𝑡 + 𝜑)                                                                   (2.19) 

Where, A is amplitude which defines the peak deviation of the function from zero. f is 

ordinary frequency, presents the number of oscillations (cycles) that occur each second 

of time. 𝜔=2𝜋𝑓 represents the angular frequency, the rate of change of the function 

argument in units of radians per second. 𝜑 is the phase, that specifies (in radians) where 

in its cycle the oscillation is at t=0. When 𝜑 is non-zero, the entire waveform appears to 

be shifted in time by the amount 𝜑/ω seconds. A negative value describes a delay, and a 

positive value indicates an advance. Sinusoidal wave pattern occurs often in nature, 

including wind waves, sound waves, and light waves. 

 

Yamamoto et al. (2018), proposed a method for simplifying earthquake ground motion 

using sinusoidal waves. The method combines the advantages of a wavelet analysis 

suitable for non-stationary states and a Fourier analysis suitable for stationary states 

through an extraction of the best-matched waveforms using multiple wavelets. The 

proposed method was formulated and applied to an acceleration waveform observed 

during the 1995 Kobe earthquake and a frequency-swept sinusoidal waveform. The 

results show that the method appropriately extracts both nonstationary and stationary 

waveforms. The method can be utilized to resolve a waveform into various waveform 

components created by different propagation paths.  

 

Krishna and Latha (2007) devised a test program to observe the dynamic response of 

wrap-faced reinforced soil-retaining wall models subject to variations in the acceleration 

and frequency of the sinusoidal base shaking, number of layers and surcharge loading. 

They recorded response behavior in terms of acceleration and horizontal soil pressure 

response at different elevations and the displacements at facing. Each model wall was 

subjected to 20 cycles of sinusoidal motion in the direction of the wall longitudinal axis, 
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and the response of various instrumentations was supervised using a data acquisition 

system. They found that accelerations were amplified at higher elevations and with low 

surcharge pressures and lower number of reinforcing layers for a given height of the wall. 

The acceleration amplification response with change in base shaking frequency clearly 

specified the role of the fundamental frequency on the response of the system. They also 

observed that the face deformations were high for low-frequency shaking, low surcharge 

pressures, fewer reinforcing layers and high base accelerations. The incremental 

pressures were observed to increase with an increase in the base motion frequency, and 

the peak-to-peak values of horizontal pressures were also high at higher base 

accelerations.  

 

One of the important behavioral aspects of rigid faced reinforced soil retaining walls 

under dynamic conditions were studied through sinusoidal based shaking table tests by 

Latha and Krishna (2008). A series of shaking table tests were conducted on rigid faced 

retaining walls reinforced with different types of geosynthetic reinforcement to find out 

the impact of reinforcement type on the accelerations, horizontal face displacements and 

soil pressures under seismic condition. Here, each model wall was subjected to 20 cycles 

of sinusoidal motion of base shaking corresponding to 0.2 g acceleration, where ‘g’ is the 

acceleration due to gravitational force, at 3 Hz frequency. They found that introduction 

of reinforcing layers in the retaining wall resulted in drastic reduction of the face 

displacements. In all reinforced walls, the maximum horizontal displacement was 

decreased by about 10 times compared to the unreinforced wall, irrespective of 

reinforcement tensile strength. They observed that the ultimate tensile strength of 

reinforcing material had no bearing on the wall behavior, as the strain levels in the 

reinforcement layers were very low. Generally, accelerations are amplified at higher 

elevations but least affected by reinforcement. They also observed that experiments with 

biaxial geogrid reinforcement showed slightly raised acceleration amplifications at all 

levels, possibly due to the increased interlocking effect, leading to relatively rigid 

behavior. Sabermahani et al. (2009), conducted a series of 1-g shaking table tests on 1 m 

high reinforced-soil wall models. The physical models were subjected to harmonic 

sinusoidal-like time history input motions at frequencies of 2, 5, 8 and 10 Hz. 

Sabermahani et al. (2009), observed the effects of parameters such as soil density, 

reinforcement length, spacing and stiffness on the seismic response of the model walls. 
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Free-sliding toe boundary and wrap-around wall facing were selected in their studies to 

reveal all potential deformation modes of the wall and different deformation shapes of 

the facing. Different deformation modes (overturning and bulging) of the facing as well 

as base sliding were found from experiments. Determinant parameters in the formation 

of each mode were identified by presenting internal failure indexes. A bulging index was 

presented to measure the bulging intensity of the wall facing. Moreover, the distribution 

of the shear stiffness modulus (G) and damping ratio (D) of the reinforced soil along the 

wall height were assessed here. The impact of the confining pressure (σv) and shear strain 

on variations of G and D were evaluated. G proved to be dependent on σv and to be 

incremental with depth below the crest of the wall. Based on measurements and relevant 

approximations, no incremental or decremental patterns for D were noticed along the wall 

height. Additionally, at large strains of about 10-3, an average D of about 20% was 

detected. Based on the outcomes of physical model testing in their study, which confirm 

similar findings of previous research, it was concluded that reinforcement stiffness is a 

key parameter dominating the seismic response and deformation mode of a wall and not 

reinforcement ultimate tensile strength, which is currently used as the main parameter for 

wall design in existing codes.  

 

Hore et al. (2020) observed the seismic response of constructed embankment model 

regarding the different input base accelerations with fixed frequency. They tested a series 

of one-dimensional (1D) shaking table tests (0.05g, 0.1g, 0.15g and 0.2g) on a 0.4 meters 

high wrap faced reinforced-soil wall model. Furthermore, it was placed over 0.3 meters 

high soft clayey foundation. The influence of the base acceleration on the seismic 

response was studied in their paper. The physical models were subjected to harmonic 

sinusoidal input motions at a fixed frequency of 1 Hz, in order to evaluate the seismic 

behavior. The impacts of parameters such as acceleration amplitudes and surcharge 

pressures on the seismic response of the model walls were considered. The relative 

density of the backfill material was kept fixed at 60%. The results of their study reveal 

that input accelerations and surcharge load had significant influence on the model wall, 

pore water pressure, and changes along the elevation. Acceleration response advances 

with the rise in base acceleration, so the difference being more perceptible at higher 

elevations. The pore water pressures were observed to be high for high base shaking and 

low surcharge pressures at higher elevations.  
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Most of researchers observed the performance of reinforced soil wall under sinusoidal 

seismic wave. Some researchers conducted experiments on discrete concrete block by 

applying different types of earthquake motion (Race and dei Cid 2001; Koseki and 

Hayano 2000; Huang 2000; and Huang et al. 2003). However, it is very rare to find out 

the research on irregular earthquake motion on reinforced soil structures by using Shake 

Table Facility.  

 

Fig. 2.25 Typical time history of base acceleration (Watanabe et al. 2003) 

 

Watanabe et al. (2003), performed a series of relatively small-scale model tests on 

different types of retaining walls to compare their performance during irregular shaking. 

In their research, seismic loads were applied by shaking the soil container horizontally 

by means of irregular base acceleration. A strong motion that was recorded as an N-S 

component at Kobe Marine Meteorological Observation Station during the 1995 

Hyogoken-Nambu earthquake (Shown in Fig. 2.25) was used as the base acceleration. Its 

amplitude and time scale were adjusted so that the base acceleration had a prescribed 

maximum amplitude with a predominant frequency of 5 Hz. From the test results, they 

concluded that reinforced-soil retaining wall models with a rigid full-height facing 

exhibited a ductile behavior, when compared with conventional type retaining wall 

models such as gravity, leaning and cantilever types.  
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There are occurred several devastating earthquakes around the world, such as Kobe 

earthquake, Loma earthquake and kocaeli earthquake. These earthquakes’ recorded 

motions will be applied in the experiments of this research on wrap-faced reinforced soil 

wall in shake table to observe the performance of reinforced soil wall under irregular 

shaking. A brief description of these earthquakes is given below:  

 

Kocaeli Earthquake 

As per Erdik (2000), a magnitude, MW 7.4 earthquake struck the Kocaeli and Sakarya 

provinces in northwestern Turkey, a densely populated region in the industrial heartland 

of Turkey on August 17, 1999. The earthquake nucleated at a depth of about 15 km at 

about 10 km east of the town of Gölcük. It was associated with a 120 km rupture involving 

four distinct fault segments on the northernmost strand of the western extension of the 

1300 km-long North Anatolian fault system. Mainly right lateral strike slip offsets were 

in the range of 3 to 4 m over a significant length of the fault. The earthquake region has 

been identified as a seismic gap with stress concentrations indicative of a large impending 

earthquake. The number of condemned buildings after the earthquakes amounted 23,400. 

About 16,400 of these were heavily damaged and collapsed buildings during the 

earthquakes, which encompasses around 93,000 housing units and 15,000 small business 

units. Another 220 000 housing units and 21,000 small business units have experienced 

lesser degrees of damage. As much as 120,000 families were left in need of homes after 

the earthquake. The number totally collapsed buildings (pancake collapse) is estimated 

to be in the range of 3,000-3,500. There were 18,373 accounted deaths and 48,901 

hospitalized injuries, of which about 40% will be left permanently disabled. Altogether 

up to 600 000 people were left in need of homes after the earthquake. About 95% of these 

losses were associated with the Kocaeli earthquake. 

 

Kobe Earthquake 

The Great Hanshin earthquake or, Kobe earthquake, occurred on January 17, 1995 in the 

southern part of Hyōgo Prefecture, Japan, including the region known as Hanshin. It 

measured 6.9 on the moment magnitude scale and had a maximum intensity of 7 on 

the JMA Seismic Intensity Scale (The City of Kobe, January 1, 2009). The tremors lasted 

for approximately 20 seconds. The focus of the earthquake was situated 17 km beneath 

https://www.wikiwand.com/en/Hy%C5%8Dgo_Prefecture
https://www.wikiwand.com/en/Hanshin_(disambiguation)
https://www.wikiwand.com/en/Moment_magnitude_scale
https://www.wikiwand.com/en/Japan_Meteorological_Agency
https://www.wikiwand.com/en/Japan_Meteorological_Agency_seismic_intensity_scale
https://www.wikiwand.com/en/Hypocenter
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its epicenter, on the northern end of Awaji Island, 20 km away from the center of the city 

of Kobe. According to Kobe City FIRE Bureau, January 17, 2006 approximately 6,434 

people lost their lives; about 4,600 of them were from Kobe. Among major cities, Kobe, 

with its population of 1.5 million, was the nearest to the epicenter and hit by the strongest 

tremors. This was Japan's worst earthquake in the 20th century after the Great Kantō 

earthquake in 1923, which claimed more than 105,000 lives. Damage was widespread 

and severe. Structures irreparably damaged by the quake included nearly 400,000 

buildings, (Comfort 1995, Anshel 1999) numerous elevated road and rail bridges, and 

120 of the 150 quays in the port of Kobe. The quake triggered approximately 300 fires, 

(Comfort 1995) which raged over large portions of the city. Disruptions of water, 

electricity and gas supplies were common. Residents feared returning home because of 

aftershocks that lasted several days (74 of which were strong enough to be felt).  

 

Loma Earthquake 

As per the U.S. GEOLOGICAL SURVEY PROFESSIONAL PAPER 1550-A, Loma 

Prieta, Calif., earthquake (latitude 37.036' N., longitude 121.883' W.; 19-km depth) had 

a local magnitude of about 6.7, a surface-wave magnitude (Mr) of 7.1, a seismic moment 

of 2.2 x 1019 N-m to 3.5x1019 N-m, a source duration of 6 to 15 s, and an average stress 

drop of at least 50 bars occurred at 17 October, 1989. Slip occurred on a dipping fault 

surface about 35 km long and was largely confined to a depth of about 7 to 20 km. 

According to the U.S. GEOLOGICAL SURVEY PROFESSIONAL PAPER 1551, soft 

soils beneath the Marina amplified ground shaking to damaging levels and caused 

liquefaction of sandy artificial fills. Liquefaction required 123 repairs of pipelines in the 

Municipal Water Supply System, more than three times the number of repairs elsewhere 

in the system. Approximately 13.6 km of gas-distribution lines were replaced, and more 

than 20% of the wastewater collection lines were repaired or replaced.  

 

2.7 Summary  
 

The implementation of reinforced-soil walls has been increased worldwide due to their 

satisfactory seismic performance and cost effectiveness. Different researchers performed 

various types of seismic experiments in order to find out the characteristics of reinforced-

soil walls under several kinds of dynamic loading which plays a great role to increase the 

https://www.wikiwand.com/en/Epicenter
https://www.wikiwand.com/en/Awaji_Island
https://www.wikiwand.com/en/Kobe
https://www.wikiwand.com/en/1923_Great_Kant%C5%8D_earthquake
https://www.wikiwand.com/en/1923_Great_Kant%C5%8D_earthquake
https://www.wikiwand.com/en/Great_Hanshin_earthquake#citenoteComfort3
https://www.wikiwand.com/en/Quay
https://www.wikiwand.com/en/Great_Hanshin_earthquake#citenoteComfort3
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use of these kinds of reinforced-soil walls. Most of the researchers used locally available 

sand in preparing retaining wall in order to observe their performance by varying relative 

densities, surcharge pressure and dynamic loading types. In Bangladesh, two types of 

sand named Sylhet and Local, are widely used in civil construction. The performance of 

these two sands under various seismic loading condition will be observed in this thesis.   

 

In this Chapter, the objectives, methodologies and outcomes of previous research works 

related to the thesis have been described. The main aim of this thesis is to develop a 

portable traveling pluviator, thus, to prepare the reconstitute wrap-face soil reinforced 

wall in order to observe its seismic performance under different types of dynamic loading. 

Hence, it is very important to review and to gain knowledge from the related research 

works. It is also helpful to prepare a work plan to operate the thesis work.   
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Chapter Three 

METHODOLOGY 
 

3.1 Introduction 
 

It is very important to maintain the uniformity of any structure in order to observe its performance 

under different types of testing at the laboratory. For maintaining the uniformity of any soil 

structure, it is mandatory to follow the methodology that can ensure the homogenous 

characteristics of that structure. Pluviator is a device that is used to confirm the consistent density 

of soil during the construction of any geotechnical structure. Many researchers developed 

pluviator by following different types of pluviation technologies, such as air pluviation, water 

pluviation, vibration or, tamping etc. Among these methods, air pluviation is the most popular 

technique. Numerous researchers applied air pluviation technique in constructing different kinds 

of pluviator devices.  

 

The main target of this research work is to prepare reconstitute of sand bed for shake table testing. 

Hence, developing a pluviator device is a primary work to ensure the uniform densification of 

sand bed in shake table testing. Air pluviation method has been used here to develop a pluviator. 

Pluviator can be sub-divided into two types based on its raining function which are stationary and 

travelling. Pluviator can also be sub-divided into two types, depending on the set-up type, such 

as fixed and portable. The function and advantages of different types of pluviator have been 

discussed in Chapter-2. Among all these types, a portable travelling pluviator has been chosen 

for conducting this research.  

 

The methodologies explained at Dave and Dasaka (2012) and Srinivasan et al. (2016) 

will be followed to develop a portable travelling pluviator in this thesis. Different types 

of gradation of two locally available sands (Local and Sylhet Sand) are used here to 

observe the performance of the pluviator in various height of fall. Then, the pluviator will 

be ready to use in preparation of sample at shake table. A single degree shaking table 

facility has been used to observe the seismic performance of wrap-faced reinforced soil 

retaining walls. A wrap-faced reinforced soil retaining wall model has been prepared in 

a container surrounded by transparent Plexiglas. Sensors like accelerometers, LVDT 

sensors, strain gauges are used in different stages in the retaining model wall to record 

the effect of the wall under seismic loading. The stages of building a portable travelling 
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pluviator and the wrap-faced reinforced soil retaining wall model have been described in 

this Chapter. Moreover, related test methods to evaluate the performance of the pluviator 

will also be discussed in this Chapter.  

 

3.2 Materials  
 

Two types of Bangladeshi sands have been used here. One sand sample is named as its 

origin “Sylhet”. Another one is collected from Savar, which is denoted as “Local sand”. 

Different types of gradations of sands have been observed here to find out the effect of 

different size sand particles on the performance of pluviator. Generally, the range of sand 

particle size is 4.75 mm to 0.075 mm (Passing sieve no. 4 to retained sieve no. 200). In 

case of evaluating fineness modulus for sand particles, the calculation has been made on 

basis of total percent retained particles on standard sieves (Standard sieve no. 4, 8, 16, 

30, 50, 100 for sand particles). Four types of gradations of Sylhet sand and two types of 

gradations of Local sand have been examined. The gradation range and physical 

properties of different types of sands are described in Tables 3.1 to 3.2.  

Table 3.1 Different types of Sand Samples’ Specifications 

Sample 

Name 

Sand 

Type 

Gradation 

Sample-1 Sylhet Sieve No.8 (2.36 mm) Passing and No. 200 (0.075 mm) Retained 

Sample-2 Sylhet Sieve No.16 (1.18 mm) Passing and No. 200 (0.075 mm) Retained  

Sample-3 Sylhet Sieve No.16 (1.18 mm) Passing and No. 100 (0.15 mm) Retained 

Sample-4 Sylhet Sieve No.16 (1.18 mm) Passing and No. 50 (0.3 mm) Retained  

Sample-5 Local Sieve No.16 (2.36 mm) Passing and No. 200 (0.075 mm) Retained  

Sample-6 Local Sieve No.16 (1.18 mm) Passing and No.100 (0.15 mm) Retained 

 

The particle size of Local sand is so finer that it cannot be possible to grade the sample 

in higher gradation due to the insufficiency of the sand particles in larger sieves. Grain 

size analysis graphs of two type sands are shown in Fig. 3.1 and 3.2. Collection procedure 

of different types of gradation of samples is shown in Fig. 3.3. Many researchers (Vaid 

and Negussey1984, 1988; Kuerbis and Vaid 1988; Lagioia et al. 2006) have given 

opinion that in case of well graded sands, the pluviated specimens may not be 

homogeneous because of falling back of the finer particles due to their smaller velocity 
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and lesser impact energy as compared to those of coarser particles. Hence, selection of 

the uniformly graded particle distribution without significant amount of fines content to 

prepare the sand specimens is suggested by many researchers, as it is expected to be well 

mixed without any particle segregation. Srinivasan et al. (2016) has reported that the 

poorly graded medium to fine sand in order to prepare uniform and repeatable sand beds 

is the most appropriate for portable travelling pluviator (Dave and Dasaka 2012).  

 

Fig. 3.1 Sieve Analysis of four different gradations of Sylhet Sand 

 

 

Fig. 3.2 Sieve Analysis of two different gradations of Local Sand 
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Fig. 3.3 Collection of Sylhet sand sample for Sieve No. 16 passing and Sieve No. 100    

retained 

 

Table 3.2 Physical properties of different types soil samples 

 Sylhet Sand  Local Sand 

Physical Properties Sample-

1 

Sample-

2 

Sample-

3 

Sample-

4 

Sample-

5 

Sample-

6 

Coefficient of 

uniformity (Cu) 

3.09 2.55 1.59 2.00 1.60 1.49 

Coefficient of 

curvature (Cc) 

0.89 0.90 0.97 0.95 0.90 0.88 

Effective size, D10 

(mm) 

0.175 0.165 0.290 0.400 0.150 0.175 

Average Size, D50 

(mm) 

0.44 0.35 0.42 0.7 0.22 0.25 

Specific gravity (Gs) 2.65 2.65 2.65 2.65 2.68 2.68 

Maximum dry density, 

(lb/ft3) 

107.1 107.1 104.5 104.4 103.9 102.9 

Minimum dry density 

(lb/ft3) 

87.5 87.5 86.1 85.9 78.3 78.4 

Fineness Modulus 

(F.M.) 

2.03 1.71 1.98 2.63 1.01 1.36 
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The maximum and minimum dry density of the sand specimen were determined by 

following the procedure of ASTM D4253-06 (2014) and ASTM D4254-00 (2006), 

respectively. 

 

3.3 Experimental Set-up of Portable Travelling Pluviator  
 

A portable travelling pluviator has been designed for construction under this thesis, which 

consists of hopper, reducer, orifice plate, flexible pipe, rigid tube and diffuser sieves. All 

the components of portable travelling pluviator are discussed below: - 

 

3.3.1 The Hopper 
 

The hopper is a cylindrical component with a diameter of 400 millimeters and height of 

150 millimeters (mm), that followed by a truncated inverted conical portion having the 

base diameter same as that of the cylindrical component and height of 140 mm with a 

tapering slope of 1:1.2 (Dave and Dasaka 2012, Srinivasan et al. 2016) as shown in Fig. 

3.4 and 3.5. The hopper of the pluviator is filled with Local or, Sylhet sand for the 

experiment. The hopper is hung by a crane at a height of 3.5 m above the ground level.  

  

 

Fig. 3.4 Schematic Diagram of a Hopper (All Dimensions are in millimeters) 

 



78 

 

  

Fig. 3.5 Set-up of a Hopper 

 

The hopper is made of cast iron. A total height of 200 mm thin hollow rigid tube, in which 

a flow stopper is situated in the upper portion, has been attached to the hopper along with 

the flow reducer below it. Cylinder-cone joint and cone-thin rigid tube joint are properly 

welded using shielded metal arc welding method. Flow stopper is used to start or, stop 

the flow of sand from the hopper and to facilitate the stoppage of flow during the halt 

period. The full hopper portion is painted using powder coating to provide protection 

against any friction that can be generated between the sand particle and the hopper wall. 

 

3.3.2 Reducer, Orifice Plate and Flexible Pipe 
 

A flow reducer of total height 100 mm is attached to the hollow rigid tube as shown in 

Fig. 3.6 and 3.7. An orifice plate is a solid plate with a central circular opening which is 

placed at the junction of the rigid tube-reducer joint in order to control the flow of the 

material moving from the upper to the lower level. The diameter of central circular 

opening of orifice plate is 6 mm and the plate is made of brass. A transparent flexible 

pipe of 38 mm diameter and 1500 mm length is attached with the bottom portion of the 

reducer. This pipe provides connection between the orifice plate and the diffuser sieve. 
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Fig. 3.6 Schematic Diagram of Orifice Plate and Reducer (All Dimensions in mm) 

 

 

(a) 

 

(b) 

Fig. 3.7(a) 6 mm diameter Orifice Plate, (b) Orifice Plate is placed in the reducer 

 

Orifice plate is placed in the reducer to control the flow of sand. In this research, orifice 

plate of 6 mm diameter is used only. However, it can be replaced with higher or, lower 

diameter orifice plate for further research purposes. A 1.5 meters long transparent flexible 

pipe provides a continuous connection between the reducer and the rigid tube. This pipe 
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can easily be moved down to the desired place of sand bed. The flow of the sand through 

the pipe can easily be observed also. 

 

3.3.3 Rigid Tube and Diffuser Sieves 
 

A transparent rigid tube of 60 mm diameter and 310 mm height is used to continue the 

flow of sand from the flexible pipe to the diffuser sieve component. The diffuser sieve 

has the capacity to house 12 sieve plates. Moreover, the spacing of the first three sieve 

plates will be kept 6 mm and the spacing of the last nine sieve plates will be kept 10 mm 

in the arrangement of twelve sieve plate. However, in this thesis, three sieve plates are 

used. A distance of 10 mm is kept between these plates. The distance between the sieve 

plates is covered by 10 mm height rings. These rings are 54 mm inner diameter and 3 mm 

thickness. These rings also provide a support for diffuser sieve from dislocating its own 

place. The design and set-up of rigid tube and diffuser sieve are shown in Fig. 3.8, 3.9 

and 3.10.   

 

 

Fig. 3.8 Schematic Diagram of Rigid Tube and Diffuser Sieves Pattern (All Dimensions 

in mm) 
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The sand particles have departed from the bottom most sieve of the diffuser component 

fitted inside the rigid pouring tube to the sand bed disperse through a desirable height of 

fall. Height of fall is the distance between the lowermost diffuser sieves to the top of the 

sand bed. The orientation between any two sieve plates with respect to the vertical axis 

is generally optimized at an angle of 45o. The rigid tube is made of transparent glass 

material. The flow of sand through the rigid tube can be observed clearly. 

 

A sieve plate of 60 mm diameter is used in this research. Sieve plate contains thirty holes 

of 5 mm diameter which are oriented in hexagon pattern. Total three sieve plates are used 

in the pluviator. Sieve plates are made of mild steel. Detail design of sieve plate is shown 

in Fig. 3.9.     

 

 

Fig. 3.9 Schematic Diagram of Hexagon pattern sieve plate (All Dimension in mm) 

 

The sieve plates are placed in the lowermost portion of the rigid tube. A flow reducer is 

adjacent in the top of the rigid tube. It provides a continuous connection between rigid 

tube and transparent flexible pipe. A reference scale is kept with the rigid tube as shown 

in Fig. 3.11 to measure the distance of height of fall. In this thesis, centimeter scale is 

used to measure the height of fall. A wide range of height of fall is used in this thesis 

work and the value of relative density for different height of fall is calculated also. 
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(a) 

 

(c) 

 

(b) 
 

Fig. 3.10 (a) 54 mm inner diameter, 10 mm height and 3 mm thick Ring, (b) 45o 

Oriented three diffuser sieves in the Rigid Tube, (c) Set-up of Rigid Tube 

and Diffuser Sieves 

 

 

Fig. 3.11 A Reference Scale is adjusted with Rigid Tube to measure the height of fall 
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3.3.4 Cylindrical Mold 
 

A set of three cylindrical molds is used to determine the density of the sample at different 

height of fall. The diameter of the mold is 3.3 inches and the height of the mold is 6.5 

inches (Shown as Fig. 3.12). 

 

Fig. 3.12 A set of three Cylindrical Molds 

 

3.3.5 Crane 
 

A five-ton capacity’s ‘Street Overhead Crane’ which carried the whole load of pluviator 

and sand specimen, is used to hang the hopper of the pluviator (Shown as Fig. 3.13). 

 

(a) 

 

(b) 

Fig. 3.13 (a) Front View and (b) Side View of Crane 

 

3.4 Working Mechanism of the Portable Travelling Pluviator 
 

At first, the hopper of the portable travelling pluviator is hung by a crane. Then the hopper 

is filled with the sand sample. At the time of filling the hopper, the stopper would be 
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turned off. Next, the orifice and reducer portion are adjusted with the hopper portion. The 

transparent flexible pipe is adjusted with the reducer portion. The other side of the pipe 

is adjusted with the rigid tube and diffuser sieve portion. After completing the set-up of 

portable traveling pluviator, it is hung at a height of 3.5 meters (Shown as Fig. 3.14).  

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 3.14 (a) Full Experimental Set-up of a Pluviator, (b) 10 cm, (c) 20 cm and (d) 15 

cm height of fall for relative density experiments 

 

The cylindrical molds are kept below the pluviator. The reference scale is used to 

maintain the desired height of fall. In this study, the height of fall is taken from 5 cm to 

30 cm at an interval of 5 cm for the sand sample-1, 2 and 5. In case of sample-3, 4 and 6, 
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the height of fall is taken from 5 to 50 cm at an interval of 5 cm. For different height of 

fall, a set of cylinders (three molds) is filled with sand. Then the set of cylinders has been 

weighted and the density has been calculated from the mass of sand and volume of the 

cylinder mold. By using maximum and minimum density of sand, relative density of 

sample is measured for different height of fall. The total time required to fill the individual 

cylinder mold has been recorded. The deposition intensity time is calculated by dividing 

the mass of sand sample with the recorded time and the area of diffuser sieves. 

 

3.5 Result and Discussion of the Performance of the Portable Travelling Pluviator 
 

3.5.1 Effect of Variation of Height of fall on Relative Density 
 

Pluviator is used to measure the density of the sample from different height of fall. At 

first cylinder is filled with sand sample by using pluviator. Then the mass of the soil 

sample used to fill the cylinder is calculated. Finally, the mass of the sample is divided 

by the volume of the cylinder to find out the value of the density for a particular height 

of fall. After that, the maximum and minimum dry density of the sand sample is used to 

calculate the relative density of the sand sample for a particular height of fall. The test 

results of relative density of two types of sand are enlisted in Table 3.3. 

Table 3.3 Test Results of Relative Densities for different Height of Fall. 

Height 

of 

Fall 

(cm) 

 Relative Density (%) 

Sylhet Sand Local Sand 

Sample-1 

(#8 

Passing 

and #200 

Retained) 

Sample-2 

(#16 

Passing 

and #200 

Retained) 

Sample-3 

(#16 

Passing 

and #100 

Retained) 

Sample-4 

(#16 

Passing 

and #50 

Retained) 

Sample-5 

(#16 

Passing 

and #200 

Retained) 

Sample-6 

(#16 

Passing 

and #100 

Retained) 

5 37.516 30.605 47.568 49.517 4.120 6.826 

10 46.635 44.847 52.839 62.667 13.878 26.906 

15 62.171 49.501 60.187 69.917 26.833 33.968 

20 67.500 55.572 64.021 74.709 35.532 40.879 

25 65.848 64.740 67.328 77.407 43.557 45.513 

30 71.313 66.951 70.013 81.727 47.487 48.412 

35 - - 73.929 84.673 - 51.832 

40 - - 75.977 88.011 - 55.097 

45 - - 79.912 90.140 - 57.485 

50 - - 81.801 93.403 - 60.202 
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A relationship between the relative density value and corresponding height of fall of two 

types of sands are combined in Fig. 3.15. It has been observed from the test results of 

relative densities that the relative density of the sand samples increases with the increment 

of height of fall. Further, the value of relative density of sample-4 is higher for a particular 

height of fall compared to other samples, which indicates that coarser particles of Sylhet 

sand attain higher relative density due to their larger velocity and greater impact energy 

compared to finer particles. Similarly, sample-6 of Local sand attained higher relative 

density because of less fine particles than sample-5.  

 

To compare the test results of two different types of soils, we found that the relative 

density of Sylhet sand for a particular height of fall is much higher than the relative 

density of local sand. It has been observed from Table 3.2 that the 10% finer value (D10) 

of Sample-4 (Sylhet sand) is 0.400 mm and Sample-6 (Local Sand) is 0.175 mm, which 

means that Local sand sample contains large number of finer particle than Sylhet sand. 

Moreover, the average particle size (D50) of Sample-4 is 0.70 mm and Sample-6 is 0.25 

mm, which indicates the presence of huge number of coarser particles in Sylhet sand 

compared to Local sand. 

 

Fig. 3.15 Variation of relative density with height of fall (Combined Graph) 
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3.5.2 Effect of Variation of Height of fall on Deposition Intensity Time 
 

The time required to fill the cylinder with sand sample for a particular height of fall is 

calculated by a stop watch. Then the mass of the sand sample required to fill the cylinder 

is divided by the diffuser sieve area and the calculated time to measure the deposition 

intensity time. The test results of deposition intensity time for different height of fall are 

summarized in Table 3.4.  

 

Table 3.4 Test Results of Deposition Intensity Time for different Height of Fall 

 

Height 

of 

Fall 

(cm) 

 Deposition Intensity Time (g/cm²/sec) 

Sylhet Sand Local Sand 

Sample-1 

(#8 

Passing 

and #200 

Retained) 

Sample-2 

(#16 

Passing 

and #200 

Retained) 

Sample-3 

(#16 

Passing 

and #100 

Retained) 

Sample-4 

(#16 

Passing 

and #50 

Retained) 

Sample-5 

(#16 

Passing 

and #200 

Retained) 

Sample-6 

(#16 

Passing 

and #100 

Retained) 

5 0.22364 0.2382 0.217 0.208 0.262 0.248 

10 0.22332 0.2335 0.215 0.202 0.259 0.246 

15 0.22303 0.2296 0.21 0.197 0.254 0.242 

20 0.22062 0.2273 0.206 0.191 0.249 0.237 

25 0.21571 0.2267 0.201 0.184 0.243 0.232 

30 0.21201 0.2256 0.197 0.178 0.237 0.228 

35 - - 0.192 0.174 - 0.222 

40 - - 0.188 0.171 - 0.219 

45 - - 0.183 0.164 - 0.217 

50 - - 0.177 0.161 - 0.214  

       
 

Graphs between different heights of falls and corresponding deposition intensity time of 

Sylhet and Local sands are plotted in Fig. 16. It has been seen that the deposition intensity 

time of Sample-2 and Sample-5 is higher than the other samples of Sylhet and Local 

sands, respectively in Figure-16. The range of particle size of Sample-2 is from 1.18 mm 

to 0.075 mm and further, the D10 and D50 value of Sample-2 is 0.165 mm and 0.350 mm 

respectively, which is lower among the all four samples of Sylhet sand (Table 2). On the 

other hand, the D10 and D50 value of Sample-5 is 0.15 mm and 0.22 mm respectively, 

which is less than the Sample-6. It is easily understood that the finer particles show more 

deposition intensity time than the coarser particles. Besides, with the increment of height 

of fall, the deposition intensity time decreases, which denotes that the particles require 
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more time to fall from higher positions. Moreover, it has been observed from Fig. 3.16 

that the deposition intensity time required filling the cylinder for Sylhet sand (Sample-1, 

2, 3 and 4) for a particular height of fall is less than the deposition intensity time of Local 

sand (Sample-5 and 6). 

 

 

Fig. 3.16 Variation of Deposition Intensity Time with Height of fall 

 

3.5.3 Relationship between Relative Density and Deposition Intensity Time 
 

A graph is plotted (Fig. 3.17) based on the value of relative density and deposition 

intensity time of the same height of fall. It has been observed from the graph that relative 

density decreases with the increase of deposition intensity time. Further, Sample-4 of 

Sylhet sand has achieved higher relative density value at low deposition intensity time 

due to the impact of high quantity of coarser particles and Sample-5 of Local sand has 

achieved the lower relative density value at high deposition intensity time due to the 

effect of large number finer particles.  
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Fig. 3.17 Relative Density vs. Deposition Intensity Relationship for Two type of Sand 

 

3.6 Description of the Equipment 
 

All types of equipment used in different stages of this thesis are explained in this clause. 

 

3.6.1 Shake Table Facility 
 

A computer-controlled servo-hydraulic single degree of freedom shaking table facility of 

Bangladesh University of Engineering and Technology (BUET) has been used to 

simulate the horizontal shaking action, associated with seismic and other vibration 

conditions. The dimension of the testing platform is 2 m by 2 m and it was made of steel 

base with a 1500 kg of payload capacity as displayed in Fig. 3.18. Dynamic seismic 

loading is provided by a digitally controlled servo-hydraulic actuator which has an 

acceleration capacity of 0.05g to 2g, has a frequency range of 0.05 Hz to 50 Hz and has 

a maximum amplitude of ±200 mm. The total operating system has been operated in a 

dedicated control room placing the control system includes a host computer to facilitate 

testing.  
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Fig. 3.18 Shake Table Facility 

 

3.6.2 Container fabricated by Plexiglas 
 

The physical model of wrap-faced reinforced soil retaining wall has been built in a 

container of 1.79 m length, 0.46 m width and 0.57 m height, which has a steel frame 

surrounded by transparent Plexiglas sheets to observe the performance of the wall under 

seismic loading. Fig. 3.19 shows the container used for building the model.  

 

Fig. 3.19 Container for building model 
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3.6.3 Description of Instrumentation 
 

Three different types of instruments have been used in this thesis to measure the seismic 

response of the model wall. The accelerations and deformations of different layers of 

wrap-faced reinforced soil retaining wall are measured using accelerometers and LVDT 

sensors, respectively. The acceleration sensors have been kept at predefined locations of 

different layers of retaining wall during the construction of the wall. An accelerometer is 

attached to the container base in order to record the base acceleration at the time of 

seismic loading as shown in Fig. 3.20(a). The facing deformation of the reinforced soil 

retaining wall has been measured using LVDTs attached to steel support which is itself 

fastened to the container body with a stiff frame as shown in Fig. 3.20(b).  

  

(a) (b) 

 

(c) 

Fig. 3.20 (a) Accelerometer; (b) LVDT sensors; (c) Strain Gauge 
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The strain of every layer of wrap-faced retaining wall has been recorded by using the 

strain gauges, which have been attached with the geotextile of each layer. Fig. 3.20(c) 

displays the view of strain-gauge in a geotextile. A data logger has been used to establish 

a connection between the instrument’s response and a computer. Generally, a data logger 

has been defined as an electronic device that records data over time or in relation to 

location either with a built-in instrument or sensor or via external instruments and 

sensors. Here, a data logger has been used to collect and store data for further analysis.  

 

3.6.4 Portable Travelling Pluviator (PTP) 
 

A portable travelling pluviator described in Chapter-3 has been used to prepare uniform 

sand bed of desired density in the container fabricated by Plexiglas. Sample-3 of Sylhet 

sand and Sample-6 of Local sand described in Table-3.1 are used to make sand bed for 

Shake Table Testing. Image of portable travelling pluviator and preparation of a sand bed 

are shown in Fig. 3.21. 

 

 

(a) 

 

(b) 

Fig. 3.21 (a) Portable Travelling Pluviator, (b) Preperation of Sand bed  

 



93 

 

Three different height of falls, 5 cm, 20 cm and 45 cm for Sylhet sand have been used to 

prepare 48%, 64% and 80% relative densities’ sand bed respectively. On the other hand, 

10 cm, 25 cm and 45 cm height of falls for Local sand have been applied to prepare 26%, 

45% and 57% relative densities’ sand bed respectively as per Table-3.3.  

 

3.7 Materials used to prepare Sand bed 
 

3.7.1 Sand Specimen 
 

Two different types of sand have been used to construct wrap-faced reinforced soil 

retaining wall model, which are Sylhet sand and Local sand. These two types of sands 

are widely applied in building civil structures. Before using in the retaining wall model, 

different gradations’ sand specimens have been tested in the portable travelling pluviator 

to find out the specific relative density for a fixed height of fall. Six different gradations 

of two types of sands have been examined in portable travelling pluviator. The properties 

of these different gradations of sands are described in Table-3.1. Among these sand 

samples, Sample-3 of Sylhet sand and Sample-6 of Local sand are used to build wrap-

faced reinforced soil retaining wall because of the availability and the satisfactory 

performance of these type gradations at portable travelling pluviator. Both, Sample-3 of 

Sylhet sand and Sample-6 of Local sand are passing through 1.18 mm sieve (No.16) and 

retaining at 0.15 mm sieve (No. 100). Physical properties of these two types of sands are 

discussed in Table-3.2. Three height of falls for both types of sand have been chosen to 

build retaining wall model in order to observe the performance of retaining wall model 

in different relative density. For Sylhet sand sample, 5 cm, 20 cm and 45 cm height of 

falls have been selected to construct retaining wall model of 48%, 64% and 80% relative 

density respectively. Further, 10 cm, 25 cm and 45 cm height of falls for Local sand have 

been selected to build retaining wall model of 26%, 45% and 57% relative density 

respectively.  

 

3.7.2 Reinforcement 
 

A woven polypropylene multifilament geotextile (DF50) has been used as reinforcement 

material in building wrap-faced reinforced soil retaining wall in this study. Here, the 

tensile strength of this geotextile is 15.5 kN/m. The wide-width strip method (ASTM 



94 

 

D4595) is applied to determine the tensile strength of the geotextile. The properties of 

the DF50 geotextile are explained in Table-3.5. An image of DF50 geotextile layer is 

shown in Fig. 3.22. 

 

Table 3.5 Physical properties of geotextile 

Name of the Properties Specifications of Geotextile, DF50 

Reinforcement type Mechanically bonded needle punched 

Yarn material (Staple Fiber) Polypropylene 

Thickness (mm) 2.54 

Mass/unit area (gsm) 322 

Aperture Size, O95 (μm) 130 

Ultimate tensile strength (kN/m) 15.5 

Ultimate Tensile Strength at 2% strain (KN/m) 16.0 

Ultimate Tensile Strength at 5% strain (KN/m) 16.6 

 

 

Fig. 3.22 DF50 Geotextile Layer used as Reinforcement 
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3.7.3 Foam as Back Boundary 
 

A foam sheet has been fixed to the rigid wall of the container which has been located at 

the back-side of the retaining wall model. There can be expected to influence the dynamic 

response of the model walls at the rigid back wall of a strong box as per El-Emam and 

Bathurst (2007). Bathurst and Hatami (1998) conducted a numerical study and shown 

that far-field boundary conditions have a potentially huge impact on reinforced-soil wall 

response. Sabermahani et. al (2009) mentioned that wave reflection and boundary effects 

are expected to reduce comparatively by applying a compressible ductile back boundary 

(foam damper) in the reinforced retaining wall models rather than rigid ones. A foam 

attached at the back-side of the container has been shown in Fig. 3.23.  

 

Fig. 3.23 Use of Foam as Back Boundary 

3.8 Preparedness of Wrap-faced Reinforced Soil Retaining Wall Model 
 

At first, the scaling factor of the model wall has been considered. Then, the relationship 

of different parameters between the model wall and prototype wall has been evaluated. 

The number of retaining wall models needed to examine and the number of tests needed 

to observe the seismic response are specified. The model has been prepared in the 
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container on the Shake Table Facility. After the completion of the construction, the model 

has been tested under different types of seismic loading. All these stages are described 

below:  

3.8.1 Consideration of Model Designing     
 

In order to predict the behavior of any retaining wall’s prototype under seismic loading, 

a smaller version of the physical model has been constructed considering the prototype 

to model scale factor, N=10. Viswanadham and Mahajan (2007) described two similitude 

requirements to design the reinforcement layers of the model correctly which are: (i) 

scaling of tensile strength-strain behavior and (ii) modeling of the bond between soil and 

geotextile. In this thesis, sand has been used for model construction. As per the 

relationship between shear stiffness modulus, G and confining pressure, σv in the 

prototype media (G ~ σv
α), α is a ruling parameter to determine the scaling factors 

correctly (Sabermahani et al. 2009). α=0.5 is assumed for sandy soil in this study. 

(Kokusho, 1980; Yu and Richart, 1984). By applying the value of N and α, scale factors 

of different parameters for shake table testing are determined in Table 3.6, where model 

and prototype are denoted by M and P respectively.  

Table 3.6 Scale Factors for Shake Table Testing 

Parameters Symbols Scale Factor Scale Factor M/P Scale Factor, P/M 

Acceleration a 1 1.00 1.00 

Density ρ 1 1.00 1.00 

Length  L 1/N 0.10 10 

Stress σ 1/N 0.10 10 

Strain g 1/N1-α 0.32 3.125 

Stiffness G 1/Nα 0.32 3.125 

Displacement d 1/N2-α 0.032 31.25 

Frequency ƒ N1-α/2 5.62 0.18 

Force F 1/N3 0.001 1000 

Force/L F/L 1/N2 0.01 100 

Shear Wave 

Velocity 

Vs 1/Nα/2 0.562 1.778 

Time t 1/N1-α/2 0.178 5.62 
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The design of wrap-faced reinforced retaining wall model for this thesis has been shown 

in Fig. 3.24. A 408 mm (16 inch) height retaining wall model is chosen for testing where, 

wall is consisted of 4 layers. Each layer is 4 inch or, 100 mm height. As the prototype to 

model scale factor is considered as 10, so the applicable height of prototype wall is 

suitable to build based on this study is 4 m (13.39 ft). The length of the wall is 0.93m. As 

per Table-3.6, the applicable length of the prototype will be 9.3 m (30.51 m). The total 

length of the DF50 geotextile including wrap-portion is 1.1 m. Sand Blanket of 51 mm 

thick is used at the base of the model in the container. Four accelerometers are kept in the 

model and set in each layer of the model wall. Three LVDT sensors are placed to record 

the displacement of the top three layers. Every sensor is kept in the middle of each wrap-

faced layer. The distance between two LVDT sensors is 100 mm. Strain gauge is attached 

at the bottom of each geotextile in every layer of the model.  

 

 

Fig. 3.24 Wrap-faced reinforced retaining wall model for Shake Table Test 

 

Three different densities of two types of sand are chosen to build this model. Portable 

travelling pluviator is used to prepare this model. A 50 mm thick foam is used as a back 

boundary in this model.  
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3.8.2 Stages of Preparing the Retaining Wall Model 
 

At first, the hopper of the portable travelling pluviator (PTP) has been filled with desired 

gradations of sand. For Sylhet sand retaining wall, gradation type of Sample-3 has been 

chosen based on the availability and suitability of preparing wide range densities model. 

This type sand particle is passing through sieve no.16 (1.18 mm) and retaining on sieve 

no. 100 (0.15 mm). Sample-6 of Local sand has similar type of gradation and is chosen 

for building retaining wall model for satisfying the similar purposes of the same gradation 

Sylhet sand. The properties of these two types of sands have been described at Table 3.2 

and also their gradation curves are shown in Fig. 3.1 and Fig. 3.2.     

 

Sample-3 type Sylhet sand has been used to fill the hopper of PTP first. Then the hopper 

is hung with a crane on the container for preparing the model. Three different types of 

models are prepared based on three different types of relative densities of Sylhet sand, 

which are 48%, 64% and 80%. As per Table 3.3, the height of fall for the desired relative 

densities are 5 cm, 20 cm and 45 cm respectively. The reference scale is adjusted with 

the rigid tube in such a way that the fall of height of the sand particle can be maintained 

5 cm during releasing them from PTP to the sand bed in the container for preparing 48% 

wall. A 50 mm thick sand blanket has been prepared with the help of the PTP in the 

container at first. Before that, a 50 mm thick foam is attached at the back boundary of the 

Plexiglas container. After the completion of blanket layer, a D50 geotextile layer with 

strain gauge is placed on the blanket. The starting point of the geotextile is kept at 0.42 

m distance from back boundary and the wrap-faced is kept at 0.93 m distance from the 

back boundary. Fig. 3.25 shows the preparation of sand layer of the retaining wall. The 

strain gauge position is at 0.65 m from the back boundary. When 50 mm of a layer is 

filled with the sand poured by PTP, the accelerometer is placed near the wrap-faced, at 

the distance of 0.81 m from the back boundary of the container. Fig. 3.26 shows the 

placement of an accelerometer. Similar positions of the strain gauge and the 

accelerometer are maintained for the other layers of the retaining wall also. In total four 

layers of the wrap-faced sand retaining wall have been constructed by using the PTP. One 

accelerometer, A1 (as indicated in Fig. 3.24) is attached on the shake table top to record 

the base acceleration.       
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Fig. 3.25 Preparation of Sand Layer 

 

Fig. 3.26 Placement of the Accelerometer 
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Before starting the pouring of the sand through PTP, a marker is used to draw the lines 

in the surfaces of the Plexiglas to specify the boundaries of the layers. After the 

completion of the preparing wrap-faced retaining wall, three LVDTs are set in the middle 

face of the top three layers as shown in Fig. 3.24. The distance of the LVDT1 is 150 mm 

from the sand blanket and the distance between two adjacent LVDTs is 100 mm. The 

details of the set-up of the LVDTs are shown in Fig. 3.27 (a), (b) and (c).  

 

(a) 

 

(b) 

 

(c) 

Fig. 3.27 (a), (b), (c): Set-up of the LVDTs 

 

Reference scale with the rigid tube has been adjusted at 20 cm and 45 cm height of fall 

during releasing Sylhet sand sample from PTP to prepare the retaining wall of 64% and 

80% relative densities respectively. Fig. 3.28(a) shows the stage of sand pouring from 
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PTP by maintain the height of fall 20 cm for building retaining wall for 64% relative 

density. On the other hand, Fig. 3.28(b) shows the sand falling height, 45 cm from PTP 

for constructing the retaining wall of 80% relative density.    

 

(a) 

 

(b) 

Fig. 3.28 Construction of Retaining Wall Model of Sylhet Sand by maintaining height 

of fall (a) 20 cm for 64% relative density and (b) 45 cm for 80% relative density 

 

A data logger is used to record the response of the retaining wall under seismic loading. 

Generally, a data logger is an electronic device that monitors and records responses of 

different parameters over time. It has the function to convert the responses and transfer 

these to the computer or laptop for further calculation. When the set-ups of all the sensors 

of the wrap-faced retaining wall are completed, the other ends of all the sensors are 

connected with the data logger. A laptop is used to collect the responses from data logger 

as numerical format. The full connection set-up between the data logger and the wrap-

faced sand retaining wall before conducting the shake table testing. is shown in Fig. 3.29. 

Fig. 3.30 shows the connection between the data logger and the laptop. A measuring tape 
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has been attached with the Plexiglas along the height of the retaining wall to observe the 

displacement during seismic loading of the wrap-faced retaining wall which is shown in 

Fig. 3.31. Then, the preparation of the test sample is complete to conduct the shake table 

testing. Before starting the test, specific surcharge load is placed on the retaining wall. 

Three different surcharge loads of 0.7 kPa, 1.12 kPa and 1.72 kPa in the form of concrete 

slabs are used in this thesis. The placement of concrete slab as 1.72 kPa surcharge load 

on the retaining wall is displayed at Fig. 3.32.    

 

Fig. 3.29 Full Connection Set-up between the Wrap-faced Sand Retaining Wall and the 

Data Logger before conducting the Shake Table Testing 

 

In case of preparing the Local Sand retaining wall, the same procedures and the stages 

described above have been followed. However, for building the Local sand retaining wall 

of three different relative densities, 26%, 45% and 57% have been chosen. So, the 

adjustment of the reference scale with the rigid tube is maintained 10 cm, 25 cm and 45 

cm respectively according to the Table 3.3. A picture of preparing the Local sand sample 

is shown in Fig. 3.33 (a). The set-up of LVDTs in the wrap-faced of the Local sand 

retaining wall is seen in Fig. 3.33 (b). After the completion of the local sand retaining 

wall, one among three surcharge loads of 0.7 kPa, 1.12 kPa and 1.72 kPa as concrete slab 

has been placed for shake table testing.    
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Fig. 3.30 Set-up of Data Logger with Laptop 

 

Fig. 3.31 Attachment of measuring tape with the Wrap-faced Retaining wall 
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Fig. 3.32 Placement of 1.72 kPa Surcharge Load on the Retaining Wall 

 

(a) 

 

(b) 

Fig. 3.33 (a) Preparation of Local Sand retaining wall; (b) Set-up of LVDTs 
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3.8.3 Description of Tests Conducted in this Thesis 
 

Eight different frequencies (1 Hz, 2 Hz, 3 Hz, 5 Hz, 8 Hz, 10 Hz, 12 Hz and 15 Hz) of 

three base accelerations (0.1g, 0.15g and 0.2g) have been chosen to apply sinusoidal wave 

on the wrap-faced sand retaining wall. It was mentioned before that three different 

relative densities are selected for preparing the retaining wall and three surcharge loads 

in form of concrete slabs are made to deploy on the retaining wall. So, two-hundred 

sixteen tests have been conducted based on different combinations of base accelerations, 

frequencies, surcharge loads, and relative densities (R.D.) of retaining walls. The name 

of the test has been started with the first letter of the sand type. For Sylhet sand retaining 

wall test, the test’s name has been started with “ST” and in case of Local sand, the test’s 

name is started with “LT”. The test names of the sinusoidal wave have been listed in the 

Table 4.3 and Table 4.4.  

Table 3.7 Description of Sinusoidal Tests on Sylhet Sand Retaining Wall 

Test 

Name 

Base 

Accel. 

(g) 

Freq. 

(Hz) 

Surcharge 

Load 

(kPa) 

R.D. 

(%) 

Test 

Name 

Base 

Accel. 

(g) 

Freq. 

(Hz) 

Surcharge 

Load 

(kPa) 

R.D. 

(%) 

ST1 0.1 1 0.7 48 ST109 0.15 8 1.12 64 

ST2 0.1 2 0.7 48 ST110 0.15 10 1.12 64 

ST3 0.1 3 0.7 48 ST111 0.15 12 1.12 64 

ST4 0.1 5 0.7 48 ST112 0.15 15 1.12 64 

ST5 0.1 8 0.7 48 ST113 0.2 1 1.12 64 

ST6 0.1 10 0.7 48 ST114 0.2 2 1.12 64 

ST7 0.1 12 0.7 48 ST115 0.2 3 1.12 64 

ST8 0.1 15 0.7 48 ST116 0.2 5 1.12 64 

ST9 0.15 1 0.7 48 ST117 0.2 8 1.12 64 

ST10 0.15 2 0.7 48 ST118 0.2 10 1.12 64 

ST11 0.15 3 0.7 48 ST119 0.2 12 1.12 64 

ST12 0.15 5 0.7 48 ST120 0.2 15 1.12 64 

ST13 0.15 8 0.7 48 ST121 0.1 1 1.72 64 

ST14 0.15 10 0.7 48 ST122 0.1 2 1.72 64 

ST15 0.15 12 0.7 48 ST123 0.1 3 1.72 64 
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Test 

Name 

Base 

Accel. 

(g) 

Freq. 

(Hz) 

Surcharge 

Load 

(kPa) 

R.D. 

(%) 

Test 

Name 

Base 

Accel. 

(g) 

Freq. 

(Hz) 

Surcharge 

Load 

(kPa) 

R.D. 

(%) 

ST16 0.15 15 0.7 48 ST124 0.1 5 1.72 64 

ST17 0.2 1 0.7 48 ST125 0.1 8 1.72 64 

ST18 0.2 2 0.7 48 ST126 0.1 10 1.72 64 

ST19 0.2 3 0.7 48 ST127 0.1 12 1.72 64 

ST20 0.2 5 0.7 48 ST128 0.1 15 1.72 64 

ST21 0.2 8 0.7 48 ST129 0.15 1 1.72 64 

ST22 0.2 10 0.7 48 ST130 0.15 2 1.72 64 

ST23 0.2 12 0.7 48 ST131 0.15 3 1.72 64 

ST24 0.2 15 0.7 48 ST132 0.15 5 1.72 64 

ST25 0.1 1 1.12 48 ST133 0.15 8 1.72 64 

ST26 0.1 2 1.12 48 ST134 0.15 10 1.72 64 

ST27 0.1 3 1.12 48 ST135 0.15 12 1.72 64 

ST28 0.1 5 1.12 48 ST136 0.15 15 1.72 64 

ST29 0.1 8 1.12 48 ST137 0.2 1 1.72 64 

ST30 0.1 10 1.12 48 ST138 0.2 2 1.72 64 

ST31 0.1 12 1.12 48 ST139 0.2 3 1.72 64 

ST32 0.1 15 1.12 48 ST140 0.2 5 1.72 64 

ST33 0.15 1 1.12 48 ST141 0.2 8 1.72 64 

ST34 0.15 2 1.12 48 ST142 0.2 10 1.72 64 

ST35 0.15 3 1.12 48 ST143 0.2 12 1.72 64 

ST36 0.15 5 1.12 48 ST144 0.2 15 1.72 64 

ST37 0.15 8 1.12 48 ST145 0.1 1 0.7 80 

ST38 0.15 10 1.12 48 ST146 0.1 2 0.7 80 

ST39 0.15 12 1.12 48 ST147 0.1 3 0.7 80 

ST40 0.15 15 1.12 48 ST148 0.1 5 0.7 80 

ST41 0.2 1 1.12 48 ST149 0.1 8 0.7 80 

ST42 0.2 2 1.12 48 ST150 0.1 10 0.7 80 

ST43 0.2 3 1.12 48 ST151 0.1 12 0.7 80 

ST44 0.2 5 1.12 48 ST152 0.1 15 0.7 80 
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Test 

Name 

Base 

Accel. 

(g) 

Freq. 

(Hz) 

Surcharge 

Load 

(kPa) 

R.D. 

(%) 

Test 

Name 

Base 

Accel. 

(g) 

Freq. 

(Hz) 

Surcharge 

Load 

(kPa) 

R.D. 

(%) 

ST45 0.2 8 1.12 48 ST153 0.15 1 0.7 80 

ST46 0.2 10 1.12 48 ST154 0.15 2 0.7 80 

ST47 0.2 12 1.12 48 ST155 0.15 3 0.7 80 

ST48 0.2 15 1.12 48 ST156 0.15 5 0.7 80 

ST49 0.1 1 1.72 48 ST157 0.15 8 0.7 80 

ST50 0.1 2 1.72 48 ST158 0.15 10 0.7 80 

ST51 0.1 3 1.72 48 ST159 0.15 12 0.7 80 

ST52 0.1 5 1.72 48 ST160 0.15 15 0.7 80 

ST53 0.1 8 1.72 48 ST161 0.2 1 0.7 80 

ST54 0.1 10 1.72 48 ST162 0.2 2 0.7 80 

ST55 0.1 12 1.72 48 ST163 0.2 3 0.7 80 

ST56 0.1 15 1.72 48 ST164 0.2 5 0.7 80 

ST57 0.15 1 1.72 48 ST165 0.2 8 0.7 80 

ST58 0.15 2 1.72 48 ST166 0.2 10 0.7 80 

ST59 0.15 3 1.72 48 ST167 0.2 12 0.7 80 

ST60 0.15 5 1.72 48 ST168 0.2 15 0.7 80 

ST61 0.15 8 1.72 48 ST169 0.1 1 1.12 80 

ST62 0.15 10 1.72 48 ST170 0.1 2 1.12 80 

ST63 0.15 12 1.72 48 ST171 0.1 3 1.12 80 

ST64 0.15 15 1.72 48 ST172 0.1 5 1.12 80 

ST65 0.2 1 1.72 48 ST173 0.1 8 1.12 80 

ST66 0.2 2 1.72 48 ST174 0.1 10 1.12 80 

ST67 0.2 3 1.72 48 ST175 0.1 12 1.12 80 

ST68 0.2 5 1.72 48 ST176 0.1 15 1.12 80 

ST69 0.2 8 1.72 48 ST177 0.15 1 1.12 80 

ST70 0.2 10 1.72 48 ST178 0.15 2 1.12 80 

ST71 0.2 12 1.72 48 ST179 0.15 3 1.12 80 

ST72 0.2 15 1.72 48 ST180 0.15 5 1.12 80 

ST73 0.1 1 0.7 64 ST181 0.15 8 1.12 80 
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Test 

Name 

Base 

Accel. 

(g) 

Freq. 

(Hz) 

Surcharge 

Load 

(kPa) 

R.D. 

(%) 

Test 

Name 

Base 

Accel. 

(g) 

Freq. 

(Hz) 

Surcharge 

Load 

(kPa) 

R.D. 

(%) 

ST74 0.1 2 0.7 64 ST182 0.15 10 1.12 80 

ST75 0.1 3 0.7 64 ST183 0.15 12 1.12 80 

ST76 0.1 5 0.7 64 ST184 0.15 15 1.12 80 

ST77 0.1 8 0.7 64 ST185 0.2 1 1.12 80 

ST78 0.1 10 0.7 64 ST186 0.2 2 1.12 80 

ST79 0.1 12 0.7 64 ST187 0.2 3 1.12 80 

ST80 0.1 15 0.7 64 ST188 0.2 5 1.12 80 

ST81 0.15 1 0.7 64 ST189 0.2 8 1.12 80 

ST82 0.15 2 0.7 64 ST190 0.2 10 1.12 80 

ST83 0.15 3 0.7 64 ST191 0.2 12 1.12 80 

ST84 0.15 5 0.7 64 ST192 0.2 15 1.12 80 

ST85 0.15 8 0.7 64 ST193 0.1 1 1.72 80 

ST86 0.15 10 0.7 64 ST194 0.1 2 1.72 80 

ST87 0.15 12 0.7 64 ST195 0.1 3 1.72 80 

ST88 0.15 15 0.7 64 ST196 0.1 5 1.72 80 

ST89 0.2 1 0.7 64 ST197 0.1 8 1.72 80 

ST90 0.2 2 0.7 64 ST198 0.1 10 1.72 80 

ST91 0.2 3 0.7 64 ST199 0.1 12 1.72 80 

ST92 0.2 5 0.7 64 ST200 0.1 15 1.72 80 

ST93 0.2 8 0.7 64 ST201 0.15 1 1.72 80 

ST94 0.2 10 0.7 64 ST202 0.15 2 1.72 80 

ST95 0.2 12 0.7 64 ST203 0.15 3 1.72 80 

ST96 0.2 15 0.7 64 ST204 0.15 5 1.72 80 

ST97 0.1 1 1.12 64 ST205 0.15 8 1.72 80 

ST98 0.1 2 1.12 64 ST206 0.15 10 1.72 80 

ST99 0.1 3 1.12 64 ST207 0.15 12 1.72 80 

ST100 0.1 5 1.12 64 ST208 0.15 15 1.72 80 

ST101 0.1 8 1.12 64 ST209 0.2 1 1.72 80 

ST102 0.1 10 1.12 64 ST210 0.2 2 1.72 80 
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Test 

Name 

Base 

Accel. 

(g) 

Freq. 

(Hz) 

Surcharge 

Load 

(kPa) 

R.D. 

(%) 

Test 

Name 

Base 

Accel. 

(g) 

Freq. 

(Hz) 

Surcharge 

Load 

(kPa) 

R.D. 

(%) 

ST103 0.1 12 1.12 64 ST211 0.2 3 1.72 80 

ST104 0.1 15 1.12 64 ST212 0.2 5 1.72 80 

ST105 0.15 1 1.12 64 ST213 0.2 8 1.72 80 

ST106 0.15 2 1.12 64 ST214 0.2 10 1.72 80 

ST107 0.15 3 1.12 64 ST215 0.2 12 1.72 80 

ST108 0.15 5 1.12 64 ST216 0.2 15 1.72 80 

 

Table 3.8 Description of Sinusoidal Tests on Local Sand Retaining Wall 

Test 

Name 

Base 

Accel. 

(g) 

Freq. 

(Hz) 

Surcharge 

Load 

(kPa) 

R.D. 

(%) 

Test 

Name 

Base 

Accel. 

(g) 

Freq. 

(Hz) 

Surcharge 

Load 

(kPa) 

R.D. 

(%) 

LT1 0.1 1 0.7 26 LT109 0.15 8 1.12 45 

LT2 0.1 2 0.7 26 LT110 0.15 10 1.12 45 

LT3 0.1 3 0.7 26 LT111 0.15 12 1.12 45 

LT4 0.1 5 0.7 26 LT112 0.15 15 1.12 45 

LT5 0.1 8 0.7 26 LT113 0.2 1 1.12 45 

LT6 0.1 10 0.7 26 LT114 0.2 2 1.12 45 

LT7 0.1 12 0.7 26 LT115 0.2 3 1.12 45 

LT8 0.1 15 0.7 26 LT116 0.2 5 1.12 45 

LT9 0.15 1 0.7 26 LT117 0.2 8 1.12 45 

LT10 0.15 2 0.7 26 LT118 0.2 10 1.12 45 

LT11 0.15 3 0.7 26 LT119 0.2 12 1.12 45 

LT12 0.15 5 0.7 26 LT120 0.2 15 1.12 45 

LT13 0.15 8 0.7 26 LT121 0.1 1 1.72 45 

LT14 0.15 10 0.7 26 LT122 0.1 2 1.72 45 

LT15 0.15 12 0.7 26 LT123 0.1 3 1.72 45 

LT16 0.15 15 0.7 26 LT124 0.1 5 1.72 45 

LT17 0.2 1 0.7 26 LT125 0.1 8 1.72 45 

LT18 0.2 2 0.7 26 LT126 0.1 10 1.72 45 
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Test 

Name 

Base 

Accel. 

(g) 

Freq. 

(Hz) 

Surcharge 

Load 

(kPa) 

R.D. 

(%) 

Test 

Name 

Base 

Accel. 

(g) 

Freq. 

(Hz) 

Surcharge 

Load 

(kPa) 

R.D. 

(%) 

LT19 0.2 3 0.7 26 LT127 0.1 12 1.72 45 

LT20 0.2 5 0.7 26 LT128 0.1 15 1.72 45 

LT21 0.2 8 0.7 26 LT129 0.15 1 1.72 45 

LT22 0.2 10 0.7 26 LT130 0.15 2 1.72 45 

LT23 0.2 12 0.7 26 LT131 0.15 3 1.72 45 

LT24 0.2 15 0.7 26 LT132 0.15 5 1.72 45 

LT25 0.1 1 1.12 26 LT133 0.15 8 1.72 45 

LT26 0.1 2 1.12 26 LT134 0.15 10 1.72 45 

LT27 0.1 3 1.12 26 LT135 0.15 12 1.72 45 

LT28 0.1 5 1.12 26 LT136 0.15 15 1.72 45 

LT29 0.1 8 1.12 26 LT137 0.2 1 1.72 45 

LT30 0.1 10 1.12 26 LT138 0.2 2 1.72 45 

LT31 0.1 12 1.12 26 LT139 0.2 3 1.72 45 

LT32 0.1 15 1.12 26 LT140 0.2 5 1.72 45 

LT33 0.15 1 1.12 26 LT141 0.2 8 1.72 45 

LT34 0.15 2 1.12 26 LT142 0.2 10 1.72 45 

LT35 0.15 3 1.12 26 LT143 0.2 12 1.72 45 

LT36 0.15 5 1.12 26 LT144 0.2 15 1.72 45 

LT37 0.15 8 1.12 26 LT145 0.1 1 0.7 57 

LT38 0.15 10 1.12 26 LT146 0.1 2 0.7 57 

LT39 0.15 12 1.12 26 LT147 0.1 3 0.7 57 

LT40 0.15 15 1.12 26 LT148 0.1 5 0.7 57 

LT41 0.2 1 1.12 26 LT149 0.1 8 0.7 57 

LT42 0.2 2 1.12 26 LT150 0.1 10 0.7 57 

LT43 0.2 3 1.12 26 LT151 0.1 12 0.7 57 

LT44 0.2 5 1.12 26 LT152 0.1 15 0.7 57 

LT45 0.2 8 1.12 26 LT153 0.15 1 0.7 57 

LT46 0.2 10 1.12 26 LT154 0.15 2 0.7 57 

LT47 0.2 12 1.12 26 LT155 0.15 3 0.7 57 
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Test 

Name 

Base 

Accel. 

(g) 

Freq. 

(Hz) 

Surcharge 

Load 

(kPa) 

R.D. 

(%) 

Test 

Name 

Base 

Accel. 

(g) 

Freq. 

(Hz) 

Surcharge 

Load 

(kPa) 

R.D. 

(%) 

LT48 0.2 15 1.12 26 LT156 0.15 5 0.7 57 

LT49 0.1 1 1.72 26 LT157 0.15 8 0.7 57 

LT50 0.1 2 1.72 26 LT158 0.15 10 0.7 57 

LT51 0.1 3 1.72 26 LT159 0.15 12 0.7 57 

LT52 0.1 5 1.72 26 LT160 0.15 15 0.7 57 

LT53 0.1 8 1.72 26 LT161 0.2 1 0.7 57 

LT54 0.1 10 1.72 26 LT162 0.2 2 0.7 57 

LT55 0.1 12 1.72 26 LT163 0.2 3 0.7 57 

LT56 0.1 15 1.72 26 LT164 0.2 5 0.7 57 

LT57 0.15 1 1.72 26 LT165 0.2 8 0.7 57 

LT58 0.15 2 1.72 26 LT166 0.2 10 0.7 57 

LT59 0.15 3 1.72 26 LT167 0.2 12 0.7 57 

LT60 0.15 5 1.72 26 LT168 0.2 15 0.7 57 

LT61 0.15 8 1.72 26 LT169 0.1 1 1.12 57 

LT62 0.15 10 1.72 26 LT170 0.1 2 1.12 57 

LT63 0.15 12 1.72 26 LT171 0.1 3 1.12 57 

LT64 0.15 15 1.72 26 LT172 0.1 5 1.12 57 

LT65 0.2 1 1.72 26 LT173 0.1 8 1.12 57 

LT66 0.2 2 1.72 26 LT174 0.1 10 1.12 57 

LT67 0.2 3 1.72 26 LT175 0.1 12 1.12 57 

LT68 0.2 5 1.72 26 LT176 0.1 15 1.12 57 

LT69 0.2 8 1.72 26 LT177 0.15 1 1.12 57 

LT70 0.2 10 1.72 26 LT178 0.15 2 1.12 57 

LT71 0.2 12 1.72 26 LT179 0.15 3 1.12 57 

LT72 0.2 15 1.72 26 LT180 0.15 5 1.12 57 

LT73 0.1 1 0.7 45 LT181 0.15 8 1.12 57 

LT74 0.1 2 0.7 45 LT182 0.15 10 1.12 57 

LT75 0.1 3 0.7 45 LT183 0.15 12 1.12 57 

LT76 0.1 5 0.7 45 LT184 0.15 15 1.12 57 
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Test 

Name 

Base 

Accel. 

(g) 

Freq. 

(Hz) 

Surcharge 

Load 

(kPa) 

R.D. 

(%) 

Test 

Name 

Base 

Accel. 

(g) 

Freq. 

(Hz) 

Surcharge 

Load 

(kPa) 

R.D. 

(%) 

LT77 0.1 8 0.7 45 LT185 0.2 1 1.12 57 

LT78 0.1 10 0.7 45 LT186 0.2 2 1.12 57 

LT79 0.1 12 0.7 45 LT187 0.2 3 1.12 57 

LT80 0.1 15 0.7 45 LT188 0.2 5 1.12 57 

LT81 0.15 1 0.7 45 LT189 0.2 8 1.12 57 

LT82 0.15 2 0.7 45 LT190 0.2 10 1.12 57 

LT83 0.15 3 0.7 45 LT191 0.2 12 1.12 57 

LT84 0.15 5 0.7 45 LT192 0.2 15 1.12 57 

LT85 0.15 8 0.7 45 LT193 0.1 1 1.72 57 

LT86 0.15 10 0.7 45 LT194 0.1 2 1.72 57 

LT87 0.15 12 0.7 45 LT195 0.1 3 1.72 57 

LT88 0.15 15 0.7 45 LT196 0.1 5 1.72 57 

LT89 0.2 1 0.7 45 LT197 0.1 8 1.72 57 

LT90 0.2 2 0.7 45 LT198 0.1 10 1.72 57 

LT91 0.2 3 0.7 45 LT199 0.1 12 1.72 57 

LT92 0.2 5 0.7 45 LT200 0.1 15 1.72 57 

LT93 0.2 8 0.7 45 LT201 0.15 1 1.72 57 

LT94 0.2 10 0.7 45 LT202 0.15 2 1.72 57 

LT95 0.2 12 0.7 45 LT203 0.15 3 1.72 57 

LT96 0.2 15 0.7 45 LT204 0.15 5 1.72 57 

LT97 0.1 1 1.12 45 LT205 0.15 8 1.72 57 

LT98 0.1 2 1.12 45 LT206 0.15 10 1.72 57 

LT99 0.1 3 1.12 45 LT207 0.15 12 1.72 57 

LT100 0.1 5 1.12 45 LT208 0.15 15 1.72 57 

LT101 0.1 8 1.12 45 LT209 0.2 1 1.72 57 

LT102 0.1 10 1.12 45 LT210 0.2 2 1.72 57 

LT103 0.1 12 1.12 45 LT211 0.2 3 1.72 57 

LT104 0.1 15 1.12 45 LT212 0.2 5 1.72 57 

LT105 0.15 1 1.12 45 LT213 0.2 8 1.72 57 
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Test 

Name 

Base 

Accel. 

(g) 

Freq. 

(Hz) 

Surcharge 

Load 

(kPa) 

R.D. 

(%) 

Test 

Name 

Base 

Accel. 

(g) 

Freq. 

(Hz) 

Surcharge 

Load 

(kPa) 

R.D. 

(%) 

LT106 0.15 2 1.12 45 LT214 0.2 10 1.72 57 

LT107 0.15 3 1.12 45 LT215 0.2 12 1.72 57 

LT108 0.15 5 1.12 45 LT216 0.2 15 1.72 57 

 

In case of observing the performance of retaining wall under three earthquakes, eighty-

one (81) shake table tests have been performed on each type of sand retaining wall based 

on the variation of base acceleration, surcharge load, and relative density. The name of 

the earthquake test on Sylhet sand embankment is started with “SE” and the name of the 

earthquake test on Local sand embankment is started with “LE”. The earthquake test 

chronologies on Sylhet and Local sand retaining wall have been described in Table 4.5 

and Table 4.6 respectively.     

Table 3.9 Description of Earthquake Tests on Sylhet Sand Retaining Wall 

Test 

Name 

EQ 

type 

Base 

Accel. 

(g) 

Surcharge 

Load 

(kPa) 

R.D. 

(%) 

Test 

Name 

EQ 

type 

Base 

Accel. 

(g) 

Surcharge 

Load 

(kPa) 

R.D. 

(%) 

SE1 Kobe 0.1 0.7 48 SE42 Loma 0.2  1.12 64 

SE2 Kobe 0.15 0.7 48 SE43 Koaecli 0.1 1.12 64 

SE3 Kobe 0.2  0.7 48 SE44 Koaecli 0.15 1.12 64 

SE4 Loma 0.1 0.7 48 SE45 Koaecli 0.2  1.12 64 

SE5 Loma 0.15 0.7 48 SE46 Kobe 0.1 1.72 64 

SE6 Loma 0.2  0.7 48 SE47 Kobe 0.15 1.72 64 

SE7 Koaecli 0.1 0.7 48 SE48 Kobe 0.2  1.72 64 

SE8 Koaecli 0.15 0.7 48 SE49 Loma 0.1 1.72 64 

SE9 Koaecli 0.2  0.7 48 SE50 Loma 0.15 1.72 64 

SE10 Kobe 0.1 1.12 48 SE51 Loma 0.2  1.72 64 

SE11 Kobe 0.15 1.12 48 SE52 Koaecli 0.1 1.72 64 

SE12 Kobe 0.2  1.12 48 SE53 Koaecli 0.15 1.72 64 

SE13 Loma 0.1 1.12 48 SE54 Koaecli 0.2  1.72 64 

SE14 Loma 0.15 1.12 48 SE55 Kobe 0.1 0.7 80 
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Test 

Name 

EQ 

type 

Base 

Accel. 

(g) 

Surcharge 

Load 

(kPa) 

R.D. 

(%) 

Test 

Name 

EQ 

type 

Base 

Accel. 

(g) 

Surcharge 

Load 

(kPa) 

R.D. 

(%) 

SE15 Loma 0.2  1.12 48 SE56 Kobe 0.15 0.7 80 

SE16 Koaecli 0.1 1.12 48 SE57 Kobe 0.2  0.7 80 

SE17 Koaecli 0.15 1.12 48 SE58 Loma 0.1 0.7 80 

SE18 Koaecli 0.2  1.12 48 SE59 Loma 0.15 0.7 80 

SE19 Kobe 0.1 1.72 48 SE60 Loma 0.2  0.7 80 

SE20 Kobe 0.15 1.72 48 SE61 Koaecli 0.1 0.7 80 

SE21 Kobe 0.2  1.72 48 SE62 Koaecli 0.15 0.7 80 

SE22 Loma 0.1 1.72 48 SE63 Koaecli 0.2  0.7 80 

SE23 Loma 0.15 1.72 48 SE64 Kobe 0.1 1.12 80 

SE24 Loma 0.2  1.72 48 SE65 Kobe 0.15 1.12 80 

SE25 Koaecli 0.1 1.72 48 SE66 Kobe 0.2  1.12 80 

SE26 Koaecli 0.15 1.72 48 SE67 Loma 0.1 1.12 80 

SE27 Koaecli 0.2  1.72 48 SE68 Loma 0.15 1.12 80 

SE28 Kobe 0.1 0.7 64 SE69 Loma 0.2  1.12 80 

SE29 Kobe 0.15 0.7 64 SE70 Koaecli 0.1 1.12 80 

SE30 Kobe 0.2  0.7 64 SE71 Koaecli 0.15 1.12 80 

SE31 Loma 0.1 0.7 64 SE72 Koaecli 0.2  1.12 80 

SE32 Loma 0.15 0.7 64 SE73 Kobe 0.1 1.72 80 

SE33 Loma 0.2  0.7 64 SE74 Kobe 0.15 1.72 80 

SE34 Koaecli 0.1 0.7 64 SE75 Kobe 0.2  1.72 80 

SE35 Koaecli 0.15 0.7 64 SE76 Loma 0.1 1.72 80 

SE36 Koaecli 0.2  0.7 64 SE77 Loma 0.15 1.72 80 

SE37 Kobe 0.1 1.12 64 SE78 Loma 0.2  1.72 80 

SE38 Kobe 0.15 1.12 64 SE79 Koaecli 0.1 1.72 80 

SE39 Kobe 0.2  1.12 64 SE80 Koaecli 0.15 1.72 80 

SE40 Loma 0.1 1.12 64 SE81 Koaecli 0.2  1.72 80 

SE41 Loma 0.15 1.12 64      
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Table 3.10 Description of Earthquake Tests on Local Sand Retaining Wall 

Test 

Name 

EQ 

type 

Base 

Accel. 

(g) 

Surcharge 

Load 

(kPa) 

R.D. 

(%) 

Test 

Name 

EQ 

type 

Base 

Accel. 

(g) 

Surcharge 

Load 

(kPa) 

R.D. 

(%) 

LE1 Kobe 0.1 0.7 26 LE42 Loma 0.2  1.12 45 

LE2 Kobe 0.15 0.7 26 LE43 Koaecli 0.1  1.12 45 

LE3 Kobe 0.2  0.7 26 LE44 Koaecli 0.15 1.12 45 

LE4 Loma 0.1 0.7 26 LE45 Koaecli 0.2  1.12 45 

LE5 Loma 0.15 0.7 26 LE46 Kobe 0.1 1.72 45 

LE6 Loma 0.2  0.7 26 LE47 Kobe 0.15 1.72 45 

LE7 Koaecli 0.1 0.7 26 LE48 Kobe 0.2  1.72 45 

LE8 Koaecli 0.15 0.7 26 LE49 Loma 0.1 1.72 45 

LE9 Koaecli 0.2  0.7 26 LE50 Loma 0.15 1.72 45 

LE10 Kobe 0.1 1.12 26 LE51 Loma 0.2  1.72 45 

LE11 Kobe 0.15 1.12 26 LE52 Koaecli 0.1 1.72 45 

LE12 Kobe 0.2  1.12 26 LE53 Koaecli 0.15 1.72 45 

LE13 Loma 0.1 1.12 26 LE54 Koaecli 0.2  1.72 45 

LE14 Loma 0.15 1.12 26 LE55 Kobe 0.1 0.7 57 

LE15 Loma 0.2  1.12 26 LE56 Kobe 0.15 0.7 57 

LE16 Koaecli 0.1 1.12 26 LE57 Kobe 0.2  0.7 57 

LE17 Koaecli 0.15 1.12 26 LE58 Loma 0.1 0.7 57 

LE18 Koaecli 0.2  1.12 26 LE59 Loma 0.15 0.7 57 

LE19 Kobe 0.1 1.72 26 LE60 Loma 0.2  0.7 57 

LE20 Kobe 0.15 1.72 26 LE61 Koaecli 0.1 0.7 57 

LE21 Kobe 0.2  1.72 26 LE62 Koaecli 0.15 0.7 57 

LE22 Loma 0.1 1.72 26 LE63 Koaecli 0.2  0.7 57 

LE23 Loma 0.15 1.72 26 LE64 Kobe 0.1 1.12 57 

LE24 Loma 0.2  1.72 26 LE65 Kobe 0.15 1.12 57 

LE25 Koaecli 0.1 1.72 26 LE66 Kobe 0.2  1.12 57 

LE26 Koaecli 0.15 1.72 26 LE67 Loma 0.1 1.12 57 

LE27 Koaecli 0.2  1.72 26 LE68 Loma 0.15 1.12 57 

LE28 Kobe 0.1 0.7 45 LE69 Loma 0.2  1.12 57 
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Test 

Name 

EQ 

type 

Base 

Accel. 

(g) 

Surcharge 

Load 

(kPa) 

R.D. 

(%) 

Test 

Name 

EQ 

type 

Base 

Accel. 

(g) 

Surcharge 

Load 

(kPa) 

R.D. 

(%) 

LE29 Kobe 0.15 0.7 45 LE70 Koaecli 0.1 1.12 57 

LE30 Kobe 0.2  0.7 45 LE71 Koaecli 0.15 1.12 57 

LE31 Loma 0.1 0.7 45 LE72 Koaecli 0.2  1.12 57 

LE32 Loma 0.15 0.7 45 LE73 Kobe 0.1 1.72 57 

LE33 Loma 0.2  0.7 45 LE74 Kobe 0.15 1.72 57 

LE34 Koaecli 0.1 0.7 45 LE75 Kobe 0.2  1.72 57 

LE35 Koaecli 0.15 0.7 45 LE76 Loma 0.1 1.72 57 

LE36 Koaecli 0.2  0.7 45 LE77 Loma 0.15 1.72 57 

LE37 Kobe 0.1 1.12 45 LE78 Loma 0.2  1.72 57 

LE38 Kobe 0.15 1.12 45 LE79 Koaecli 0.1 1.72 57 

LE39 Kobe 0.2  1.12 45 LE80 Koaecli 0.15 1.72 57 

LE40 Loma 0.1 1.12 45 LE81 Koaecli 0.2  1.72 57 

LE41 Loma 0.15 1.12 45      

 

The test results of sinusoidal impact on retaining wall of this thesis will be compared with 

the test results of Krishna and Latha (2007). The tests of Krishna and Latha (2007) are 

named as “KL” for comparing these with this thesis. The description of sinusoidal tests 

conducted by Krishna and Latha (2007) are explained in Table 4.7.  

Table 3.11 Description of Sinusoidal Tests conducted by Krishna and Latha (2007) 

 

 

Test 

Name 

Base 

Acceleration, g 

Frequency, 

Hz 

Surcharge 

Load, kPa  

Relative 

Density, % 

No. of 

Layers 

KL1 0.1 1 0.5 34-37% 4 

KL2 0.1 1 1 34-37% 4 

KL3 0.1 1 2 34-37% 4 

KL4 0.1 2 0.5 34-37% 4 

KL5 0.1 3 0.5 34-37% 4 

KL6 0.15 2 0.5 34-37% 4 

KL7 0.2 2 0.5 34-37% 4 

KL8 0.1 1 0.5 34-37% 3 

KL9 0.1 1 0.5 34-37% 2 
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3.9 Summary  
 

In this chapter, a portable travelling pluviator has been designed and constructed. By 

using this pluviator, a wrap-faced soil retaining wall model has been prepared for shake 

table experiments. The performance of the pluviator has been observed using six samples 

of sand of different types and gradations and the following outcomes have been found: 

(i) Relative density of sand increases with the increment of height of fall of a pluviator. 

Further, Sylhet sand achieves more relative density than the Local sand at same height 

of fall due to the presence of higher amount of coarser particles in Sylhet sand 

compared to the same gradation of Local sand.  

(ii) Deposition intensity time of sand decreases with the increase of height of fall of the 

pluviator. Besides, Local sand achieves higher deposition intensity time than the 

Sylhet sand at the same height of fall. 

(iii) There is an inverse relationship between relative density and deposition intensity 

time. Relative density increases with the reduction of deposition intensity time and 

vice versa.  

(iv)  The effective particle size (D10) and average particle size (D50) of sand of different 

types of gradation play an important role over the performance of the pluviator.  
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Chapter Four 

RESULTS AND DISCUSSIONS 
 

4.1 General 
 

Reinforced soils retaining walls have been applied throughout the world due to their cost 

effectiveness and ease to construction. So, it is mandatory to study the performance of 

reinforced soil retaining walls under cyclic ground shaking conditions, which helps to 

understand how these walls actually behave during earthquakes and to establish precise 

design procedures. Reinforced soil retaining walls can be built using different reinforcing 

materials, soil specimens and facing systems. 

 

In this thesis, the impact of seismic loading on a wrap-faced reinforced soil retaining wall 

has been examined. The main target of this shake table study is to conduct a series of 

seismic tests effectively under different combinations of base accelerations, frequencies 

and surcharge loads, thus to observe the seismic response of the scaled model 

embankment and to determine the layer-by-layer response of soil wall due to these 

shakings. Two basic type of dynamic loading such as sinusoidal wave and renowned 

earthquake waves have been applied on wrap-faced reinforced soil retaining wall. The 

full procedures related to build a wrap-faced reinforced soil retaining wall model, conduct 

tests under seismic loading, observe responses of the wall and evaluate the test results are 

described in this chapter.  

 

4.2 Discussion on Test Results 
 

Different types of relationships have been established and observed from the test data. 

Effects of acceleration amplification have been observed for all the tests. Changes of face 

displacement in different elevations of wrap-faced soil retaining wall in various tests have 

been analyzed here. Moreover, relationship between the changes of face displacement in 

different tests have been established in this clause. Similarly, variation of strain and 

acceleration amplification in different elevations of wrap-faced sand retaining wall in 

different tests have been evaluated in this research. These relationships of test results 

have been discussed below in details:  
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4.2.1 Effect of Acceleration Amplification on the Sylhet Sand Retaining Wall Model 

During Sinusoidal Testing    
 

To understand the relationship of acceleration response at different elevations of the 

retaining wall, the term “Acceleration Amplification” has been applied. Krishna and 

Latha (2007) described acceleration amplification as a ratio of maximum peak to peak 

acceleration value in the soil to that of the corresponding value of the base motion. There 

are accelerometers in every elevations of the retaining wall to observe the acceleration 

histories of every layer of retaining wall. Further, there is another accelerometer, denoted 

as A1 on the shake table base to observe the base acceleration of every tests. The duration 

of each sinusoidal motion is 20 cycles.  

 

Effect of Surcharge Load on Acceleration Amplification 

 

Fig. 4.1, 4.2 and 4.3 show the time-acceleration graph of the Test no. ST1, ST25 and 

ST49 respectively where, tests have been conducted on 48% relative density’s wall 

sample under 0.1g base acceleration and 1Hz frequency but three different surcharge 

pressures (0.7 kPa, 1.12 kPa and 1.72 kPa). Maximum acceleration value for the tests 

ST1, ST25 and ST49 have been found at the top elevation. These types of observations 

are in concurrence with the results of physical tests reported by Krishna and Latha (2007), 

Telekeset et al. (1994), Murata et al. (1994) and El-Emam and Bathurst (2005). 

 

Fig. 4.4, 4.5 and 4.6 has displayed the effect of surcharge Load on Acceleration 

Amplification under three different relative densities, 48%, 64% and 80% respectively. 

It has been observed from all three figures that acceleration amplification is inversely 

proportional with the increase of the surcharge pressures. For example, at Fig. 4.4, the 

acceleration amplifications of 0.7 kPa and 1.12 kPa surcharge load test at normalized 

height 0.5 is 5.86% and 2% higher than the 1.72 kPa surcharge load test respectively. 

Moreover, the acceleration amplifications of 0.7 kPa and 1.12 kPa surcharge load test at 

normalized height 0.75 is 9.6% and 4.3% higher than the 1.72 kPa surcharge load test 

respectively. And at normalized height 1, the acceleration amplification of 0.7 kPa and 

1.12 kPa surcharge load test is 14.7% and 6.3% higher respectively than the 1.72 kPa 

surcharge load test.     
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Fig. 4.1 Time-Acceleration Graph at different elevation of ST1 test 
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Fig. 4.2 Time-Acceleration Graph at different elevation of ST25 test 
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Fig. 4.3 Time-Acceleration Graph at different elevation of ST49 test 
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Fig. 4.4  Effect of Surcharge Load on Acceleration Amplification (R.D. 48%) 

 

Schematic representations related to the effect of surcharge load on acceleration 

amplification under different relative densities for all sinusoidal tests on Sylhet sand 

retaining walls are shown in Appendix-A. 

 
Fig. 4.5 Effect of Surcharge Load on Acceleration Amplification (R.D. 64%) 
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Fig. 4.6 Effect of Surcharge Load on Acceleration Amplification (R.D. 80%) 

 

Effect of Relative Density on Acceleration Amplification 

 

Fig. 4.7, 4.8 and 4.9 show the effect of relative density on acceleration amplification for 

different surcharge loads, 0.7 kPa, 1.12 kPa and 1.72 kPa respectively. It has been 

observed that acceleration amplifications are inversely proportional to the relative 

densities in all three graphs. For example, in Fig. 4.9, the acceleration amplifications of 

48% and 64% relative density samples are 1.82% and 0.83% higher than the 80% relative 

density sample respectively at normalized elevation 0.5. Further, the acceleration 

amplifications of 48% and 64% relative density samples are 2.68% and 1.37% higher 

than the 80% relative density sample respectively at normalized elevation 0.75. Also, at 

normalized elevation 1, the acceleration amplifications of 48% and 64% relative density 

samples are 4.39% and 2.56% higher than the 80% relative density sample respectively.   

Similar kinds of inverse relationships of acceleration amplification with respect of 

relative densities are observed in other sinusoidal tests of Sylhet sand walls. Schematic 

representations related to the effect of relative densities on acceleration amplification 

under different surcharge loads for all sinusoidal tests on Sylhet sand retaining walls are 

shown in Appendix-A. 
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Fig. 4.7 Effect of Relative Density on Acceleration Amplification (Surcharge Load 0.7 kPa) 

 

 
Fig. 4.8 Effect of Relative Density on Acceleration Amplification (Surcharge Load 1.12 

kPa) 
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Fig. 4.9 Effect of Relative Density on Acceleration Amplification (Surcharge Load 1.72 

kPa) 

 

Effect of Base Acceleration on Acceleration Amplification 

 

Fig. 4.10, 4.11 and 4.12 express the effect of base acceleration on acceleration 

amplification for different relative density, 48%, 64% and 80% respectively. It has been 

found that acceleration amplifications are increased with the increment of base 

accelerations in all three graphs. For example, in Fig. 4.10, the acceleration amplifications 

of 0.1g and 0.15g base acceleration are 7.1% and 5% lower than 0.2g base acceleration 

respectively at normalized height 0.5. Besides, the acceleration amplifications of 0.1g 

and 0.15g base acceleration are 4.9% and 1.99% lower than 0.2g base acceleration 

respectively at normalized height 0.75. Again, at normalized height 1, the acceleration 

amplifications of 0.1g and 0.15g base acceleration are 8.32% and 2.67% lower than 0.2g 

respectively. Similar kinds of proportional increment relationships of acceleration 

amplification with respect of base accelerations are seen in other sinusoidal tests of Sylhet 

sand walls. Schematic representations related to the effect of base accelerations on 

acceleration amplification under different relative densities for all sinusoidal tests on 

Sylhet sand retaining walls are shown in Appendix-A.  
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Fig. 4.10 Effect of Base Acceleration on Acceleration Amplification (R.D. 48%) 

 

 
Fig. 4.11 Effect of Base Acceleration on Acceleration Amplification (R.D. 64%) 
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Fig. 4.12  Effect of Base Acceleration on Acceleration Amplification (R.D. 80%) 

 

Effect of Frequency on Acceleration Amplification 

 

Fig. 4.13, 4.14 and 4.15 describes the effect of frequency on acceleration amplification 

for different relative densities such as 48%, 64% and 80% respectively. It has been 

noticed that acceleration amplifications are increased with the increase of frequencies in 

all three figures. For example, in Fig. 4.13, the acceleration amplifications of 15Hz, 12Hz, 

10Hz, 8Hz, 5Hz, 3Hz and 2Hz are 21%, 15.34%, 12.6%, 11.4%, 9.3%, 4.1% and 2.64% 

higher than 1Hz respectively at normalized height 0.5. In addition, the acceleration 

amplifications of 15Hz, 12Hz, 10Hz, 8Hz, 5Hz, 3Hz and 2Hz are 33%, 17.8%, 16.9%, 

15.3%, 12.7%, 7.9% and 2.5% higher than 1Hz respectively at normalized height 0.75.  

Then, at normalized elevation 1, the acceleration amplifications of 15Hz, 12Hz, 10Hz, 

8Hz, 5Hz, 3Hz and 2Hz are 34.92%, 22.2%, 19.8%, 15%, 12.7%, 7.1% and 3.96% higher 

than 1Hz respectively. Similar kinds of proportional increment relationships of 

acceleration amplification with respect of frequencies are monitored in other sinusoidal 

tests of Sylhet sand walls. Schematic representations related to the effect of base 

accelerations on frequencies under different relative densities for all sinusoidal tests on 

Sylhet sand retaining walls are shown in Appendix-A.  



129 

 

 
Fig. 4.13 Effect of Frequency on Acceleration Amplification (R.D. 48%) 

 

 
Fig. 4.14 Effect of Frequency on Acceleration Amplification (R.D. 64%) 
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Fig. 4.15 Effect of Frequency on Acceleration Amplification (R.D. 80%) 

 

Comparison with Krishna and Latha (2007) 

Krishna and Latha (2007) constructed the similar types of retaining wall in laminar box 

by using locally available dry sand as backfill material. Their test description was 

mentioned in Table 3.11. They constructed the retaining wall by using the relative density 

range 34-37% of the sand. Here, our minimum relative density for Sylhet sand sample is 

48%. We have compared our findings with Krishna and Latha (2007) in case of 

acceleration amplification. In Fig. 4.16, comparison between the effect of frequency on 

acceleration amplification with Krishna and Latha (2007) has been shown. Here, 

acceleration amplifications of our 1Hz, 2Hz and 3Hz frequency are bigger than the 

Krishna and Latha at normalized height 0.25 and 0.5. On the other hand, Krishna and 

Latha’s test result at normalized height 1 is bigger than ours. In Fig. 4.17, comparison 

between the effect of surcharge pressure on acceleration amplification with Krishna and 

Latha (2007) are plotted. Krishna and Latha used three different surcharge pressures such 

as, 0.5 kPa, 1 kPa and 2 kPa in their research. Here, acceleration amplifications of our 

test results (0.7kPa, 1.12kPa and 1.72kPa) are bigger than Krishna and Latha (2007) 

(0.5kPa, 1kPa and 2kPa) at normalized height 0.25 and 0.5 and further reverse conditions 

are found at normalized height 1.  
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Fig. 4.16 Comparison between the effect of frequency on acceleration amplification with 

Krishna and Latha (2007) 

 

 
Fig. 4.17 Comparison between the effect of Surcharge Load on acceleration amplification 

with Krishna and Latha (2007) 
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In Fig. 4.18, Comparison between the effect of Base acceleration on acceleration 

amplification with Krishna and Latha (2007) has been notified. Here, at normalized 

elevation 0.25 and 0.5, the acceleration amplifications of our tests (0.1g, 0.15g and 0.2g) 

are higher than the Krishna and Latha’s test results of similar base accelrations. But at 

normalized elevation 1, the acceleration amplifications of our tests are lower than the 

Krishna and Latha. In all three-comparison graphs, it has been found that there is huge 

increment of acceleration amplifications at the top layer of Krishna and Latha’s retaining 

wall which may be due to the effect of laminar type large shear box. Also, they used 

poorly graded local sand and their scaling factor of the retaining wall is different from 

ours. 

 
Fig. 4.18  Comparison between the effect of Base acceleration on acceleration amplification 

with Krishna and Latha (2007) 

 

4.2.2 Face Displacement Response of the Sylhet Sand Retaining Wall Model During 

Sinusoidal Testing   
 

Three LVDTs were set as per the location of Fig. 3.20 and Fig. 3.24 in order to monitor 

the horizontal face displacement of the retaining wall along the height of the wall.  

Effect of Surcharge Load on Face Displacement 

Fig. 4.19, 4.20 and 4.21 show the impact of surcharge load on face displacement for 

different relative densities wall. It has been noticed from all figures that face displacement 
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at different elevations decreased with an increase of surcharge load. The normalized face 

displacements at normalized elevation 0.375 for 0.7kPa and 1.12kPa at Fig. 4.19 are    

found 79.7% and 9.3% higher than the 1.72kPa test displacement respectively. Then, the 

normalized face displacements at normalized elevation 0.625 for 0.7kPa and 1.12kPa are 

47.8% and 5.8% higher than 1.72kPa. And at normalized elevation 0.875, normalized 

face displacements for 0.7kPa and 1.12kPa are 25.7% and 4.69% higher than 1.72kPa.     

Here, maximum deformation (1.93 mm) is found at the top of the 0.7kPa surcharge 

pressure. Similar kinds of observations have been experienced for the Fig. 4.20 and Fig. 

4.21 also. All the graphical representations of the impact of surcharge load on face 

displacement for different densities’ soil wall have been provided at Appendix B.       

 
Fig. 4.19 Effect of Surcharge Load on Face Displacement (R.D. 48%) 

 

Fig. 4.22(a), (b), (c) represent the actual physical deformation of the retaining wall during 

the test of 0.7 kPa, 1.12 kPa and 1.72 kPa respectively at the laboratory. From the side 

view of the retaining wall, it has been clearly understood that the maximum deformation 

has been occurred at the top layer of the wall at minimum surcharge pressure. As, 

reconstituted sand retaining wall has been used in this research, the LVDTs are calibrated 

at the start of each sinusoidal test to achieve the accurate data of the deformations of 

different layer. 
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Fig. 4.20 Effect of Surcharge Load on Face Displacement (R.D. 64%) 

 

 
Fig. 4.21 Effect of Surcharge Load on Face Displacement (R.D. 80%) 
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(a) (b) 

 

(c) 

Fig. 4.22 Observations of the Deformations of different layers of the walls for (a) ST1; 

(b) ST25 and (c) ST49 

 

Effect of Relative Density on Face Displacement 

Fig. 4.23, 4.24 and 4.25 show the effect of relative density on face displacement under 

different surcharge pressures (0.7 kPa, 1.12 kPa and 1.72 kPa respectively). From these 

graphs, it has been observed that the face displacement has been decreased with the 

increase of the relative density at same normalized elevation. Also, the maximum value 
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of the displacements has been found at the top LVDTs for all tests.  For example, at Fig. 

4.23, the normalized face displacements for 48% and 64% relative density sample at 

normalized elevation 0.375 are 211.4% and 109% higher than 80% relative density 

sample. Moreover, at normalized elevation 0.625, the normalized face displacements for 

48% and 64% relative density sample are 171.8% and 90.2% higher than 80% relative 

density sample. Here, maximum deformation (1.93 mm) has been found at the top of 48% 

relative density sample. Similar types of correlation have been noticed at Fig. 4.24 and 

Fig. 4.25 also. All the graphical representations of the impact of relative density on face 

displacement under various surcharge pressures have been mentioned in Appendix B. 

 

 
Fig. 4.23 Effect of Relative Density on Face Displacement (Surcharge Load 0.7 kPa) 
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Fig. 4.24  Effect of Relative Density on Face Displacement (Surcharge Load 1.12 kPa) 

 

 
Fig. 4.25 Effect of Relative Density on Face Displacement (Surcharge Load 1.72 kPa) 
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Effect of Base Acceleration on Face Displacement 

 

Fig. 4.26, 4.27 and 4.28 display the impact of base acceleration on face displacement at 

different relative densities (48%, 64% and 80% respectively). From these relationships 

of normalized face displacement as per normalized elevation, it has been observed that 

the face displacement has been increased with the increase of the base acceleration at the 

same normalized elevation. Here, the maximum value of the displacements is found also 

at the top LVDTs for all tests. The normalized face displacements for 0.2g and 0.15g are 

144% and 67% higher than 0.1g respectively at normalized elevation 0.375 for Fig. 4.26. 

Thus, at normalized elevation 0.625, normalized face displacements for 0.2g and 0.15g 

are 96% and 32% higher than 0.1g respectively. In addition, at normalized elevation 

0.875, normalized face displacements for 0.2g and 0.15g are 134% and 48% higher than 

0.1g respectively. Here, maximum deformation (4.53 mm) has been monitored at the top 

of 0.2g base acceleration. Similarly, the maximum deformations at Fig. 4.27 and Fig. 

4.28 have been noticed at the top of 0.2g. All the graphical representations of the impact 

of base acceleration on face displacement for various tests of different relative densities 

sample wall have been given in Appendix B. 

 

 
Fig. 4.26 Effect of Base Acceleration on Face Displacement (R.D. 48%) 
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Fig. 4.27 Effect of Base Acceleration on Face Displacement (R.D. 64%) 

 

 
Fig. 4.28 Effect of Base Acceleration on Face Displacement (R.D. 80%) 
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Effect of Frequency on Base Acceleration 

 

The effect of frequency on Face Displacement has been shown in Fig. 4.29, 4.30 and 4.31 

for different relative density (48%, 64% and 80% respectively). From these relationships 

of normalized face displacement in accordance with normalized elevation, it has been 

notified that the face displacement has been decreased with the increase of the frequency 

at the same normalized elevation. The maximum value of the displacements for all tests 

has been observed at the top layer’s LVDT. The normalized face displacements at 

normalized elevation 0.375 for 1Hz, 2Hz, 3Hz, 5Hz, 8Hz, 10Hz and 12Hz frequency at 

Fig. 4.29 are 1121%, 725%, 502%, 439%, 309%, 187% and 69.4% higher than 15Hz 

frequency respectively. Moreover, at normalized elevation 0.625, normalized face 

displacements for 1Hz, 2Hz, 3Hz, 5Hz, 8Hz, 10Hz and 12Hz frequency are 1023%, 

741%, 603%, 475%, 286%, 180% and 71% higher than 15Hz frequency respectively.   

Similarly, maximum deformations at Fig. 4.30 and Fig. 4.31 are observed for 1 Hz 

frequency. All the graphical representations related to the impact of frequency on face 

displacement for other tests of different relative densities sample wall are given in 

Appendix B. 

 

 
Fig. 4.29 Effect of Frequency on Face Displacement (R.D. 48%) 
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Fig. 4.30 Effect of Frequency on Face Displacement (R.D. 64%) 

 

 
Fig. 4.31 Effect of Frequency on Face Displacement (R.D. 80%) 
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Comparison with the Face Displacements of Krishna and Latha (2007) 

 

To compare the Face displacement values along the normalized elevation with Krishna 

and Latha (2007), Fig. 4.32, 4.33 and 4.34 have been plotted. Krishna and Latha (2007) 

used the relative density 34-37% to build the retaining wall. In Fig. 4.32, comparison 

between the effect of frequency on face displacement with Krishna and Latha (2007) has 

been shown. Here, at normalized height 0.375, Krishna and Latha’s face displacements 

are greater than the similar frequency’s test of this research (2Hz and 3Hz respectively), 

but for 1Hz, our value is slightly greater than them. At normalized height 0.625, Krishna 

and Latha’s value is greater for all frequencies than ours. Then, at normalized height 

0.875, Krishna and Latha’s value is also greater for all frequencies than ours. It is notable 

that the relative density (48%) we compare with Krishna and Latha’s one (34-37%) is 

greater than that of them. 

 

 
Fig. 4.32 Comparison between the effect of Frequency on Face Displacement with Krishna 

and Latha (2007) 
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In Fig. 4.33, comparison between the effect of surcharge load on face displacement with 

Krishna and Latha (2007) has been displayed. Krishna and Latha used 0.5 kPa, 1 kPa and 

2 kPa surcharge loads in their experiments. Our initial load, 0.7 kPa is greater than their 

0.5 kPa, but maximum load (1.72 kPa) is lower than their maximum load, 2 kPa. At point 

0.375, deformation at ST1 (0.7 kPa) is greater than the KL1 (0.5 kPa), but at normalized 

elevation 0.625 and 0.875, the deformation of 0.5kPa is greater than the 0.7kPa. The 

deformations at KL2 (1 kPa) at normalized height 0.625 and 0.875 is greater than the 

deformations of 1.12kPa and 1.72kPa of ours respectively. However, deformations at 

KL3 (2 kPa) at normalized height 0.625 and 0.875 is lower than the deformations of 1.12 

kPa and 1.72 kPa of ours respectively.  

 

 
Fig. 4.33 Comparison between the effect of Surcharge Load on Face Displacement with 

Krishna and Latha (2007) 

 

In Fig. 4.34, comparison between the effect of base acceleration on face displacement 

with Krishna and Latha (2007) have been shown. Krishna and Latha applied three 

different base accelerations such as, 0.1g, 0.15g and 0.2g which is similar to ours. Here, 

normalized deformations of KL7 (0.2g) is bigger for all normalized elevations than ours, 

0.1g, 0.15g and 0.2g respectively. Moreover, KL4 (0.1g) has higher deformations than 
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ST2 (0.7 kPa). And KL6 (1 kPa) has higher deformations than ST10 (1.12 kPa). This 

kind of correlations have been indicated the effect of minimum relative density (34-37%) 

and minimum surcharge loads of Krishna and Latha’s experiments. 

 

 
Fig. 4.34  Comparison between the effect of Base acceleration on Face Displacement with 

Krishna and Latha (2007) 

 

4.5.3 Strain Analysis of the Sylhet Sand Retaining Wall Model During Sinusoidal 

Testing   
 

Four strain gauges have been set up in different layers of the model wall to monitor and 

analysis the influence of strains in different layers due to the impact of sinusoidal loading.  

 

Effect of Surcharge Load on Strain 

Fig. 4.35, 4.36 and 4.37 show the effect of surcharge pressures on strain at different 

normalized elevations. Here, it has been observed that the changes of strain are decreased 

at higher surcharge pressure and are increased at lower surcharge pressure. For example, 

at normalized elevation 0.25 of Fig. 4.35, strains of 0.7kPa and 1.12kPa surcharge 
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pressure are 8.76% and 4% higher than the strain of 1.72kPa respectively. Again, at 

normalized elevation 0.5, strains of 0.7kPa and 1.12kPa surcharge loads are 14.2% and 

8% higher than the strain of 1.72kPa respectively. And at normalized elevation 0.75, 

strains of 0.7kPa and 1.12kPa surcharge loads are 10% and 4.8% higher than the strain 

of 1.72kPa respectively.  Similar types of result have been found for Fig. 4.36 and 4.37. 

In all cases, maximum strains are observed at normalized elevation 0.75. All other 

graphical representations of this type correlations have been described in Appendix C.  

 

 
Fig. 4.35 Effect of Surcharge Load on Strain (R.D. 48%) 
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Fig. 4.36 Effect of Surcharge Load on Strain (R.D. 64%) 

 

 

 
Fig. 4.37 Effect of Surcharge Load on Strain (R.D. 80%) 
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Effect of Relative Density on Strain 

The impact of the relative density (R.D.) on the changes of Strain as per normalized 

elevations of the model wall has been exhibited at Fig. 4.38, 4.39 and 4.40. In these 

graphs, it has been observed that the changes of strain are decreased at higher relative 

density and are increased at lower relative density. For example, at normalized elevation 

0.25 of Fig. 4.38, strains of 48% and 64% relative density sample are 19.2% and 3.5% 

higher than the strain of 80% relative density sample respectively. Moreover, at 

normalized elevation 0.5, strains of 48% and 64% relative density sample are 15.7% and 

3.05% higher than the strain of 80% relative density sample respectively. And, strains of 

48% and 64% relative density sample are 16.8% and 3.75% higher than the strain of 80% 

relative density sample respectively at normalized elevation 0.75. Similar kinds of 

outcomes have been found for Fig. 4.39 and 4.40. All other graphical representations of 

this type of correlations have been discussed in Appendix C. 

 

 
Fig. 4.38 Effect of Relative Density on Strain (Surcharge Load 0.7 kPa) 
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Fig. 4.39 Effect of Relative Density on Strain (Surcharge Load 1.12 kPa) 

 

 
Fig. 4.40 Effect of Relative Density on Strain (Surcharge Load 1.72 kPa) 

 

 



149 

 

Effect of Base Acceleration on Strain 

The influence of base acceleration on strain has been shown in Fig. 4.41, 4.42 and 4.43. 

From these graphs, it has been notified that the changes of strain are increased with the 

increase of base accelerations. For example, at normalized elevation 0.25 of Fig. 4.41, 

strains of 0.2g and 0.15g base acceleration are 12% and 7.4% higher than the strain of 

0.1g base acceleration respectively. Then, strains of 0.2g and 0.15g base acceleration are 

9.75% and 5% higher than the strain of 0.1g base acceleration respectively at normalized 

elevation 0.5. Also, strains of 0.2g and 0.15g base acceleration are 10.7% and 6.13% 

higher than the strain of 0.1g base acceleration respectively at normalized elevation 0.75.    

Same types of findings have been observed in Fig. 4.42 and 4.43. All other graphical 

representations of this kind correlations have been mentioned in Appendix C. 

 

 
Fig. 4.41 Effect of Base Acceleration on Strain (R.D. 48%) 
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Fig. 4.42 Effect of Base Acceleration on Strain (R.D. 64%) 

 

 

 
Fig. 4.43 Effect of Base Acceleration on Strain (R.D. 80%) 
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Effect of Frequency on Strain 

Fig. 4.44, 4.45 and 4.46 have represented the impact of frequencies (1Hz, 2Hz, 3Hz, 5Hz, 

8Hz, 10Hz, 12Hz and 15Hz) on strain changes. Here, it has been seen that the changes of 

strain have been decreased with the increase of the frequencies. For example, at 

normalized elevation 0.25 of Fig. 4.44, strains of 1Hz, 2Hz, 3Hz, 5Hz, 8Hz, 10Hz and 

12Hz frequency are 55%, 47.4%, 41%, 32.8%, 23.5%, 15% and 7.66% higher than the 

strain of 15Hz frequency respectively. Besides, strains of 1Hz, 2Hz, 3Hz, 5Hz, 8Hz, 10Hz 

and 12Hz frequency at normalized elevation 0.5 are 52.5%, 47%, 39.5%, 33%, 28.2%, 

16.2% and 8.5% higher than 15Hz frequency. Similar cases have been found for Fig. 4.45 

and 4.46 also. All other graphical representations of this kind correlations done in this 

research have been showed in Appendix C. 

 

 
Fig. 4.44 Effect of Frequency on Strain (R.D. 48%) 
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Fig. 4.45 Effect of Frequency on Strain (R.D. 64%) 

 

 

 
Fig. 4.46 Effect of Frequency on Strain (R.D. 80%) 
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4.2.4 Effect of Acceleration Amplification on the Local Sand Retaining Wall Model 

During Sinusoidal Testing    

 

Similar types of sensors set-up of Sylhet sand retaining wall have been used during the 

experiments on Local sand retaining wall. The duration of every sinusoidal experiments 

on local sand is 20 cycles.  

 

Effect of Surcharge Load on Acceleration Amplification 

Fig. 4.47, 4.48 and 4.49 exhibit the time-acceleration graph of the Test no. LT1, LT25 

and LT49 respectively where, tests were conducted on 26% relative density’s wall sample 

under 0.1g base acceleration and 1Hz frequency but three different surcharge pressures 

(0.7 kPa, 1.12 kPa and 1.72 kPa). Here, maximum acceleration value for the tests LT1, 

LT25 and LT49 are found at the top elevation also. Fig. 4.50, 4.51 and 4.52 has shown 

the impact of surcharge Load on Acceleration Amplification under three different relative 

densities, 26%, 45% and 57% respectively. It has been observed from all three figures 

that acceleration amplification is inversely proportional with the increase of the surcharge 

pressures. For example, at Fig. 4.50, acceleration amplifications of 1.72kPa and 1.12kPa 

surcharge load at normalized elevation 0.5, are 3.8% and 2.5% lower than the acceleration 

amplification of 0.7kPa surcharge load respectively. Moreover, at normalized elevation 

0.75, acceleration amplifications of 1.72kPa and 1.12kPa surcharge load are 4.6% and 

2.3% lower than 0.7kPa surcharge load respectively. And, at normalized elevation 1, 

acceleration amplifications of 1.72kPa and 1.12kPa surcharge load are 3.5% and 1.5% 

lower than 0.7kPa surcharge load respectively. Similar type of correlation has been seen 

in Fig. 4.51 and 4.52 also. Schematic representations related to the impact of surcharge 

load on acceleration amplification under different relative densities for all sinusoidal tests 

on Local sand retaining walls in this thesis have been shown in Appendix-D. 
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Fig. 4.47  Time-Acceleration Graph at different elevation of LT1 test 
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 Time (s) 
Fig. 4.48 Time-Acceleration Graph at different elevation of LT25 test 
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 Time (s) 
Fig. 4.49 Time-Acceleration Graph at different elevation of LT49 test 
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Fig. 4.50 Effect of Surcharge Load on Acceleration Amplification (R.D. 26%) 

 

 

 
Fig. 4.51 Effect of Surcharge Load on Acceleration Amplification (R.D. 45%) 
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Fig. 4.52 Effect of Surcharge Load on Acceleration Amplification (R.D. 57%) 

 

Effect of Relative Density on Acceleration Amplification 

Fig. 4.53, 4.54 and 4.55 display the impact of relative density on acceleration 

amplification under different surcharge loads, 0.7 kPa, 1.12 kPa and 1.72 kPa 

respectively. It has been noticed that acceleration amplifications are inversely 

proportional to the relative densities in all three graphs. For example, in Fig. 4.55, 

acceleration amplifications of 57% and 45% relative density sample at normalized 

elevation 0.5, are 2.8% and 1.2% lower than the acceleration amplification of 26% 

relative density sample respectively. Further, at normalized elevation 0.75, acceleration 

amplifications of 57% and 45% relative density sample are 3.3% and 1% lower than 26% 

relative density sample respectively. And, at normalized elevation 1, acceleration 

amplifications of 57% and 45% relative density sample are 4% and 2.3% lower than 26% 

relative density sample respectively. Same type of inverse relationships of acceleration 

amplification with respect to relative densities have been observed in other sinusoidal 

tests of Local sand samples. Schematic representations related to the effect of relative 

densities on acceleration amplification under different surcharge loads for all sinusoidal 

tests on Local sand retaining walls have been shown in Appendix-D.  
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Fig. 4.53 Effect of Relative Density on Acceleration Amplification (Surcharge Load 

0.7 kPa) 

 

 
Fig. 4.54 Effect of Relative Density on Acceleration Amplification (Surcharge Load 

1.12 kPa) 
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Fig. 4.55 Effect of Relative Density on Acceleration Amplification (Surcharge Load 

1.72 kPa) 

 

Effect of Base Acceleration on Acceleration Amplification 

Fig. 4.56, 4.57 and 4.58 show the influence of base acceleration on acceleration 

amplification for different relative density, 26%, 45% and 57% respectively. It has been 

found that acceleration amplifications are increased with the increment of base 

accelerations in all three graphs. For example, in Fig. 4.56, acceleration amplifications of 

0.1g and 0.15g base acceleration at normalized elevation 0.5, are 4% and 3% lower than 

the acceleration amplification of 0.2g base acceleration respectively. In addition, at 

normalized elevation 0.75, acceleration amplifications of 0.1g and 0.15g base 

acceleration are 5% and 2.3% lower than 0.2g respectively. Again, at normalized 

elevation 1, acceleration amplifications of 0.1g and 0.15g base acceleration are 7.2% and 

2.7% lower than 0.2g respectively. Similar types of proportional increment relationships 

of acceleration amplification with respect to base accelerations have been found in other 

sinusoidal tests of Local sand retaining walls. Schematic representations related to the 

effect of base accelerations on acceleration amplification under different relative density 

for all sinusoidal tests on Local sand retaining walls have been shown in Appendix-D.  
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Fig. 4.56  Effect of Base Acceleration on Acceleration Amplification (R.D. 26%) 

 

 

 
Fig. 4.57 Effect of Base Acceleration on Acceleration Amplification (R.D. 45%) 
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Fig. 4.58 Effect of Base Acceleration on Acceleration Amplification (R.D. 57%) 

 

Effect of Frequency on Acceleration Amplification 

Fig. 4.59, 4.60 and 4.61 describes the influence of frequency on acceleration 

amplification for different relative density, 26%, 45% and 57% respectively. It has been 

observed that acceleration amplifications have been increased with the rise of frequency 

in all three figures. For example, in Fig. 4.59, acceleration amplifications of 1Hz, 2Hz, 

3Hz, 5Hz, 8Hz, 10Hz and 12Hz frequency at normalized elevation 0.5, are 14.4%, 13%, 

10.7%, 8.9%, 7%, 6% and 2.3% lower than the acceleration amplification of 15Hz 

frequency respectively. Then, at normalized elevation 0.75, of 1Hz, 2Hz, 3Hz, 5Hz, 8Hz, 

10Hz and 12Hz frequency are 26.5%, 23.8%, 20%, 17.9%, 16.8%, 12.8% and 4.3% lower 

than the acceleration amplification of 15Hz frequency respectively. And, at normalized 

elevation 1, acceleration amplifications of 1Hz, 2Hz, 3Hz, 5Hz, 8Hz, 10Hz and 12Hz 

frequency, are 28.7%, 24.3%, 20%, 14.8%, 13.5%, 8.3% and 4.1% lower than the 

acceleration amplification of 15Hz frequency respectively. Similar kinds of proportional 

increment relationships of acceleration amplification with respect to frequency have been 

found in other sinusoidal tests of Local sand retaining walls. Schematic representations 

related to the effect of base accelerations on frequencies for all sinusoidal tests on Local 

sand retaining walls have been shown in Appendix-D.  
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Fig. 4.59 Effect of Frequency on Acceleration Amplification (R.D. 26%) 

 

 

 
Fig. 4.60 Effect of Frequency on Acceleration Amplification (R.D. 45%) 

 



164 

 

 

 
Fig. 4.61 Effect of Frequency on Acceleration Amplification (R.D. 57%) 

 

Comparison of Acceleration Amplification with Krishna and Latha (2007) 

The description of experiments of Krishna and Latha (2007) has been mentioned in Table 

3.11. They constructed the retaining wall by using the relative density range 34-37% of 

their local sand which is in between the two relative densities of our Local sand wall 

sample (26% and 45%). Hence, we compare the sinusoidal reaction of 26% and 45% 

local sand wall with the sinusoidal reaction of 34-37% sand wall of Krishna and Latha 

(2007). In Fig. 4.62, comparison between the effect of frequency on acceleration 

amplification with Krishna and Latha (2007) has been shown. Here, acceleration 

amplifications of our 26% and 45% are bigger than Krishna and Latha’s test result at 

normalized height 0.25. Moreover, Krishna and Latha’s test result at normalized height 

1 is bigger than the ours. Also, at normalized elevation 0.5, Krishna and Latha’s test 

results for KL1 and KL4 were lower than the normalized elevation 0.25.  

 

In Fig. 4.63, comparison between the effect of surcharge pressure on acceleration 

amplification with Krishna and Latha (2007) have been shown. Krishna and Latha used 

three different surcharge pressures such as, 0.5 kPa, 1 kPa and 2 kPa in their research. 
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Here, acceleration amplifications of our test results are bigger than Krishna and Latha 

(2007) at normalized height 0.25 and reverse condition are found at normalized height 1. 

At normalized height 0.5, the acceleration amplifications values of all Krishna and 

Latha’s result got decreases than the values at normalized elevation 0.25. 

 

In Fig. 4.64, Comparison between the effect of Base acceleration on acceleration 

amplification with Krishna and Latha (2007) has been notified. Here, at normalized 

elevation 0.25 and 0.5, the acceleration amplifications of our tests are higher than the 

Krishna and Latha’s test results in most of the cases. But at normalized elevation 1, the 

acceleration amplifications of our tests are lower than the Krishna and Latha’s test results. 

In all three-comparison graphs, it has been found that there is a huge increment of 

acceleration amplifications at the top layer of Krishna and Latha’s retaining wall which 

may be due to the effect of laminar type large shear box. Also, they used poorly graded 

local sand and their scaling factor of the retaining wall is different from ours. 

 

 
Fig. 4.62 Comparison between the effect of frequency on acceleration amplification with 

Krishna and Latha (2007) 
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Fig. 4.63 Comparison between the effect of Surcharge Load on acceleration amplification 

with Krishna and Latha (2007) 

 

 
Fig. 4.64 Comparison between the effect of Base Acceleration on acceleration amplification 

with Krishna and Latha (2007) 
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4.2.5 Face Displacement Response of the Local Sand Retaining Wall Model During 

Sinusoidal Testing   
 

 

Three LVDTs have been placed in front of the wrap-faced retaining wall to observe the 

horizontal face displacement at different elevations of the wall. The location of these 

LVDTs is shown in Fig. 3.20 and Fig. 3.24.  

 

Effect of Surcharge Load on Face Displacement 

Fig. 4.65, 4.66 and 4.67 show the effect of surcharge load on face displacement for 

various relative density retaining wall sample. It has been found from all figures that face 

displacement at different elevations has been decreased with an increase of surcharge 

load. The normalized face displacements at normalized elevation 0.375, for 1.72kPa and 

1.12kPa surcharge load at Fig. 4.65 are 60.5% and 52% lower than 0.7kPa surcharge load 

respectively. Moreover, face displacements at normalized elevation 0.625, for 1.72kPa 

and 1.12kPa surcharge load are 51% and 49.6% lower than 0.7kPa surcharge load 

respectively. And, at normalized elevation 0.375, face displacements for 1.72kPa and 

1.12kPa surcharge load are 50.5% and 23.4% lower than 0.7kPa surcharge load 

respectively. Similar kinds of observations have been experienced for Fig. 4.66 and 4.67.  

    
Fig. 4.65 Effect of Surcharge Load on Face Displacement (R.D. 26%) 
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Fig. 4.66 Effect of Surcharge Load on Face Displacement (R.D. 45%) 

 
Fig. 4.67 Effect of Surcharge Load on Face Displacement (R.D. 57%) 

 

Fig. 4.68(a), (b), (c) show the actual physical deformation of the retaining wall during the 

experiment of 0.7kPa, 1.12kPa and 1.72kPa surcharge load respectively. From the side 

view of the retaining wall, it has been clearly observed that the maximum deformation 
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has been occurred at the top layer of the wall at minimum surcharge pressure. As, 

reconstituted sand retaining wall is used in this research, the LVDTs are calibrated at the 

start of each sinusoidal test to achieve the accurate data of the deformations of different 

layer. All the graphical representations of the impact of surcharge load on face 

displacement for different density soil sample have been provided at Appendix E.  

 

  

(a) (b) 

 

(c) 

Fig. 4.68 Observations of the Deformations of different layers of the walls for (a) LT1; 

(b) LT49 and (c) LT25 
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Effect of Relative Density on Face Displacement 

Fig. 4.69, 4.70 and 4.71 describe the impact of relative density on face displacement at 

different surcharge pressures (0.7 kPa, 1.12 kPa and 1.72 kPa respectively). From these 

graphs, it has been observed that the face displacement has been decreased with the 

increase of the relative density at same normalized elevation. Also, the maximum value 

of the displacements is found at the top LVDTs for all tests. Here at Fig. 4.69, normalized 

face displacements for 57% and 45% relative density sample are 77.3% and 64.6% lower 

than the 26% relative density sample respectively at normalized elevation 0.625. Further, 

at normalized elevation 0.875, face displacements for 57% and 45% relative density 

sample are 66.3% and 46.6% lower than the 26% relative density sample respectively. 

Similar types of correlation have been found for Fig. 4.70 and Fig. 4.71 also. All the 

graphical representations of the influence of relative density on face displacement for 

various surcharge pressures have been mentioned in Appendix E. 

 

 
Fig. 4.69 Effect of Relative Density on Face Displacement (Surcharge Load 0.7 kPa) 
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Fig. 4.70 Effect of Relative Density on Face Displacement (Surcharge Load 1.12 kPa) 

 

 

 
Fig. 4.71 Effect of Relative Density on Face Displacement (Surcharge Load 1.72 kPa) 
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Effect of Base Acceleration on Face Displacement 

Fig. 4.72, 4.73 and 4.74 show the influence of base acceleration on face displacement at 

different relative densities (26%, 45% and 57% respectively). From these relationships 

of normalized face displacement as per normalized elevation, it has been found that the 

face displacement has been risen with the increase of the base acceleration at the same 

normalized elevation. At Fig. 4.72, normalized face displacements for 0.1g and 0.15g 

base acceleration sample are 20.7% and 8.7% lower than 0.2g base acceleration 

respectively at normalized elevation 0.625. Again, at normalized elevation 0.875, face 

displacements for 0.1g and 0.15g base acceleration sample are 18.7% and 6% lower than 

0.2g base acceleration respectively. Same kind correlations have been seen in Fig. 4.73 

and 4.74. All the graphical representations of the impact of base acceleration on face 

displacement for various tests of different relative densities sample wall have been given 

in Appendix E. 

 

 
Fig. 4.72 Effect of Base Acceleration on Face Displacement (R.D. 26%) 
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Fig. 4.73  Effect of Base Acceleration on Face Displacement (R.D. 45%) 

 

 

 
Fig. 4.74 Effect of Base Acceleration on Face Displacement (R.D. 57%) 
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Effect of Frequency on Face Displacement 

The influence of frequency on Face Displacement has been discussed in Fig. 4.75, 4.76 

and 4.77 for various relative densities (26%, 45% and 57% respectively). From these 

relationships of normalized face displacement in accordance with normalized elevation, 

it has been found that the face displacement has been decreased with the rise of frequency 

at the same normalized elevation. At Fig. 4.75, normalized face displacements for 15Hz, 

12Hz, 10Hz, 8Hz, 5Hz, 3Hz and 2Hz frequency are 98%, 94%, 89.6%, 86.5%, 70%, 69% 

and 64.3% lower than 1Hz frequency respectively at normalized elevation 0.625. And, at 

normalized elevation 0.875, face displacements for 15Hz, 12Hz, 10Hz, 8Hz, 5Hz, 3Hz 

and 2Hz frequency are 96%, 93.7%, 84.7%, 81%, 73.8%, 62.2% and 60% lower than 

1Hz frequency respectively. Similar kind of correlations have been found in Fig. 4.76 

and 4.77. All the graphical representations related to the effect of frequency on face 

displacement for other tests of different relative densities sample wall have been given in 

Appendix E. 

 

 
Fig. 4.75 Effect of Frequency on Face Displacement (R.D. 26%) 
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Fig. 4.76 Effect of Frequency on Face Displacement (R.D. 45%) 

 

 

 
Fig. 4.77 Effect of Frequency on Face Displacement (R.D. 57%) 
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Comparison of Face Displacement with Krishna and Latha (2007) 

Fig. 4.78, 4.79 and 4.80 have been drawn in order to compare the face displacement 

values along the normalized elevation with the research of Krishna and Latha (2007). 

Krishna and Latha (2007) built the retaining wall of the relative density 34-37%. In Fig. 

4.78, comparison between the effect of frequency on face displacement with Krishna and 

Latha (2007) has been explained. Here, at normalized height 0.375, Krishna and Latha’s 

value is lower than 1Hz frequency’s test of this research (LT1 and LT73). Moreover, for 

2Hz, KL4’s value is greater than LT74 (R.D. 45%) but lower than LT2 (R.D. 26%). 

Further, for 3Hz, KL5’s value is same as LT75 (R.D. 45%) but lower than LT3 (R.D. 

26%). At normalized height 0.625, Krishna and Latha’s value is lower for all frequencies 

than ours R.D. 26% and 3Hz of R.D. 45% but, is higher than ours 1Hz and 2Hz of R.D. 

45%. Then, at normalized height 0.875, Krishna and Latha’s value is lower than all 

frequencies of two relative density samples of ours. It is notable that one relative density 

(45%) we compare with Krishna and Latha’s one (34-37%) is greater than that of them 

but another one of ours (26%) is lower than that of them.  

 

In Fig. 4.79, comparison between the influence of surcharge load on face displacement 

with Krishna and Latha (2007) has been displayed. Here, face displacements for similar 

types loads of ours (0.7 kPa, 1.12 kPa and 1.72 kPa) are shown greater displacement 

value than those of Krishna and Latha’s (0.5 kPa, 1 kPa and 2 kPa respectively). Our 

initial load, 0.7 kPa is greater than their 0.5 kPa, but maximum load (1.72 kPa) is lower 

than their maximum load, 2 kPa. At point 0.375, deformations at LT1 and LT73 (0.7 kPa) 

are greater than the KL1 (0.5 kPa). Similarly, at normalized elevation 0.625 and 0.875, 

the deformation of KL1 (0.5 kPa) is lower than the LT1 (0.7 kPa). On the other hand, at 

normalized elevation 0.625, KL1 is slightly higher than LT73 (0.50%) but, at normalized 

elevation 0.875, KL1 is lower than LT73 (0.88%). The deformations of KL2 (1 kPa) at 

normalized height 0.625 and 0.875 is lower than the deformations of LT25 and LT97 of 

surcharge loads 1.12 kPa. Moreover, deformations at KL3 (2 kPa) at normalized height 

0.625 and 0.875 is lower than the deformations of LT49 and LT121 of surcharge loads 

1.72 kPa.  
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In Fig. 4.80, comparison between the effect of base acceleration on face displacement 

with Krishna and Latha (2007) are displayed. Krishna and Latha applied three different 

base accelerations such as, 0.1g, 0.15g and 0.2g in their research. Here, normalized 

deformations of KL7 (0.2g) is higher for all normalized elevations than our similar base 

acceleration’s experiments of R.D. 26%, LT18 and R.D. 45%, LT90. But, KL4 (0.5 kPa 

and 0.1g) has lower deformations at the top elevation than LT2 (0.7 kPa, 0.1g and 26%) 

and LT74 (0.7 kPa, 0.1g and 45%). And KL6 (0.5 kPa and 0.15g) has higher deformations 

than the similar level’s deformations of both LT10 (0.7 kPa, 0.15g and 26%) and LT82 

(0.7 kPa, 0.15g and 45%). This kind of correlations for different types of base 

accelerations have indicated the impact of relative density (34-37%) and minimum 

surcharge pressure of Krishna and Latha’s experiments. 

 

 
Fig. 4.78 Comparison between the effect of Frequency on Face Displacement with Krishna 

and Latha (2007) 
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Fig. 4.79 Comparison between the effect of Surcharge Load on Face Displacement with 

Krishna and Latha (2007) 

 

 
Fig. 4.80 Comparison between the effect of Base Acceleration on Face Displacement with 

Krishna and Latha (2007) 
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4.2.6 Strain Analysis of the Local Sand Retaining Wall Model During Sinusoidal 

Testing   
 

Strain gauges have been set up in different layers of the model wall to check and analysis 

the impact of strains in different layers due to the applied sinusoidal loading.  

Effect of Surcharge Load on Strain 

Fig. 4.81, 4.82 and 4.83 show the effect of surcharge pressures on strain at different 

normalized elevations. It has been found that the changes of strain are decreased at higher 

surcharge pressure and are increased at lower surcharge pressure. For Example, at Fig. 

4.81, strains of 0.7kPa and 1.12kPa surcharge load are 20.7% and 11.4% higher than 

1.72kPa surcharge load respectively at normalized elevation 0.25. Moreover, at 

normalized elevation 0.5, strains of 0.7kPa and 1.12kPa surcharge load are 14.8% and 

8.1% higher than 1.72kPa surcharge load respectively. And at normalized elevation 0.75, 

strains of 0.7kPa and 1.12kPa surcharge load are 9.6% and 4.4% higher than 1.72kPa 

surcharge load respectively. Similar types of outcome have been seen for Fig. 4.82 and 

4.83. All other graphical representations of this type correlations have been mentioned in 

Appendix F.  

 
Fig. 4.81  Effect of Surcharge Load on Strain (R.D. 26%) 

 



180 

 

 
Fig. 4.82 Effect of Surcharge Load on Strain (R.D. 45%) 

 

 

 
Fig. 4.83  Effect of Surcharge Load on Strain (R.D. 57%) 
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Effect of Relative Density on Strain 

The effect of the relative density (R.D.) on the changes of Strain as per normalized 

elevations of the model wall has been shown at Fig. 4.84, 4.85 and 4.86. In these graphs, 

it has been found that the changes of strain are decreased at higher relative density and 

are increased at lower relative density. For example, at Fig. 4.84, strains of 26% and 45% 

relative density sample are 26.3% and 14.8% higher than 57% relative density 

respectively at normalized elevation 0.25. Further, at normalized elevation 0.5, strains of 

26% and 45% relative density sample are 23.3% and 14% higher than 57% relative 

density respectively. Again, at normalized elevation 0.75, strains of 26% and 45% 

relative density sample are 13.7% and 5.7% higher than 57% relative density 

respectively. Similar kinds of outcomes have been observed in Fig. 4.85 and 4.86. All 

other graphical representations of this type of correlations have been explained in 

Appendix F. 

 

 
Fig. 4.84 Effect of Relative Density on Strain (Surcharge Load 0.7 kPa) 
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Fig. 4.85 Effect of Relative Density on Strain (Surcharge Load 1.12 kPa) 

 

 

 
Fig. 4.86 Effect of Relative Density on Strain (Surcharge Load 1.72 kPa) 
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Effect of Base Acceleration on Strain 

The effect of base acceleration on strain has been shown in Fig. 4.87, 4.88 and 4.89. Here, 

it has been notified that the changes of strain are increased with the rise of the base 

accelerations. For Example, at Fig. 4.87, strains of 0.1g and 0.15g base acceleration are 

12.8% and 7.6% lower than 0.2g base acceleration respectively at normalized elevation 

0.25. Then, at normalized elevation 0.5, strains of 0.1g and 0.15g base acceleration are 

13.2% and 6.5% lower than 0.2g base acceleration respectively. And, at normalized 

elevation 0.75, strains of 0.1g and 0.15g base acceleration are 12% and 6.4% lower than 

0.2g base acceleration respectively. Similar types of outcomes have been observed in Fig. 

4.88 and 4.89. All other graphical representations of this kind of correlations are 

mentioned in Appendix F.  

 

 

 
Fig. 4.87 Effect of Base Acceleration on Strain (R.D. 26%) 
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Fig. 4.88 Effect of Base Acceleration on Strain (R.D. 45%) 

 

 

 
Fig. 4.89  Effect of Base Acceleration on Strain (R.D. 57%) 
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Effect of Frequency on Strain 

Fig. 4.90, 4.91 and 4.92 have represented the effect of frequencies (1Hz, 2Hz, 3Hz, 5Hz, 

8Hz, 10Hz, 12Hz and 15Hz) on strain changes. Here, it has been found that the changes 

of strain are decreased with the increase of the frequency. For example, at Fig.4.90, 

strains of 1Hz, 2Hz, 3Hz, 5Hz, 8Hz, 10Hz and 12Hz frequency are 21.5%, 17.8%, 15%, 

10.8%, 8%, 6.3% and 3% higher than 15Hz frequency respectively at normalized 

elevation 0.25. Besides, at normalized elevation 0.5, strains of 1Hz, 2Hz, 3Hz, 5Hz, 8Hz, 

10Hz and 12Hz frequency are 19.3%, 16.6%, 12.8%, 9.8%, 6.8%, 3.7% and 0.7% higher 

than 15Hz frequency respectively. Thus, at normalized elevation 0.75, strains of 1Hz, 

2Hz, 3Hz, 5Hz, 8Hz, 10Hz and 12Hz frequency are 21.3%, 18.2%, 15.4%, 12.4%, 9.9%, 

6.5% and 3.7% higher than 15Hz frequency respectively. Similar types findings have 

been found in Fig. 4.91 and 4.92 also. All other graphical representations of this type 

correlations done in this research have been showed in Appendix F. 

 

 
Fig. 4.90  Effect of Frequency on Strain (R.D. 26%) 
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Fig. 4.91 Effect of Frequency on Strain (R.D. 45%) 

 

 

 
Fig. 4.92 Effect of Frequency on Strain (R.D. 57%) 
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4.2.7 Comparison between the Test Results of Sylhet and Local Sand Retaining Wall 

Model under Sinusoidal Loading 
 

Comparison on Acceleration Amplification 

Comparison between the test results of previously explained various relative density of 

Sylhet and Local sand retaining wall models under sinusoidal loading have been shown 

in Fig. 4.93, 4.94 and 4.95. From Fig. 4.93, the maximum acceleration amplification has 

been seen at the top of 48% relative density of Sylhet Sand sample which is 5% higher at 

normalized elevation 0.75 than the maximum acceleration amplification of Local sand 

sample (26% Relative Density) at similar elevation. Besides, the minimum acceleration 

amplification has been found at the top of 57% relative density sample of local sand, 

which is 3.8% lower at normalized elevation 0.75 than the minimum acceleration of Local 

sand sample (57% Relative Density) at similar elevation. Similar kind correlations have 

been noticed in Fig. 4.94 and 4.95. From these figures, it can be said that Sylhet sand 

retaining wall shows more acceleration amplification during sinusoidal loading than the 

Local sand retaining wall.  

 

 
Fig. 4.93  Comparison of Acceleration Amplifications between Sylhet and Local Sand 

Retaining Walls under Sinusoidal Loading (0.1g, 1Hz and 0.7 kPa Surcharge Pressure) 

 



188 

 

 
Fig. 4.94  Comparison of Acceleration Amplifications between Sylhet and Local Sand 

Retaining Walls under Sinusoidal Loading (0.1g, 1Hz and 1.12 kPa Surcharge Pressure) 

 

 
Fig. 4.95 Comparison of Acceleration Amplifications between Sylhet and Local Sand 

Retaining Walls under Sinusoidal Loading (0.1g, 1Hz and 1.72 kPa Surcharge Pressure) 
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Comparison on Face Displacement 

Comparison of Normalized Face Displacements between different relative density Sylhet 

and Local Sand Retaining Walls under Sinusoidal loading of similar base acceleration, 

similar frequency and similar surcharge pressure has been exhibited in Fig. 4.96, 4.97 

and 4.98. In Fig. 4.96, the maximum deformation is observed at the top of 26% relative 

density local sand sample which is 69% higher at normalized elevation 0.625 than the 

maximum deformation of 48% relative density Sylhet sand sample at same elevation. 

Moreover, the minimum deformation has been found at the top 80% relative density 

Sylhet sand sample, which is 50% lower at normalized elevation 0.625 than the minimum 

deformation of 57% relative density Local sand sample at same elevation. From these 

graphs, it has been seen that maximum deformation has been occurred at lower density 

Local sand samples and the minimum deformation has been occurred at higher density 

Sylhet sand samples.  

 

 
Fig. 4.96 Comparison of Normalized Face Displacements between Sylhet and Local Sand 

Retaining Walls under Sinusoidal Loading (0.1g, 1Hz and 0.7 kPa Surcharge Pressure) 
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Fig. 4.97 Comparison of Normalized Face Displacements between Sylhet and Local Sand 

Retaining Walls under Sinusoidal Loading (0.1g, 1Hz and 1.12 kPa Surcharge Pressure) 

 

 
Fig. 4.98 Comparison of Normalized Face Displacements between Sylhet and Local Sand 

Retaining Walls under Sinusoidal Loading (0.1g, 1Hz and 1.72 kPa Surcharge Pressure) 
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Comparison on Strain 

Comparison of Strains between different densities Sylhet and Local Sand Retaining Wall 

sample under Sinusoidal loading of similar base acceleration, similar frequency and 

similar surcharge pressure is described in Fig. 4.99, 4.100 and 4.101.  Here, in Fig. 4.99, 

the maximum strain has been observed at the top of 26% relative density local sand 

sample, which is 28% higher than maximum strain of Sylhet sand (48% relative density) 

at normalized elevation 0.5. Moreover, the minimum deformation has been found at the 

top of 80% relative density Sylhet sand sample, which is 20% lower than the minimum 

strain of local sand sample (57% relative density) at normalized elevation 0.5. Similar 

type of correlations has been observed in Fig. 4.100 and 4.101 also. Hence, it can be said 

that maximum strain is placed for lower density Local sand samples and the minimum 

strain is placed for higher density Sylhet sand samples.   

 

 
Fig. 4.99 Comparison of Strain between Sylhet and Local Sand Retaining Walls under 

Sinusoidal Loading (0.1g, 1Hz and 0.7 kPa Surcharge Pressure) 

 

Comparison of all the tests’ acceleration amplifications, normalized displacements and 

strains between Sylhet and Local sand retaining wall samples have been showed in 

Appendix G. 
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Fig. 4.100 Comparison of Strain between Sylhet and Local Sand Retaining Walls under 

Sinusoidal Loading (0.1g, 1Hz and 1.12 kPa Surcharge Pressure) 

 

 
Fig. 4.101 Comparison of Strain between Sylhet and Local Sand Retaining Walls under 

Sinusoidal Loading (0.1g, 1Hz and 1.72 kPa Surcharge Pressure) 
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4.2.8 Impact of Acceleration Amplification on the Sylhet Sand Retaining Wall 

Model under Various Earthquake Load Testing   
 

The description of different types of Earthquake tests on Sylhet sand retaining wall model 

has been mentioned in Table 3.9. The discussion on impact of acceleration amplification 

on the Sylhet sand retaining wall for different types of earthquake testing has been 

provided below:  

 

Impact of Surcharge Load on Acceleration Amplification in Kobe Earthquake Test 

 

Fig. 4.102, 4.103 and 4.104 present the time-acceleration graph of Kobe Earthquake 

experiments, SE1, SE10 and SE19 respectively where, tests have been performed on 48% 

relative density’s wall sample under 0.1g base acceleration but under three different 

surcharge pressures (0.7 kPa, 1.12 kPa and 1.72 kPa respectively). Here, maximum 

acceleration value for all the tests has been observed at the top elevation. Normalized 

Elevation (z/H) vs. Acceleration Amplification Graph of Kobe earthquake test is plotted 

at Fig.4.105. It has been observed from Fig. 4.105 that acceleration amplification is 

inversely proportional with the increase of the surcharge pressures. For example, the 

acceleration amplifications of 1.72 kPa and 1.12 kPa surcharge load are 6% and 3.2% 

lower than the 0.7 kPa surcharge load respectively at normalized elevation 0.5. Moreover, 

at normalized elevation 0.75, the acceleration amplifications of 1.72 kPa and 1.12 kPa 

surcharge load are 7.8% and 4.5% lower than the 0.7 kPa surcharge load respectively. 

Similar type of correlations has been observed for other relative density samples also. All 

the figures of Normalized Elevation (z/H) vs. Acceleration Amplification Graph of Kobe 

Earthquake experiments related to the impact of surcharge loads for the retaining wall 

model of different relative densities sample have been given in Appendix H. 
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Fig. 4.102 Time-Acceleration Graph at different elevation of SE1 test 
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Fig. 4.103 Time-Acceleration Graph at different elevation of SE10 test 
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Fig. 4.104 Time-Acceleration Graph at different elevation of SE19 test 
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Fig. 4.105  Impact of Surcharge Load on Acceleration Amplification for Kobe EQ 

(R.D. 48%) 

 

Impact of Relative Density on Acceleration Amplification in Kobe Earthquake Test 

Fig. 4.106 shows the impact of relative densities (48%, 64%, 80% respectively) on 

acceleration amplification under surcharge load 0.7 kPa in Kobe earthquake experiment. 

It has been noticed from this figure that acceleration amplification is inversely 

proportional to the relative density. For example, the acceleration amplifications of 80% 

and 64% relative density sample are 5.6% and 2.2% lower than 48% relative density 

sample respectively at normalized elevation 0.5. Further, at normalized elevation 0.75, 

the acceleration amplifications of 80% and 64% relative density sample are 7.4% and 

3.5% lower than 48% relative density sample respectively. Similar type of inverse 

relationship of relative density have been seen for other surcharge loads also, which 

graphical representations have been provided in Appendix H.  
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Fig. 4.106 Impact of Relative Density on Acceleration Amplification for Kobe EQ 

(Surcharge Load 0.7 kPa) 

 

Impact of Base Acceleration on Acceleration Amplification in Kobe Earthquake Test 

Fig. 4.107 exhibits the impact of base accelerations (0.1g, 0.15g and 0.2g respectively) 

on acceleration amplification for relative density 48% in Kobe Earthquake experiment. 

It has been observed that acceleration amplifications are increased with the increment of 

base accelerations in the graph. In Fig. 4.107, the acceleration amplifications of 0.1g and 

0.15g base acceleration are 6.5% and 2.7% lower than 0.2g base acceleration test 

respectively at normalized elevation 0.5. Again, at normalized elevation 0.75, the 

acceleration amplifications of 0.1g and 0.15g base acceleration are 5.8% and 2.6% lower 

than 0.2g base acceleration test respectively. Similar kinds of proportional increment 

relationships of acceleration amplification with respect of base accelerations have been 

noticed in all other Kobe earthquake tests of different relative density Sylhet sand 

retaining wall models, which graphical representations have been shown in Appendix H.  
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Fig. 4.107  Impact of Base Acceleration on Acceleration Amplification for Kobe EQ 

(R.D. 48%) 

 

Impact of Surcharge Load on Acceleration Amplification in Loma Earthquake Test 

Fig. 4.108, 4.109 and 4.110 present the time-acceleration graph of Loma Earthquake 

experiments, SE4, SE13 and SE22 respectively where, tests have been performed on 48% 

relative density’s wall sample under 0.1g base acceleration but under three different 

surcharge pressures (0.7 kPa, 1.12 kPa and 1.72 kPa respectively). From Normalized 

Elevation vs. Acceleration Amplification Graph of Loma earthquake plotted in Fig.4.111, 

it has been seen that acceleration amplification is inversely proportional with the rise of 

the surcharge pressures. For example, the acceleration amplifications of 1.72 kPa and 

1.12 kPa surcharge load are 4.7% and 2.7% lower than the 0.7 kPa surcharge load 

respectively at normalized elevation 0.5. Moreover, at normalized elevation 0.75, the 

acceleration amplifications of 1.72 kPa and 1.12 kPa surcharge load are 5.3% and 2.6% 

lower than the 0.7 kPa surcharge load respectively. Similar kind of correlations has been 

observed for other relative density samples also. All the figures of Normalized Elevation 

vs. Acceleration Amplification Graph of Loma Earthquake experiments related to the 

impact of surcharge loads for the retaining wall model of different relative density sample 

have been given in Appendix H. 
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Fig. 4.108 Time-Acceleration Graph at different elevation of SE4 test 
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Fig. 4.109 Time-Acceleration Graph at different elevation of SE13 test 
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Fig. 4.110 Time-Acceleration Graph at different elevation of SE22 test 
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Fig. 4.111  Effect of Surcharge Load on Acceleration Amplification for Loma EQ 

(R.D. 48%) 

 

Impact of Relative Density on Acceleration Amplification in Loma Earthquake Test 

Fig. 4.112 indicates the influence of relative densities (48%, 64%, 80% respectively) on 

acceleration amplification under surcharge load 0.7 kPa in Loma earthquake experiment. 

It has been observed from this figure that acceleration amplification is inversely 

proportional to the relative density. For example, the acceleration amplifications of 80% 

and 64% relative density sample are 5.8% and 3.1% lower than 48% relative density 

sample respectively at normalized elevation 0.5. Besides, at normalized elevation 0.75, 

the acceleration amplifications of 80% and 64% relative density sample are 8.7% and 

4.3% lower than 48% relative density sample respectively. Similar type of inverse 

relationship of relative density have been found for other surcharge loads of Loma 

earthquake experiments also, which graphical representations have been provided in 

Appendix H.  
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Fig. 4.112 Effect of Relative Density on Acceleration Amplification for Loma EQ 

(Surcharge Load 0.7 kPa) 

 

Impact of Base Acceleration on Acceleration Amplification in Loma Earthquake Test 

Fig. 4.113 displays the effect of base accelerations (0.1g, 0.15g and 0.2g respectively) on 

acceleration amplification for relative density 48% in Loma Earthquake experiment. It 

has been noticed that acceleration amplifications are increased with the rise of base 

accelerations in the graph. In Fig. 4.113, the acceleration amplifications of 0.1g and 0.15g 

base acceleration are 8.9% and 3.9% lower than 0.2g base acceleration test respectively 

at normalized elevation 0.5. Again, at normalized elevation 0.75, the acceleration 

amplifications of 0.1g and 0.15g base acceleration are 9.4% and 4.2% lower than 0.2g 

base acceleration test respectively. Same kind of proportional increment relationships of 

acceleration amplification with respect to base accelerations have been seen in all other 

Loma earthquake tests of different relative density Sylhet sand retaining wall models, 

which graphical representations have been shown in Appendix H.  
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Fig. 4.113 Effect of Base Acceleration on Acceleration Amplification for Loma EQ 

(R.D. 48%) 

 

Impact of Surcharge Load on Acceleration Amplification in Kocaeli Earthquake Test 

Fig. 4.114, 4.115 and 4.116 display the time-acceleration graph of Kocaeli Earthquake 

experiments, SE7, SE16 and SE25 respectively where, tests have been performed on 48% 

relative density’s wall sample under 0.1g base acceleration but under three different 

surcharge pressures (0.7 kPa, 1.12 kPa and 1.72 kPa respectively). From Normalized 

Elevation vs. Acceleration Amplification Graph of Kocaeli earthquake drawn in 

Fig.4.117, it has been observed that acceleration amplification is inversely proportional 

with the increment of surcharge pressures. For example, the acceleration amplifications 

of 1.72 kPa and 1.12 kPa surcharge load are 5% and 2.5% lower than the 0.7 kPa 

surcharge load respectively at normalized elevation 0.5. Moreover, at normalized 

elevation 0.75, the acceleration amplifications of 1.72 kPa and 1.12 kPa surcharge load 

are 4.1% and 1.6% lower than the 0.7 kPa surcharge load respectively. Same type 

correlations have been found for other relative density samples. All the figures of 

Normalized Elevation vs. Acceleration Amplification Graph of Kocaeli Earthquake 

experiments related to the impact of surcharge loads for the retaining wall model of 

different relative density sample have been given in Appendix H. 
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Fig. 4.114 Time-Acceleration Graph at different elevation of SE7 test 
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Fig. 4.115 Time-Acceleration Graph at different elevation of SE16 test 
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Fig. 4.116 Time-Acceleration Graph at different elevation of SE25 test 
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Fig. 4.117 Effect of Surcharge Load on Acceleration Amplification for Kocaeli EQ 

(R.D. 48%) 

 

Impact of Relative Density on Acceleration Amplification in Kocaeli Earthquake Test 

Fig. 4.118 shows the effect of relative density (48%, 64%, 80% respectively) on 

acceleration amplification under surcharge load 0.7 kPa in Kocaeli earthquake 

experiment. It has been found from this figure that acceleration amplification is inversely 

proportional to the relative density. For example, the acceleration amplifications of 80% 

and 64% relative density sample are 5.6% and 2.9% lower than 48% relative density 

sample respectively at normalized elevation 0.5. Besides, at normalized elevation 0.75, 

the acceleration amplifications of 80% and 64% relative density sample are 5.6% and 

2.9% lower than 48% relative density sample respectively. Similar kind of inverse 

relationship of relative density have been observed for other surcharge loads of Kocaeli 

earthquake experiments also, which schematic representations have been shown in 

Appendix H.  
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Fig. 4.118 Effect of Relative Density on Acceleration Amplification for Kocaeli EQ 

(Surcharge Load 0.7 kPa) 

 

Impact of Base Acceleration on Acceleration Amplification in Kocaeli Earthquake Test 

Fig. 4.119 shows the influence of base accelerations (0.1g, 0.15g and 0.2g respectively) 

on acceleration amplification for relative density 48% in Kocaeli Earthquake experiment. 

It has been found that acceleration amplifications are increased with the rise of base 

accelerations in the graph. In Fig. 4.119, the acceleration amplifications of 0.1g and 0.15g 

base acceleration are 8.7% and 5.2% lower than 0.2g base acceleration test respectively 

at normalized elevation 0.5. Again, at normalized elevation 0.75, the acceleration 

amplifications of 0.1g and 0.15g base acceleration are 11.5% and 6.8% lower than 0.2g 

base acceleration test respectively. Similar kind of proportional increment relationships 

of acceleration amplification with respect to base accelerations have been observed in all 

other Kocaeli earthquake tests of different relative density Sylhet sand retaining wall 

models, which graphical representations have been given in Appendix H.  
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Fig. 4.119 Effect of Base Acceleration on Acceleration Amplification for Kocaeli EQ 

(R.D. 48%) 

 

4.2.9 Face Displacement Response of the Sylhet Sand Retaining Wall Model under 

Different Earthquake Load Testing   
 

To observe the horizontal face displacements of different layers of the Sylhet sand 

retaining wall, three LVDTs have been set as per the location of Fig. 3.20 and Fig. 3.24. 

The face displacements of the retaining wall under different types of earthquake tests 

have been described below:      

 

Impact of Surcharge Load on Face Displacement in Kobe Earthquake 

 

Fig. 4.120 shows the impact of various surcharge loads (0.7 kPa, 1.12 kPa and 1.72 kPa 

respectively) on face displacement for 48% relative density wall of different Kobe 

earthquake experiments. It has been observed from the figure that face displacement at 

different elevations have been decreased with an increase of surcharge load. For 

Example, face displacements of 1.72 kPa and 1.12 kPa Surcharge load are 30.6% and 

27.7% lower than 0.7 kPa Surcharge Load respectively at normalized elevation 0.625. 
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Moreover, at normalized elevation 0.875, face displacements of 1.72 kPa and 1.12 kPa 

Surcharge load are 37.8% and 43.1% lower than 0.7 kPa Surcharge Load respectively. 

This kind of similarity has been observed for other experiments of Kobe earthquake 

loading on Sylhet sand retaining wall. The graphical representations of all these 

experiments related to impact of surcharge load on face displacement for different density 

soil wall model have been shown at Appendix I.       

 

 
Fig. 4.120  Impact of Surcharge Load on Face Displacement for Kobe EQ (R.D. 48%) 

 

Impact of Relative Density on Face Displacement in Kobe Earthquake 

Fig. 4.121 displays the impact of different relative density (48%, 64% and 80%) on face 

displacement at 0.7 kPa surcharge pressures among various Kobe earthquake tests. From 

the graph, it has been observed that the face displacement has been decreased with the 

increase of relative density at same normalized elevation. For Example, face 

displacements of 80% and 64% relative density sample are 40.7% and 23.2% lower than 

48% relative density sample respectively at normalized elevation 0.625. Further, at 

normalized elevation 0.875, face displacements of 80% and 64% relative density sample 

are 48.6% and 20% lower than 48% relative density sample respectively. Similar types 
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of correlation have been observed for all other Kobe earthquake tests’ face displacement 

results, which graphical representations have been shown in Appendix I. 

 

 
Fig. 4.121 Impact of Relative Density on Face Displacement for Kobe EQ (Surcharge Load 

0.7 kPa) 

 

Impact of Base Acceleration on Face Displacement in Kobe Earthquake 

Fig. 4.122 displays the effect of various base accelerations (0.1g, 0.15g and 0.2g) on face 

displacements of 48% relative density Sylhet sand retaining wall observed from different 

Kobe earthquake experiments. From this relationship of normalized face displacement as 

per normalized elevation, it has been seen that the face displacement has been risen with 

the increase of the base acceleration at the same normalized elevation. For Example, face 

displacements of 0.1g and 0.15g base acceleration are 22.2% and 11% lower than 0.2g 

base acceleration test respectively at normalized elevation 0.625. Again, at normalized 

elevation 0.875, face displacements of 0.1g and 0.15g base acceleration are 14.5% and 

8.3% lower than 0.2g base acceleration test respectively. Similar types of relationship 

among various base accelerations of different relative density sand retaining wall under 

Kobe earthquake have been observed, which schematic representations have been 

provided in Appendix I.  
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Fig. 4.122 Impact of Base Acceleration on Face Displacement for Kobe EQ (R.D. 48%) 

 

Impact of Surcharge Load on Face Displacement in Loma Earthquake 

Fig. 4.123 exhibits the impact of various surcharge loads (0.7 kPa, 1.12 kPa and 1.72 kPa 

respectively) on face displacement for 48% relative density wall of different Loma 

earthquake experiments. It has been noticed from the figure that face displacement at 

different elevations have been decreased with an increase of surcharge load. For 

Example, face displacements of 1.72 kPa and 1.12 kPa Surcharge load are 17.6% and 

14.3% lower than 0.7 kPa Surcharge Load respectively at normalized elevation 0.625. 

Moreover, at normalized elevation 0.875, face displacements of 1.72 kPa and 1.12 kPa 

Surcharge load are 14.4% and 11.8% lower than 0.7 kPa Surcharge Load respectively. 

This type of similarity has been found for other experiments of Loma earthquake test on 

Sylhet sand retaining wall model. The graphical representations of all these experiments 

related to impact of surcharge load on face displacement for different density soil wall 

model have been shown at Appendix I.       
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Fig. 4.123 Impact of Surcharge Load on Face Displacement for Loma EQ (R.D. 48%) 

 

Impact of Relative Density on Face Displacement in Loma Earthquake 

Fig. 4.124 shows the impact of different relative density (48%, 64% and 80%) on face 

displacement at 0.7 kPa surcharge pressures among various Loma earthquake tests. From 

the graph, it has been observed that the face displacement has been decreased with the 

increase of relative density at same normalized elevation. For Example, face 

displacements of 80% and 64% relative density sample are 12.9% and 8.2% lower than 

48% relative density sample respectively at normalized elevation 0.625. Further, at 

normalized elevation 0.875, face displacements of 80% and 64% relative density sample 

are 13% and 5.8% lower than 48% relative density sample respectively. Similar types of 

correlation have been seen for all other Loma earthquake tests’ face displacement results, 

which graphical representations have been shown in Appendix I. 

 



216 

 

 
Fig. 4.124 Impact of Relative Density on Face Displacement for Loma EQ (Surcharge Load 

0.7 kPa) 

 

Impact of Base Acceleration on Face Displacement in Loma Earthquake 

Fig. 4.125 shows the effect of various base accelerations (0.1g, 0.15g and 0.2g) on face 

displacements of 48% relative density Sylhet sand retaining wall observed from different 

Loma earthquake experiments. From this relationship of normalized face displacement 

as per normalized elevation, it has been noticed that the face displacement has been risen 

with the increase of the base acceleration at the same normalized elevation. For Example, 

face displacements of 0.1g and 0.15g base acceleration are 17.6% and 10.8% lower than 

0.2g base acceleration test respectively at normalized elevation 0.625. Besides, at 

normalized elevation 0.875, face displacements of 0.1g and 0.15g base acceleration are 

18.7% and 10.2% lower than 0.2g base acceleration test respectively. Similar types of 

relationship among various base accelerations of different relative density sand retaining 

wall under Loma earthquake have been seen, which schematic representations have been 

given in Appendix I.  
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Fig. 4.125  Impact of Base Acceleration on Face Displacement for Loma EQ (R.D. 48%) 

 

Impact of Surcharge Load on Face Displacement in Kocaeli Earthquake 

Fig. 4.126 shows the impact of various surcharge loads (0.7 kPa, 1.12 kPa and 1.72 kPa 

respectively) on face displacement for 48% relative density wall of different Kocaeli 

earthquake experiments. It has been observed from the figure that face displacement at 

different elevations have been decreased with an increase of surcharge load. For 

Example, face displacements of 1.72 kPa and 1.12 kPa Surcharge load are 26.6% and 

11% lower than 0.7 kPa Surcharge Load respectively at normalized elevation 0.625. 

Moreover, at normalized elevation 0.875, face displacements of 1.72 kPa and 1.12 kPa 

Surcharge load are 28% and 14.5% lower than 0.7 kPa Surcharge Load respectively. This 

kind of similarity has been observed for other experiments of Kocaeli earthquake test on 

Sylhet sand retaining wall model. The graphical representations of all these experiments 

related to impact of surcharge load on face displacement for different density soil wall 

model have been provided at Appendix I.       
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Fig. 4.126 Impact of Surcharge Load on Face Displacement for Kocaeli EQ (R.D. 48%) 

 

Impact of Relative Density on Face Displacement in Kocaeli Earthquake 

Fig. 4.127 shows the impact of different relative density (48%, 64% and 80%) on face 

displacement at 0.7 kPa surcharge pressures among various Kocaeli earthquake tests. 

From the graph, it has been observed that the face displacement has been decreased with 

the increase of relative density at same normalized elevation. For Example, face 

displacements of 80% and 64% relative density sample are 27.1% and 9.1% lower than 

48% relative density sample respectively at normalized elevation 0.625. Further, at 

normalized elevation 0.875, face displacements of 80% and 64% relative density sample 

are 24.4% and 13.4% lower than 48% relative density sample respectively. Similar types 

of correlation have been observed for all other Kocaeli earthquake tests’ face 

displacement results, which graphical representations have been given in Appendix I. 
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Fig. 4.127 Impact of Relative Density on Face Displacement for Kocaeli EQ (Surcharge 

Load 0.7 kPa) 

 

Impact of Base Acceleration on Face Displacement in Kocaeli Earthquake 

Fig. 4.128 describes the influence of various base accelerations (0.1g, 0.15g and 0.2g) on 

face displacements of 48% relative density Sylhet sand retaining wall observed from 

different Kocaeli earthquake experiments. From this relationship of normalized face 

displacement as per normalized elevation, it has been observed that the face displacement 

has been risen with the increase of the base acceleration at the same normalized elevation. 

For Example, face displacements of 0.1g and 0.15g base acceleration are 31.4% and 

19.3% lower than 0.2g base acceleration test respectively at normalized elevation 0.625. 

Moreover, at normalized elevation 0.875, face displacements of 0.1g and 0.15g base 

acceleration are 34.2% and 18.8% lower than 0.2g base acceleration test respectively. 

Similar Kind of relationship among various base accelerations of different relative 

density sand retaining wall under Kocaeli earthquake have been found, which schematic 

representations have been provided in Appendix I.  
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Fig. 4.128 Impact of Base Acceleration on Face Displacement for Kocaeli EQ (R.D. 48%) 

 

4.2.10 Strain Analysis of the Sylhet Sand Retaining Wall Model under Different 

Earthquake Load Testing   
 

Four strain gauges have been set up in different layers of the model wall shown at Fig. 

3.24 to monitor and analysis the influence of strains due to the impact of various 

earthquake loading.  

 

Impact of Surcharge Load on Strain in Kobe Earthquake 

Fig. 4.129 shows the impact of surcharge pressures on strain at different normalized 

elevations among various Kobe Earthquake experiments. Here, it has been monitored that 

the changes of strain are decreased at higher surcharge pressure and are increased at lower 

surcharge pressure. For example, strains of 1.72 kPa and 1.12 kPa Surcharge load are 

14.8% and 6.8% lower than 0.7 kPa Surcharge Load respectively at normalized elevation 

0.5. Moreover, at normalized elevation 0.75, strains of 1.72 kPa and 1.12 kPa Surcharge 

load are 14.4% and 5.5% lower than 0.7 kPa Surcharge Load respectively. Similar types 

of strain characteristics have been observed from all other correlation among Kobe 

earthquake experiments, which graphical representations have been provided in 

Appendix J. 
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Fig. 4.129 Impact of Surcharge Load on Strain for Kobe EQ (R.D. 48%) 

 

Impact of Relative Density on Strain in Kobe Earthquake 

The impact of the relative density (R.D.) on the changes of Strain as per normalized 

elevations of the model wall under Kobe earthquake has been exhibited at Fig. 4.130. In 

this graph, it has been observed that the changes of strain are decreased at higher relative 

density and are increased at lower relative density. For example, strains of 80% and 64% 

relative density sample are 13.3% and 7.2% lower than 48% relative density sample 

respectively at normalized elevation 0.5. Further, at normalized elevation 0.75, strains of 

80% and 64% relative density sample are 15.7% and 8.2% lower than 48% relative 

density sample respectively. Similar kinds of correlations have been noticed for other 

experiments under Kobe earthquake, which graphical representations have been shown 

in Appendix J. 
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Fig. 4.130  Impact of Relative Density on Strain for Kobe EQ (Surcharge Load 0.7 kPa) 

 

Impact of Base Acceleration on Strain in Kobe Earthquake 

The influence of different base accelerations on strain under Kobe earthquake has been 

shown in Fig. 4.131. In this graph, it has been observed that the changes of strain are 

increased with the increase of the base accelerations. For example, strains of 0.1g and 

0.15g base acceleration are 14.4% and 6.6% lower than 0.2g base acceleration test 

respectively at normalized elevation 0.5. Further, at normalized elevation 0.75, strains of 

0.1g and 0.15g base acceleration are 16.5% and 7.6% lower than 0.2g base acceleration 

test respectively. Similar kind of findings have been noticed among other experiments of 

Kobe earthquake, which schematic representations have been mentioned in Appendix J. 
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Fig. 4.131 Impact of Base Acceleration on Strain for Kobe EQ (R.D. 48%) 

 

Impact of Surcharge Load on Strain in Loma Earthquake 

Fig. 4.132 represents the impact of surcharge loads on strain at different normalized 

elevations among various Loma Earthquake experiments. Here, it has been observed that 

the changes of strain are decreased at higher surcharge pressure and are increased at lower 

surcharge pressure. For example, strains of 1.72 kPa and 1.12 kPa Surcharge load are 

13% and 7.2% lower than 0.7 kPa Surcharge Load respectively at normalized elevation 

0.5. In addition, at normalized elevation 0.75, strains of 1.72 kPa and 1.12 kPa Surcharge 

load are 13.5% and 7.3% lower than 0.7 kPa Surcharge Load respectively. Similar kinds 

of strain characteristics have been found from all other correlation among Loma 

earthquake experiments, which graphical representations have been given in Appendix J. 
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Fig. 4.132 Impact of Surcharge Load on Strain for Loma EQ (R.D. 48%) 

 

Impact of Relative Density on Strain in Loma Earthquake 

The impact of the relative density (R.D.) on the changes of Strain as per normalized 

elevations of the model wall under Loma earthquake has been exhibited at Fig. 4.133. In 

this graph, it has been found that the changes of strain are decreased at higher relative 

density and are increased at lower relative density. For example, strains of 80% and 64% 

relative density sample are 12.6% and 4.7% lower than 48% relative density sample 

respectively at normalized elevation 0.5. Again, at normalized elevation 0.75, strains of 

80% and 64% relative density sample are 11.1% and 6.2% lower than 48% relative 

density sample respectively. Similar kind of correlations have been observed for other 

experiments under Loma earthquake, which graphical representations have been shown 

in Appendix J. 
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Fig. 4.133 Impact of Relative Density on Strain for Loma EQ (Surcharge Load 0.7 kPa) 

 

Impact of Base Acceleration on Strain in Loma Earthquake 

The influence of different base accelerations on strain under Loma earthquake has been 

shown in Fig. 4.134. In this graph, it has been seen that the changes of strain are increased 

with the rise of the base accelerations. For example, strains of 0.1g and 0.15g base 

acceleration are 10% and 17.1% lower than 0.2g base acceleration test respectively at 

normalized elevation 0.5. Further, at normalized elevation 0.75, strains of 0.1g and 0.15g 

base acceleration are 21.1% and 13.2% lower than 0.2g base acceleration test 

respectively. Similar kind of findings have been observed among other experiments of 

Loma earthquake, which schematic representations have been mentioned in Appendix J. 
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Fig. 4.134  Impact of Base Acceleration on Strain for Loma EQ (R.D. 48%) 

 

Impact of Surcharge Load on Strain in Kocaeli Earthquake 

Fig. 4.135 presents the impact of surcharge loads on strain at different normalized 

elevations among various Kocaeli Earthquake experiments. Here, it has been observed 

that the changes of strain are decreased at higher surcharge pressure and are increased at 

lower surcharge pressure. For example, strains of 1.72 kPa and 1.12 kPa Surcharge load 

are 18.4% and 10.3% lower than 0.7 kPa Surcharge Load respectively at normalized 

elevation 0.5. Moreover, at normalized elevation 0.75, strains of 1.72 kPa and 1.12 kPa 

Surcharge load are 15.6% and 8.8% lower than 0.7 kPa Surcharge Load respectively. 

Similar kinds of strain characteristics have been seen from all other correlation among 

Kocaeli earthquake experiments, which graphical representations have been provided in 

Appendix J. 
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Fig. 4.135  Impact of Surcharge Load on Strain for Kocaeli EQ (R.D. 48%) 

 

Impact of Relative Density on Strain in Kocaeli Earthquake 

The impact of the relative density (R.D.) on the changes of Strain as per normalized 

elevations of the model wall under Kocaeli earthquake has been shown at Fig. 4.136. In 

this graph, it has been monitored that the changes of strain are decreased at higher relative 

density and are increased at lower relative density. For example, strains of 80% and 64% 

relative density sample are 14.5% and 8.5% lower than 48% relative density sample 

respectively at normalized elevation 0.5. Again, at normalized elevation 0.75, strains of 

80% and 64% relative density sample are 15.5% and 6.5% lower than 48% relative 

density sample respectively. Similar type of correlations has been found for other 

experiments under Kocaeli earthquake, which graphical representations have been shown 

in Appendix J. 
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Fig. 4.136 Impact of Relative Density on Strain for Kocaeli EQ (Surcharge Load 0.7 

kPa) 

 

Impact of Base Acceleration on Strain in Kocaeli Earthquake 

The influence of different base accelerations on strain under Kocaeli earthquake has been 

shown in Fig. 4.137. In this graph, it has been observed that the changes of strain are 

increased with the rise of the base accelerations. For example, strains of 0.1g and 0.15g 

base acceleration are 18.8% and 11.2% lower than 0.2g base acceleration test respectively 

at normalized elevation 0.5. Moreover, at normalized elevation 0.75, strains of 0.1g and 

0.15g base acceleration are 20.3% and 11.8% lower than 0.2g base acceleration test 

respectively. Similar kind of findings have been found among other experiments of Loma 

earthquake, which schematic representations have been mentioned in Appendix J. 
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Fig. 4.137 Impact of Base Acceleration on Strain for Kocaeli EQ (R.D. 48%) 

 

4.2.11 Impact of Acceleration Amplification on the Local Sand Retaining Wall 

Model under Different Earthquake Load Testing   
 

The description of different types of Earthquake tests on Local sand retaining wall model 

has been mentioned in Table 3.10. The elaboration on impact of acceleration 

amplification on the Local sand retaining wall for various types of earthquake testing is 

given below:  

 

Impact of Surcharge Load on Acceleration Amplification in Kobe Earthquake Test 

Fig. 4.138, 4.139 and 4.140 show the time-acceleration graph of Kobe Earthquake 

experiments, LE1, LE10 and LE19 respectively where, tests have been performed on 

26% relative density’s wall sample under 0.1g base acceleration but under three different 

surcharge pressures (0.7 kPa, 1.12 kPa and 1.72 kPa respectively). Here, maximum 

acceleration value for all the experiments has been observed at the top elevation. 

Normalized Elevation (z/H) vs. Acceleration Amplification Graph of Kobe earthquake 

test is drawn at Fig.4.141. It has been observed from Fig. 4.141 that acceleration 

amplification is inversely proportional with the increase of the surcharge pressures. For 
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example, the acceleration amplifications of 1.72 kPa and 1.12 kPa surcharge load are 

12.7% and 6.4% lower than the 0.7 kPa surcharge load respectively at normalized 

elevation 0.5. Again, at normalized elevation 0.75, the acceleration amplifications of 1.72 

kPa and 1.12 kPa surcharge load are 14.7% and 5.6% lower than the 0.7 kPa surcharge 

load respectively. Similar kind correlations have been found for other relative density 

samples also. All the figures of Normalized Elevation (z/H) vs. Acceleration 

Amplification Graph of Kobe Earthquake experiments related to the impact of surcharge 

loads for the retaining wall model of different relative densities sample have been shown 

in Appendix K. 

 

Impact of Relative Density on Acceleration Amplification in Kobe Earthquake Test 

Fig. 4.142 exhibits the influence of relative density (26%, 45%, 57% respectively) on 

acceleration amplification under surcharge load 0.7 kPa in Kobe earthquake experiment. 

It has been observed from this figure that acceleration amplification is inversely 

proportional to the relative density. For example, the acceleration amplifications of 57% 

and 45% relative density sample are 8.6% and 4.7% lower than 26% relative density 

sample respectively at normalized elevation 0.5. Further, at normalized elevation 0.75, 

the acceleration amplifications of 57% and 45% relative density sample are 10% and 5% 

lower than 26% relative density sample respectively. Similar type inverse relationship of 

relative density has been found for other surcharge loads also, which graphical 

representations have been given in Appendix K.  
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Fig. 4.138 Time-Acceleration Graph at different elevation of LE1 test 
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Fig. 4.139 Time-Acceleration Graph at different elevation of LE10 test 
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Fig. 4.140 Time-Acceleration Graph at different elevation of LE19 test 
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Fig. 4.141  Impact of Surcharge Load on Acceleration Amplification for Kobe EQ 

(R.D. 26%) 

 

 
Fig. 4.142 Impact of Relative Density on Acceleration Amplification for Kobe EQ 

(Surcharge Load 0.7 kPa) 
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Impact of Base Acceleration on Acceleration Amplification in Kobe Earthquake Test 

Fig. 4.143 shows the effect of base accelerations (0.1g, 0.15g and 0.2g respectively) on 

acceleration amplification for 26% relative density in Kobe Earthquake experiment. It 

has been noticed that acceleration amplifications are increased with the rise of base 

accelerations in this graph. In Fig. 4.143, the acceleration amplifications of 0.1g and 

0.15g base acceleration are 10.6% and 7.7% lower than 0.2g base acceleration test 

respectively at normalized elevation 0.5. Again, at normalized elevation 0.75, the 

acceleration amplifications of 0.1g and 0.15g base acceleration are 9% and 4.8% lower 

than 0.2g base acceleration test respectively. Similar type proportional increment 

relationships of acceleration amplification with respect of base accelerations have been 

observed in all other Kobe earthquake tests of different relative density Local sand 

retaining wall models, which graphical representations have been shown in Appendix K.  

 

 
Fig. 4.143 Impact of Base Acceleration on Acceleration Amplification for Kobe EQ 

(R.D. 26%) 
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Impact of Surcharge Load on Acceleration Amplification in Loma Earthquake Test 

 

Fig. 4.144, 4.145 and 4.146 display the time-acceleration graph of Loma Earthquake 

experiments, LE4, LE13 and LE22 respectively where, tests have been performed on 

26% relative density’s wall sample under 0.1g base acceleration but under three different 

surcharge pressures (0.7 kPa, 1.12 kPa and 1.72 kPa respectively). From Normalized 

Elevation vs. Acceleration Amplification Graph of Loma earthquake drawn in Fig.4.147, 

it has been observed that acceleration amplification is inversely proportional with the 

increase of surcharge pressures. For example, the acceleration amplifications of 1.72 kPa 

and 1.12 kPa surcharge load are 10% and 7.3% lower than the 0.7 kPa surcharge load 

respectively at normalized elevation 0.5. Moreover, at normalized elevation 0.75, the 

acceleration amplifications of 1.72 kPa and 1.12 kPa surcharge load are 14.5% and 9.7% 

lower than the 0.7 kPa surcharge load respectively. Similar kind of correlations has been 

found for other relative density samples also. All the figures of Normalized Elevation vs. 

Acceleration Amplification Graph of Loma Earthquake experiments related to the impact 

of surcharge loads for the retaining wall model of different relative density sample have 

been provided in Appendix K. 

 

Impact of Relative Density on Acceleration Amplification in Loma Earthquake Test 

Fig. 4.148 describes the effect of relative density (26%, 45%, 57% respectively) on 

acceleration amplification under surcharge load 0.7 kPa in Loma earthquake experiment. 

It has been found from this figure that acceleration amplification is inversely proportional 

to the relative density. For example, the acceleration amplifications of 57% and 45% 

relative density sample are 7.3% and 3.4% lower than 26% relative density sample 

respectively at normalized elevation 0.5. Besides, at normalized elevation 0.75, the 

acceleration amplifications of 57% and 45% relative density sample are 9.3% and 6% 

lower than 26% relative density sample respectively. Similar type of inverse relationship 

of relative density have been found for other surcharge loads of Loma earthquake 

experiments also, which graphical representations have been given in Appendix K.  
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Fig. 4.144  Time-Acceleration Graph at different elevation of LE4 test 
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Fig. 4.145 Time-Acceleration Graph at different elevation of LE13 test 
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Fig. 4.146 Time-Acceleration Graph at different elevation of LE22 test 
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Fig. 4.147  Effect of Surcharge Load on Acceleration Amplification for Loma EQ 

(R.D. 26%) 

 

 
Fig. 4.148 Effect of Relative Density on Acceleration Amplification for Loma EQ 

(Surcharge Load 0.7 kPa) 
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Impact of Base Acceleration on Acceleration Amplification in Loma Earthquake Test 

Fig. 4.149 shows the impact of base accelerations (0.1g, 0.15g and 0.2g respectively) on 

acceleration amplification for relative density 26% in Loma Earthquake test. It has been 

observed that acceleration amplifications are increased with the increment of base 

accelerations in this graph. In Fig. 4.149, the acceleration amplifications of 0.1g and 

0.15g base acceleration are 8.5% and 3.8% lower than 0.2g base acceleration test 

respectively at normalized elevation 0.5. Moreover, at normalized elevation 0.75, the 

acceleration amplifications of 0.1g and 0.15g base acceleration are 8% and 4.8% lower 

than 0.2g base acceleration test respectively. Same type proportional increment 

relationships of acceleration amplification with respect to base accelerations have been 

found in all other Loma earthquake tests of different relative density Local sand retaining 

wall models, which graphical representations have been provided in Appendix K.  

 

 
Fig. 4.149 Effect of Base Acceleration on Acceleration Amplification for Loma EQ 

(R.D. 26%) 
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Impact of Surcharge Load on Acceleration Amplification in Kocaeli Earthquake Test 

Fig. 4.150, 4.151 and 4.152 show the time-acceleration graph of Kocaeli Earthquake 

experiments, LE7, LE16 and LE25 respectively where, experiments have been done on 

26% relative density’s wall sample under 0.1g base acceleration but under three different 

surcharge pressures (0.7 kPa, 1.12 kPa and 1.72 kPa respectively). From Normalized 

Elevation vs. Acceleration Amplification Graph of Kocaeli earthquake plotted in 

Fig.4.153, it has been seen that acceleration amplification is inversely proportional with 

the increase of surcharge load. For example, the acceleration amplifications of 1.72 kPa 

and 1.12 kPa surcharge load are 9.8% and 6.8% lower than the 0.7 kPa surcharge load 

respectively at normalized elevation 0.5. Moreover, at normalized elevation 0.75, the 

acceleration amplifications of 1.72 kPa and 1.12 kPa surcharge load are 14% and 11% 

lower than the 0.7 kPa surcharge load respectively. Similar type correlations have been 

observed for other relative density samples. All the figures of Normalized Elevation vs. 

Acceleration Amplification Graph of Kocaeli Earthquake tests related to the impact of 

surcharge loads for the retaining wall model of different relative density sample have 

been shown in Appendix K. 

 

Impact of Relative Density on Acceleration Amplification in Kocaeli Earthquake Test 

Fig. 4.154 displays the influence of relative density (26%, 45%, 57% respectively) on 

acceleration amplification under surcharge load 0.7 kPa in Kocaeli earthquake 

experiment. It has been observed from this figure that acceleration amplification is 

inversely proportional to the relative density. For example, the acceleration 

amplifications of 57% and 45% relative density sample are 11.5% and 8% lower than 

26% relative density sample respectively at normalized elevation 0.5. Besides, at 

normalized elevation 0.75, the acceleration amplifications of 57% and 45% relative 

density sample are 14% and 8.7% lower than 26% relative density sample respectively. 

Similar kind inverse relationship of relative density has been found for other surcharge 

loads of Kocaeli earthquake experiments also, which schematic representations have 

been provided in Appendix K.  
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Fig. 4.150 Time-Acceleration Graph at different elevation of LE7 test 

A
cc

el
er

at
io

n
s 

at
 d

if
fe

re
n
t 

el
ev

at
io

n
s,

 m
s-2

 

A2 

A3 

A4 

A5 

A1 



244 

 

 

 

 

 

 

 
 Time (s) 
Fig. 4.151 Time-Acceleration Graph at different elevation of LE16 test 
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Fig. 4.152 Time-Acceleration Graph at different elevation of LE25 test 
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Fig. 4.153 Effect of Surcharge Load on Acceleration Amplification for Kocaeli EQ 

(R.D. 26%) 

 

 
Fig. 4.154  Effect of Relative Density on Acceleration Amplification for Kocaeli EQ 

(Surcharge Load 0.7 kPa) 
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Impact of Base Acceleration on Acceleration Amplification in Kocaeli Earthquake Test 

Fig. 4.155 shows the impact of base accelerations (0.1g, 0.15g and 0.2g respectively) on 

acceleration amplification for relative density 26% in Kocaeli Earthquake experiment. It 

has been noticed that acceleration amplifications are increased with the rise of base 

accelerations in this graph. In Fig. 4.155, the acceleration amplifications of 0.1g and 

0.15g base acceleration are 12.5% and 6.4% lower than 0.2g base acceleration test 

respectively at normalized elevation 0.5. Again, at normalized elevation 0.75, the 

acceleration amplifications of 0.1g and 0.15g base acceleration are 13.7% and 8.8% lower 

than 0.2g base acceleration test respectively. Similar kind of proportional increment 

relationships of acceleration amplification with respect to base accelerations have been 

found in all other Kocaeli earthquake tests of different relative density Local sand 

retaining wall models, which graphical representations have been provided in Appendix 

K.  

 

 
Fig. 4.155 Effect of Base Acceleration on Acceleration Amplification for Kocaeli EQ 

(R.D. 26%) 
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4.2.12 Face Displacement Response of the Local Sand Retaining Wall Model under 

Various Earthquake Load Testing   
 

 

Three LVDTs were kept as per the position of Fig. 3.20 and Fig. 3.24 to see the horizontal 

face displacements of Local sand retaining wall. Face displacements of the retaining wall 

under various kinds of earthquake experiments have been discussed below:      

Impact of Surcharge Load on Face Displacement in Kobe Earthquake 

Fig. 4.156 shows the influence of various surcharge loads (0.7 kPa, 1.12 kPa and 1.72 

kPa respectively) on face displacement for 26% relative density wall of different Kobe 

earthquake experiments. It has been found from the figure that face displacement at 

different elevations have been decreased with an increase of surcharge load. For 

Example, face displacements of 1.72 kPa and 1.12 kPa Surcharge load are 15.3% and 

7.3% lower than 0.7 kPa Surcharge Load respectively at normalized elevation 0.625. 

Further, at normalized elevation 0.875, face displacements of 1.72 kPa and 1.12 kPa 

Surcharge load are 15.7% and 9.3% lower than 0.7 kPa Surcharge Load respectively. 

This kind of similarity has been observed for other experiments of Kobe earthquake 

loading on Local sand retaining wall. The graphical representations of all these 

experiments related to impact of surcharge load on face displacement for different density 

soil wall model have been given at Appendix L.     

  
Fig. 4.156  Impact of Surcharge Load on Face Displacement for Kobe EQ (R.D. 26%) 
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Impact of Relative Density on Face Displacement in Kobe Earthquake 

Fig. 4.157 displays the impact of different relative density (26%, 45% and 57%) on face 

displacement at 0.7 kPa surcharge pressures among various Kobe earthquake tests. From 

this graph, it has been seen that face displacement has been decreased with the increase 

of relative density at same normalized elevation. For Example, face displacements of 

57% and 45% relative density sample are 18% and 9% lower than 26% relative density 

sample respectively at normalized elevation 0.625. Further, at normalized elevation 

0.875, face displacements of 57% and 45% relative density sample are 19% and 9.6% 

lower than 26% relative density sample respectively. Similar types of correlation have 

been observed for all other Kobe earthquake tests’ face displacement results, which 

graphical representations have been shown in Appendix L. 

 
Fig. 4.157  Impact of Relative Density on Face Displacement for Kobe EQ (Surcharge Load 

0.7 kPa) 

 

Impact of Base Acceleration on Face Displacement in Kobe Earthquake 

Fig. 4.158 shows the effect of various base accelerations (0.1g, 0.15g and 0.2g) on face 

displacements of 26% relative density Local sand retaining wall observed from different 

Kobe earthquake experiments. From this relationship of normalized face displacement as 

per normalized elevation, it has been observed that face displacement has been risen with 
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the increase of the base acceleration at the same normalized elevation. For Example, face 

displacements of 0.1g and 0.15g base acceleration are 21.1% and 12.7% lower than 0.2g 

base acceleration test respectively at normalized elevation 0.625. Again, at normalized 

elevation 0.875, face displacements of 0.1g and 0.15g base acceleration are 17.5% and 

10.5% lower than 0.2g base acceleration experiment respectively. Similar type of 

relationship among various base accelerations of different relative density Local sand 

retaining wall under Kobe earthquake have been observed, which schematic 

representations have been shown in Appendix L.  

 
Fig. 4.158 Impact of Base Acceleration on Face Displacement for Kobe EQ (R.D. 26%) 

 

Impact of Surcharge Load on Face Displacement in Loma Earthquake 

Fig. 4.159 describes the impact of various surcharge loads (0.7 kPa, 1.12 kPa and 1.72 

kPa respectively) on face displacement for 26% relative density wall of different Loma 

earthquake experiments. It has been noticed from this figure that face displacement at 

different elevations have been decreased with an increase of surcharge load. For 

Example, face displacements of 1.72 kPa and 1.12 kPa Surcharge load are 23.2% and 

12.5% lower than 0.7 kPa Surcharge Load respectively at normalized elevation 0.625. 

Moreover, at normalized elevation 0.875, face displacements of 1.72 kPa and 1.12 kPa 

Surcharge load are 23.3% and 12% lower than 0.7 kPa Surcharge Load respectively. This 
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type of similarity has been observed for other experiments of Loma earthquake test on 

Local sand retaining wall model. The graphical representations of all these experiments 

related to impact of surcharge load on face displacement for different density soil wall 

model have been provided at Appendix L.    

 
Fig. 4.159 Impact of Surcharge Load on Face Displacement for Loma EQ (R.D. 26%) 

 

Impact of Relative Density on Face Displacement in Loma Earthquake 

Fig. 4.160 shows the impact of different relative density (26%, 45% and 57%) on face 

displacement at 0.7 kPa surcharge pressures among various Loma earthquake tests. From 

this graph, it has been observed that the face displacement has been decreased with the 

increase of relative density at same normalized elevation. For Example, face 

displacements of 57% and 45% relative density sample are 14.2% and 8.5% lower than 

26% relative density sample respectively at normalized elevation 0.625. Further, at 

normalized elevation 0.875, face displacements of 57% and 45% relative density sample 

are 14.8% and 8.8% lower than 26% relative density sample respectively. Similar kind 

correlation has been found for all other Loma earthquake tests’ face displacement results, 

which graphical representations have been shown in Appendix L. 
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Fig. 4.160 Impact of Relative Density on Face Displacement for Loma EQ (Surcharge Load 

0.7 kPa) 

 

Impact of Base Acceleration on Face Displacement in Loma Earthquake 

Fig. 4.161 displays the effect of various base accelerations (0.1g, 0.15g and 0.2g) on face 

displacements of 26% relative density Local sand retaining wall observed from different 

Loma earthquake experiments. From this relationship of normalized face displacement 

as per normalized elevation, it has been observed that the face displacement has been 

risen with the increase of the base acceleration at the same normalized elevation. For 

Example, face displacements of 0.1g and 0.15g base acceleration are 13.6% and 7.2% 

lower than 0.2g base acceleration test respectively at normalized elevation 0.625. 

Besides, at normalized elevation 0.875, face displacements of 0.1g and 0.15g base 

acceleration are 11.4% and 5.4% lower than 0.2g base acceleration test respectively. 

Similar type of relationship among various base accelerations of different relative density 

sand retaining wall under Loma earthquake have been seen, which schematic 

representations have been provided in Appendix L.  
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Fig. 4.161 Impact of Base Acceleration on Face Displacement for Loma EQ (R.D. 26%) 

 

Impact of Surcharge Load on Face Displacement in Kocaeli Earthquake 

Fig. 4.162 indicates the impact of various surcharge loads (0.7 kPa, 1.12 kPa and 1.72 

kPa respectively) on face displacement for 26% relative density wall of different Kocaeli 

earthquake experiments. It has been observed from this figure that face displacement at 

different elevations have been decreased with an increase of surcharge load. For 

Example, face displacements of 1.72 kPa and 1.12 kPa Surcharge load are 27.2% and 

15% lower than 0.7 kPa Surcharge Load respectively at normalized elevation 0.625. 

Moreover, at normalized elevation 0.875, face displacements of 1.72 kPa and 1.12 kPa 

Surcharge load are 29% and 14.5% lower than 0.7 kPa Surcharge Load respectively. This 

kind of similarity has been seen in other experiments of Kocaeli earthquake test on Local 

sand retaining wall model. The graphical representations of all these experiments related 

to impact of surcharge load on face displacement for different density soil wall model 

have been shown at Appendix L.       
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Fig. 4.162 Impact of Surcharge Load on Face Displacement for Kocaeli EQ (R.D. 26%) 

 

Impact of Relative Density on Face Displacement in Kocaeli Earthquake 

Fig. 4.163 explains the impact of different relative density (26%, 45% and 57%) on face 

displacement at 0.7 kPa surcharge pressures among various Kocaeli earthquake tests. 

From the graph, it has been seen that face displacement has been decreased with the 

increase of relative density at same normalized elevation. For Example, face 

displacements of 57% and 45% relative density sample are 22.1% and 11.6% lower than 

26% relative density sample respectively at normalized elevation 0.625. Further, at 

normalized elevation 0.875, face displacements of 57% and 45% relative density sample 

are 20.2% and 10.2% lower than 26% relative density sample respectively. Similar types 

of correlation have been observed for all other Kocaeli earthquake tests’ face 

displacement results, which graphical representations have been given in Appendix L. 
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Fig. 4.163 Impact of Relative Density on Face Displacement for Kocaeli EQ (Surcharge 

Load 0.7 kPa) 

 

Impact of Base Acceleration on Face Displacement in Kocaeli Earthquake 

Fig. 4.164 shows the influence of various base accelerations (0.1g, 0.15g and 0.2g) on 

face displacements of 26% relative density Local sand retaining wall observed from 

different Kocaeli earthquake experiments. From this relationship of normalized face 

displacement as per normalized elevation, it has been found that the face displacement 

has been risen with the increase of the base acceleration at same normalized elevation. 

For Example, face displacements of 0.1g and 0.15g base acceleration are 16.6% and 8.6% 

lower than 0.2g base acceleration test respectively at normalized elevation 0.625. 

Moreover, at normalized elevation 0.875, face displacements of 0.1g and 0.15g base 

acceleration are 13.3% and 6.4% lower than 0.2g base acceleration test respectively. 

Similar Kind of relationship among various base accelerations of different relative 

density Local sand retaining wall under Kocaeli earthquake have been observed, which 

schematic representations have been provided in Appendix L.  
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Fig. 4.164 Impact of Base Acceleration on Face Displacement for Kocaeli EQ (R.D. 26%) 

 

4.2.13 Strain Analysis of the Local Sand Retaining Wall Model under Various 

Earthquake Load Testing   
 

Four strain gauges have been used in different layers of the Local sand retaining model 

wall shown at Fig. 3.24 to observe and analysis the impact of strains due to the impact of 

different earthquake loading.  

Impact of Surcharge Load on Strain in Kobe Earthquake 

Fig. 4.165 shows the impact of surcharge pressures on strain at different normalized 

elevations among various Kobe Earthquake experiments. Here, it has been monitored that 

the changes of strain are decreased at higher surcharge pressure and are increased at lower 

surcharge pressure. For example, strains of 1.72 kPa and 1.12 kPa Surcharge load are 

27.1% and 20.2% lower than 0.7 kPa Surcharge Load respectively at normalized 

elevation 0.5. Moreover, at normalized elevation 0.75, strains of 1.72 kPa and 1.12 kPa 

Surcharge load are 26.2% and 20.6% lower than 0.7 kPa Surcharge Load respectively. 

Similar type strain characteristics has been seen from all other correlations among Kobe 

earthquake experiments, which graphical representations have been shown in Appendix 

M. 
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Fig. 4.165 Impact of Surcharge Load on Strain for Kobe EQ (R.D. 26%) 

 

Impact of Relative Density on Strain in Kobe Earthquake 

The impact of the relative density (R.D.) on the changes of Strain as per normalized 

elevations of the model wall under Kobe earthquake has been shown at Fig. 4.166. In this 

graph, it has been observed that the changes of strain are decreased at higher relative 

density and are increased at lower relative density. For example, strains of 57% and 45% 

relative density sample are 10% and 5.1% lower than 26% relative density sample 

respectively at normalized elevation 0.5. Moreover, at normalized elevation 0.75, strains 

of 57% and 45% relative density sample are 10.7% and 5.4% lower than 26% relative 

density sample respectively. Similar kind of correlations have been noticed for other 

experiments under Kobe earthquake, which graphical representations have been given in 

Appendix M. 
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Fig. 4.166 Impact of Relative Density on Strain for Kobe EQ (Surcharge Load 0.7 kPa) 

 

Impact of Base Acceleration on Strain in Kobe Earthquake 

 

The influence of different base accelerations on strain under Kobe earthquake has been 

shown in Fig. 4.167. In this graph, it has been observed that the changes of strain are 

increased with the rise of base accelerations. For example, strains of 0.1g and 0.15g base 

acceleration are 8.6% and 4.8% lower than 0.2g base acceleration test respectively at 

normalized elevation 0.5. Further, at normalized elevation 0.75, strains of 0.1g and 0.15g 

base acceleration are 9.8% and 5.2% lower than 0.2g base acceleration test respectively. 

Similar kind of findings have been noticed among other experiments of Kobe earthquake, 

which schematic representations have been mentioned in Appendix M. 
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Fig. 4.167 Impact of Base Acceleration on Strain for Kobe EQ (R.D. 26%) 

 

Impact of Surcharge Load on Strain in Loma Earthquake 

Fig. 4.168 presents the impact of surcharge loads on strain at different normalized 

elevations among various Loma Earthquake experiments. Here, it has been observed that 

the changes of strain are decreased at higher surcharge pressure and are increased at lower 

surcharge pressure. For example, strains of 1.72 kPa and 1.12 kPa Surcharge load are 

31% and 23.7% lower than 0.7 kPa Surcharge Load respectively at normalized elevation 

0.5. In addition, at normalized elevation 0.75, strains of 1.72 kPa and 1.12 kPa Surcharge 

load are 32.7% and 24% lower than 0.7 kPa Surcharge Load respectively. Similar kind 

of strain characteristics has been found from all other correlation among Loma 

earthquake experiments, which graphical representations have been provided in 

Appendix M. 
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Fig. 4.168 Impact of Surcharge Load on Strain for Loma EQ (R.D. 26%) 

 

Impact of Relative Density on Strain in Loma Earthquake 

The impact of the relative density (R.D.) on the changes of Strain as per normalized 

elevations of the model wall under Loma earthquake has been plotted in Fig. 4.169. In 

this graph, it has been found that the changes of strain are decreased at higher relative 

density and are increased at lower relative density. For example, strains of 57% and 45% 

relative density sample are 12.3% and 7% lower than 26% relative density sample 

respectively at normalized elevation 0.5. Again, at normalized elevation 0.75, strains of 

57% and 45% relative density sample are 13.5% and 8.3% lower than 26% relative 

density sample respectively. Similar kind of correlations have been observed for other 

experiments under Loma earthquake, which graphical representations have been shown 

in Appendix M. 
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Fig. 4.169 Impact of Relative Density on Strain for Loma EQ (Surcharge Load 0.7 kPa) 

 

Impact of Base Acceleration on Strain in Loma Earthquake 

The influence of different base accelerations on strain under Loma earthquake has been 

shown in Fig. 4.170. In this graph, it has been observed that the changes of strain are 

increased with the rise of the base accelerations. For example, strains of 0.1g and 0.15g 

base acceleration are 6.3% and 4% lower than 0.2g base acceleration test respectively at 

normalized elevation 0.5. Further, at normalized elevation 0.75, strains of 0.1g and 0.15g 

base acceleration are 7.6% and 4.7% lower than 0.2g base acceleration test respectively. 

Similar kind of findings have been noticed among other experiments of Loma earthquake, 

which schematic representations have been mentioned in Appendix M. 
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Fig. 4.170 Impact of Base Acceleration on Strain for Loma EQ (R.D. 26%) 

 

Impact of Surcharge Load on Strain in Kocaeli Earthquake 

Fig. 4.171 shows the impact of surcharge load on strain at different normalized elevations 

among various Kocaeli Earthquake experiments. It has been observed here that the 

changes of strain are decreased at higher surcharge pressure and are increased at lower 

surcharge pressure. For example, strains of 1.72 kPa and 1.12 kPa Surcharge load are 9% 

and 2.8% lower than 0.7 kPa Surcharge Load respectively at normalized elevation 0.5. 

Moreover, at normalized elevation 0.75, strains of 1.72 kPa and 1.12 kPa Surcharge load 

are 11% and 6.4% lower than 0.7 kPa Surcharge Load respectively. Similar kinds of strain 

characteristics have been found from all other correlations among Kocaeli earthquake 

experiments, which graphical representations have been provided in Appendix M. 
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Fig. 4.171  Impact of Surcharge Load on Strain for Kocaeli EQ (R.D. 26%) 

 

Impact of Relative Density on Strain in Kocaeli Earthquake 

The impact of the relative density (R.D.) on the changes of Strain as per normalized 

elevations of the model wall under Kocaeli earthquake has been shown at Fig. 4.172. In 

this graph, it has been monitored that the changes of strain are decreased at higher relative 

density and are increased at lower relative density. For example, strains of 57% and 45% 

elative density sample are 12% and 7.2% lower than 26% relative density sample 

respectively at normalized elevation 0.5. Again, at normalized elevation 0.75, strains of 

57% and 45% relative density sample are 14.3% and 6.5% lower than 26% relative 

density sample respectively. Similar type of correlations has been observed for other 

experiments under Kocaeli earthquake, which graphical representations have been shown 

in Appendix M. 
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Fig. 4.172 Impact of Relative Density on Strain for Kocaeli EQ (Surcharge Load 0.7 kPa) 

 

Impact of Base Acceleration on Strain in Kocaeli Earthquake 

The influence of different base accelerations on strain under Kocaeli earthquake has been 

shown in Fig. 4.173. In this graph, it has been observed that the changes of strain are 

increased with the rise of the base accelerations. For example, strains of 0.1g and 0.15g 

base acceleration are 8.5% and 4% lower than 0.2g base acceleration test respectively at 

normalized elevation 0.5. Moreover, at normalized elevation 0.75, strains of 0.1g and 

0.15g base acceleration are 9.6% and 6.6% lower than 0.2g base acceleration test 

respectively. Similar kind of findings have been found among other experiments of Loma 

earthquake, which schematic representations have been mentioned in Appendix M. 
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Fig. 4.173 Impact of Base Acceleration on Strain for Kocaeli EQ (R.D. 26%) 

 

4.3 Summary 
 

To observe the seismic behavior of the wrap-faced retaining wall model in the transparent 

Plexiglas container, three different relative densities’ (48%, 64% and 80% for Sylhet sand 

and 26%, 45% and 57% for Local sand) models have been constructed. Three different 

surcharge loads (0.7 kPa, 1.12 kPa and 1.72 kPa) and three different base accelerations 

(0.1g, 0.15g and 0.2g) have been applied on this model walls under different frequencies 

sinusoidal waves and three different earthquakes (Kobe, Loma and Kocaeli). The impact 

of acceleration amplification, face displacement and strains in different layers have been 

plotted in graphical format and have been shown in this chapter to understand the changes 

on characteristics of the wrap-faced retaining wall models clearly. The summary of these 

test results has been described below:   

(i) From acceleration amplification vs normalized elevation graphs for both types of 

sand retaining wall under sinusoidal loading experiments, it has been observed that 

acceleration amplification is inversely proportional to both the surcharge load and the 

relative density. For example, acceleration amplifications of 0.7 kPa and 1.12 kPa 

surcharge load test at normalized height 0.5 are 5.86% and 2% higher than the 1.72 

kPa surcharge load test respectively for 48% relative density Sylhet sand model. On 
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the other hand, acceleration amplification is increased with the increment of base 

accelerations. Further, it has been noticed that acceleration amplifications of 15Hz, 

12Hz, 10Hz, 8Hz, 5Hz, 3Hz and 2Hz are 21%, 15.34%, 12.6%, 11.4%, 9.3%, 4.1% 

and 2.64% higher than 1Hz respectively at normalized height 0.5 for 48% relative 

density Sylhet sand model, which indicates that acceleration amplifications are 

increased with the rise of frequencies. In addition, maximum acceleration 

amplification has been observed at the top layer of the wall for all tests.   

(ii) Normalized face displacement vs normalized elevation graphs have been drawn in 

this thesis to understand the nature of face displacement of the retaining wall under 

sinusoidal testing. Here, face displacement at different elevations is decreased with 

an increase of surcharge load. Moreover, the face displacement has been decreased 

with the increase of the relative density at same normalized elevation. For example, 

face displacements for 57% and 45% relative density sample are 77.3% and 64.6% 

lower than 26% relative density sample respectively at normalized elevation 0.625 

for Local sand sinusoidal test. In addition, the face displacement has been increased 

with the rise of the base acceleration at the same normalized elevation. Besides that, 

the face displacement has been decreased with the increase of the frequency at the 

same normalized elevation. The maximum value of the displacements is observed at 

the top LVDTs for all tests.   

(iii) Strain gauges are used to measure the strain of different layers of retaining wall under 

sinusoidal loading. In has been noticed from these strain values that the changes of 

strain are decreased at higher surcharge pressure and are increased at lower surcharge 

pressure. Besides, the changes of strain are decreased at higher relative density and 

are increased at lower relative density. It has been also observed that strains of 0.2g 

and 0.15g base acceleration are 9.75% and 5% higher than the strain of 0.1g base 

acceleration respectively at normalized elevation 0.5 for 48% relative density Sylhet 

sand sample, which indicates the change of strain has been increased with the rise of 

base acceleration. Maximum strain value has been found at the top layer of the 

retaining wall.  

(iv)  During the comparison of acceleration amplification values with Krishna and Latha 

(2007), the acceleration amplification values for relative density 48% for Sylhet sand 

and relative density 26% and 45% for Local sand are taken into account. It has been 

seen that Krishna and Latha’s test results at normalized height 1 are bigger than ours 

and are lower at normalized height 0.25 and 0.5 than ours for both Sylhet and Local 
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sand retaining wall. Although Krishna and Latha used different relative densities of 

sand and different surcharge loads. Also, they used poorly graded sand and different 

scaling factor of the retaining wall from ours.  

(v) In case of the comparison of normalized face displacement with Krishna and Latha 

(2007), the face displacements for relative density 48% for Sylhet sand and relative 

density 26% and 45% for Local sand are considered in this research. At normalized 

elevation 0.875, Krishna and Latha’s deformations are greater for all frequencies than 

our Sylhet sand experiments but Krishna and Latha’s face displacement values are 

lower than all frequencies of two relative densities’ samples of Local sand at this 

point. Deformations at 2 kPa (KL3) surcharge load of Krishna and Latha is lower than 

our surcharge load 1.72 kPa for both type of sand retaining wall. Normalized 

deformations of 0.2g base acceleration of Krishna and Latha (KL7) are higher for all 

normalized elevations than our similar type of base acceleration’s experiments of 

R.D. 48% of Sylhet sand and R.D. 26% and R.D. 45% of Local sand.  

(vi)  The Sylhet sand retaining wall shows more acceleration amplification during 

sinusoidal loading than the Local sand retaining wall. Further, maximum deformation 

is occurred for lower densities Local sand samples and the minimum deformation is 

occurred for higher densities Sylhet sand samples. It has also been noticed that, 

maximum strain is placed for lower densities Local sand samples and the minimum 

strain is placed for higher densities Sylhet sand samples.  

(vii) While establishing the relationship between acceleration amplification and 

normalized elevation for three different type of earthquake testing (Kobe, Loma and 

Kocaeli) on both type of sand retaining walls, it has been noticed that acceleration 

amplification is inversely proportional with the increase of both the surcharge load 

and the relative density. On the other hand, acceleration amplification is risen with 

the increment of base accelerations. For example, acceleration amplifications of 0.1g 

and 0.15g base acceleration are 6.5% and 2.7% lower than 0.2g base acceleration 

respectively at normalized elevation 0.5 for 48% relative density Sylhet sand sample 

under Kobe earthquake testing. In all the tests, maximum acceleration amplifications 

have been found at the top layer of the wall.    

(viii) While plotting the graphs between normalized face displacement vs normalized 

elevation graphs for three different type of earthquake testing (Kobe, Loma and 

Kocaeli) on both type of sand retaining walls, it has been observed that, face 

displacement at different elevations is decreased with an increase of surcharge 
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pressure and relative density. For example, face displacements of 80% and 64% 

relative density sample are 12.9% and 8.2% lower than 48% relative density sample 

respectively at normalized elevation 0.625 for Loma earthquake experiment. 

Moreover, the face displacement has been risen with the increase of the base 

acceleration at the same normalized elevation. In all cases, the maximum value of the 

displacements is recorded at the top LVDTs.  

(ix)  During relating the changes of Strain along with the normalized elevation for three 

different type of earthquake testing (Kobe, Loma and Kocaeli) on both type of sand 

retaining walls, it has been monitored that the strain changes are reduced at higher 

surcharge pressure and are increased at lower surcharge pressure. It has been seen 

that, strains of 80% and 64% relative density sample are 13.3% and 7.2% lower than 

48% relative density sample respectively at normalized elevation 0.5 for Kobe 

earthquake test. So, the changes of strain have been decreased at higher relative 

density.  In addition, the changes of strain are increased with the rise of the base 

accelerations. Here, maximum strain value has been found at the top layer of the 

retaining wall.  
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Chapter Five 

CONCLUSION 
 

5.1 Overview 
 

It is the prime requirement to ensure the homogeneity and uniformity of the testing 

specimens for any experimental investigations. In this research, a pluviator device has 

been developed depending on the air pluviation technology. Then, two types of widely 

used Sand samples in Bangladesh, Sylhet and Local have been tested in different 

gradation in this pluviator to find out their relative densities and deposition intensities for 

specific height of falls. Based on the test results of pluviator, three different relative 

densities are chosen for two different types of sand specimens (Sylhet and Local) for 

preparation of sand bed of Shake table testing.  

 

Portable travelling pluviator consists of hopper, reducer, orifice plate, flexible pipe, rigid 

tube and diffuser sieves. The hopper, made of cast iron has a cylindrical component with 

a diameter of 400 millimeters and height of 150 millimeters. Here, a flow stopper is used 

to start or, stop the flow of sand from the hopper and to facilitate the stoppage of flow 

during the halt period. An orifice plate, a solid plate with a central circular opening is 

placed at the junction of the rigid tube-reducer joint in order to control the flow of the 

material moving from the upper to the lower level. A transparent rigid tube of 60 mm 

diameter and 310 mm height is used to continue the flow of sand from the flexible pipe 

to the diffuser sieve component. A 1.5 meters long transparent flexible pipe provides a 

continuous connection between the reducer and the rigid tube. Three sieve plates, made 

of mild steel and 60 mm diameter are used in the diffuser sieve. The performance of the 

pluviator has been monitored by using six different gradation of two types of sand 

samples.  

 

A 2m-by-2m computer-controlled servo-hydraulic single degree of freedom shaking 

table facility is used to simulate the horizontal shaking action in this thesis. Sinusoidal 

waves of different frequencies and three different earthquakes (Kobe, Loma and Kocaeli) 

are selected to apply on different densities sand retaining wall in order to observe their 

different kinds of characteristics from the recorded data of accelerometers, LVDTs and 
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strain gauges. A 408 mm (16 inch) height wrap-faced retaining wall model is constructed 

by considering the prototype to model scale factor, N=10 where, the applicable height of 

prototype wall is 4 m (13.39 ft) based on this study. 

 

A Plexiglas container of 1.79m X 0.46m X 0.57m is used to build the model by using the 

portable travelling pluviator which is required to control the relative density of the sand. 

Different relative densities sand is used to prepare the wrap-faced retaining wall model 

where, 48%, 64% and 80% relative densities of Sylhet sand and 26%, 45% and 57% 

relative densities of Local sand is used. Tests are conducted by applying three different 

surcharge pressures (0.7 kPa, 1.12 kPa and 1.72 kPa). Sinusoidal tests are implemented 

for three base accelerations (0.1g, 0.15g and 0.2g) and for eight different frequencies 

(1Hz, 2Hz, 3Hz, 5Hz, 8Hz, 10Hz, 12Hz and 15Hz). Total two-hundred sixteen test 

combination are conducted for each type of sand retaining wall under sinusoidal loading. 

On the other hand, eighty-one test combination are implemented for each kind of sand 

retaining wall under earthquake loading.  

 

The changes of acceleration amplifications, face displacements and strains along with the 

normalized elevations are discussed in Chapter-4 in details. Further, the comparisons of 

our test results with Krishna and Latha (2007) are described there. The comparison 

between Sylhet sand and Local sand retaining wall’s characteristics are also mentioned 

there. The full procedure of developing the portable traveling pluviator are explained in 

Chapter-3. In this chapter, the outcomes of this research are described in brief.  

 

5.2 Conclusions 
 

The findings of this research are summarized into three major categories which are, (i) 

Portable traveling pluviator, (ii) Sinusoidal response of Sylhet and Local Sand wrap-

faced retaining wall, (iii) Response of Sylhet and Local Sand wrap-faced retaining wall 

under Earthquake testing.  

Portable Traveling Pluviator 

After the construction of portable travelling pluviator, six different gradation of two 

different types sand sample (Sylhet and Local) has been used to observe the performance 

of the pluviator. The outcomes of developing pluviator are discussed below: 
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1) Relative density of sand increases with the rise of height of fall of a pluviator. 

Moreover, Sylhet sand gains more relative density than the Local sand at same height 

of fall due to the presence of larger size of coarser particles in Sylhet sand compared 

to the similar type of gradation of Local sand. 

2) Deposition intensity time of sand reduces with the increase of height of fall of the 

pluviator. Further, Local sand achieves higher deposition intensity time than the 

Sylhet sand at the same height of fall. 

3) There is an inverse relationship between relative density and deposition intensity 

time. Relative density increases with the decrease of deposition intensity time and 

vice versa. 

4) The effective particle size (D10) and average particle size (D50) of sand in different 

types of gradation play a vital role over the performance of the pluviator. 

 

Sinusoidal Response of Sylhet and Local Sand Wrap-Faced Retaining Wall 

The effect of acceleration amplifications, face displacements and strains in different 

normalized elevations of wrap-faced retaining wall under sinusoidal loading have been 

observed from the graphical representations in Chapter-4. The summarization of the 

experimental results is provided below: 

(i) It has been found from the acceleration amplification vs normalized elevation graphs 

for both types of sand retaining wall under sinusoidal testing that acceleration 

amplification is inversely proportional to both the surcharge load and the relative 

density. In addition, acceleration amplification has been increased with the increment 

of base accelerations. Also, acceleration amplifications have been increased with the 

rise of frequencies. The maximum acceleration amplification has been observed at 

the top layer of the wrap-faced retaining wall for all tests.   

(ii) Face displacement at different elevations has been reduced with an increase of 

surcharge load. Also, the face displacement has been decreased with the increase of 

the relative density at same normalized elevation. However, the face displacement 

has been increased with the rise of the base acceleration at the same normalized 

elevation. On the other hand, face displacement has been decreased with the increase 

of the frequency at the same normalized elevation. The maximum value of the 

displacements has been recorded at the top LVDTs for all tests. 
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(iii) Changes of strain have been reduced at higher surcharge pressure and are increased 

at lower surcharge pressure. Moreover, the changes of strain have been decreased at 

higher relative density and have been increased at lower relative density. Again, the 

changes of strain have been increased with the increase of the base accelerations. 

Also, the changes of strain have been decreased with the increase of the frequencies. 

The maximum strain value has been recorded at the top layer of the retaining wall. 

(iv) Krishna and Latha’s test results of acceleration amplification at normalized height 1 

are higher than ours and are lower at normalized height 0.25 and 0.5 than ours for 

both Sylhet and Local sand retaining wall. It has been noted that Krishna and Latha 

used different relative densities of sand and different surcharge loads in their research. 

In addition, they used poorly graded sand and different scaling factor of the wrap-

faced retaining wall from ours. 

(v) Krishna and Latha’s deformations have been greater for all frequencies than our 

Sylhet sand experiments at normalized elevation 0.875 but Krishna and Latha’s face 

displacement values are lower than all frequencies of two relative densities’ samples 

of Local sand at this elevation. Deformations at 2 kPa (KL3) surcharge load of 

Krishna and Latha is lower than our surcharge load 1.72 kPa for both type of sand 

retaining wall. Normalized deformations of 0.2g base acceleration of Krishna and 

Latha (KL7) are higher for all normalized elevations than our similar type of base 

acceleration’s experiments of R.D. 48% of Sylhet sand and R.D. 26% and R.D. 45% 

of Local sand.  

(vi) Sylhet sand retaining wall creates more acceleration amplification during sinusoidal 

loading than the Local sand retaining wall. Again, maximum deformation has been 

occurred for lower densities Local sand samples and the minimum deformation has 

been occurred for higher densities Sylhet sand samples. It has also been found that, 

maximum strain has been placed for lower densities Local sand samples and the 

minimum strain has been placed for higher densities Sylhet sand samples.   

Response of Sylhet and Local Sand wrap-faced retaining wall under Earthquake testing 

(i) Acceleration amplification is inversely proportional with the increase of both the 

surcharge load and the relative density for three types of earthquakes (Kobe, Loma 

and Kocaeli) testing. Besides, acceleration amplification has been risen with the 

increment of base accelerations. In all the tests, maximum acceleration amplifications 

have been recorded at the top layer of the wrap-faced retaining wall. 
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(ii) Face displacement at different elevations has been decreased with an increase of the 

surcharge pressure and the relative density. On the other hand, face displacement has 

been risen with the increase of the base acceleration at the same normalized elevation. 

In all cases, the maximum value of the displacements is found at the top LVDTs. 

(iii) Strain changes have been reduced at higher surcharge pressure and have been 

increased at lower surcharge pressure. Moreover, the changes of strain have decreased 

at higher relative density and have been increased at lower relative density. Again, 

the changes of strain have been increased with the rise of the base accelerations. Here, 

maximum strain value has been noticed at the top layer of the retaining wall. 

 

5.3 Research Contributions 
 

Portable travelling pluviator is an important device to ensure the uniform densification 

of the sand bed. It is a mandatory requirement for the preparation of any homogeneous 

soil structures in the Laboratory. The main target of this study is to construct a portable 

travelling pluviator by following air pluviation technique. Two widely-used sand samples 

with six different gradations are used in the pluviator to identify their specific properties 

during using via pluviator. So, these outcomes can be applied during preparation of any 

soil structures. 

 

A wrap-faced retaining wall model is designed in this research and it is prepared by using 

the pluviator. The influence of sinusoidal wave and earthquake load under different 

conditions on the wrap-faced retaining wall of two different types sand are investigated 

in this thesis. Different types of relationships between various parameters of retaining 

wall under seismic loading are observed in this research. Moreover, this research 

outcomes are compared with the previous research of Krishna and Latha (2007). The 

seismic properties of wrap-faced retaining wall structure from two widely-used 

Bangladeshi sand sample are supervised here.  

 

5.4 Recommendations for Future Research  
 

This research dealt with the construction of Portable Travelling Pluviator and its 

application on preparation of wrap-faced retaining wall model in the shake table testing. 

The following recommendations may be taken into consideration for future study –  
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a) Many other Soil structure models can be constructed by using the portable 

travelling pluvitor in order to conduct different tests in the Laboratory.  

b) Dynamic response characteristics of Wrap-faced retaining wall may be 

investigated by applying different pore water pressure on it. 

c) Study may be conducted on rigid face soil retaining wall under seismic loading.  

d) Dynamic behavior of different types of retaining wall model need to be studied 

by considering a wide range of prototype to model scale factor.  

e) Laminar shear box can be used instead of Plexiglas container and can be done 

further research.  
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