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This thesis consists of three main chapters. The evaluation of pullout resistance 

of the Bearing Reinforcement Earth (BRE) wall as an alternative retaining structure to 

support truck ramp for an onsite crusher in the Mae Moh mine, Thailand is presented 

in Chapter 3. Bearing reinforcement is an inextensible reinforcement type, which is 

manufactured by welding strongly between steel deformed bar (a longitudinal member) 

and a set of equal angle steel (transverse member). The pullout friction resistance can 

be calculated by utilizing the soil-reinforcement interaction factor, , which reduced 

linearly with fines content (F). The bearing pullout resistance is controlled in the failure 

plane during the pullout of a single transverse member ( )  and transverse members 

interference factor (IF). The water content to optimum water content ratio, w/wOWC and 

F are found to be dominant factors controlling both  and IF. The  reduced from /2 

to /3 with the increase in w/wOWC and F. The transverse members interference zone is 

larger for lower w/wOWC and F. The significant outcome of this research work is to 

inventively develop the generalized pullout resistance equations in terms of normal 

stress, shear strength parameters, fine content and water content, which are useful for 

the internal stability analysis of BRE walls during and post-construction. Chapter 4 

presents the performance of the BRE wall after the end of construction as well as during 
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CHAPTER I 

INTRODUCTION 

 

1.1 Background and problem statement 

Retaining wall structures are practically built to support foundation, 

excavation and stabilize slopes. Retaining wall structures have many types and 

patterns, which are used depending on construction purposes and/or construction 

constraints in civil engineering, transportation engineering, geotechnical engineering, 

and related fields. However, a retaining wall may lose its stability due to various 

influence factors such as variations in temperature or humidity, material degradation, 

and load variation. Furthermore, the serious loss of stability leads to collapse of the 

retaining wall and the surrounding infrastructures. 

Therefore, the studies of the stability of retaining walls have been investigated 

by many researchers. The performance studies of the retaining wall commonly 

divided into two assessments: external stability and internal stability. The external 

stability of the retaining wall structure is carried out based on the modes of failure, 

including sliding, overturning, bearing capacity and deep sated stability failure. While, 

the internal failure mode deals with in bending moment resistance, shear resistance, 

axial force resistance and cracking. Generally, the studied influence factor included 

wall height, wall width, uniform loads, and the cohesion and internal friction angle of 

the backfill of retaining walls are performed. 
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Technically, the design of these walls must satisfy two major requirements. 

First, the wall must have adequate external stability, which means it must remain 

stable in the desired location (except for small movements required to mobilize the 

active or passive pressures). Second, it must have sufficient internal stability (or 

structural integrity), which is able to carry the necessary internal stresses without 

rupture failure. Walls that have insufficient external stability experience failure in the 

soil, while those that have insufficient internal stability experience structural failure. 

These are two separate requirements, and each must be satisfied independently. Extra 

effort in one does not compensate for a shortcoming in the other. For example, adding 

more rebar (improving the internal stability) does not compensate for a footing that is 

too short (a deficiency in external stability) (Coduto, 2011). 

The drawback of the retaining wall design can sometimes lead to overdesigned 

structures that are poorly suited to the local environment (Kondolf et al., 2001).  Some 

stabilization concepts use synthetic or manufactured materials such as walls, 

mattresses, interlocking blocks hexagonal structures and vegetation and often involve 

interventions on the site condition (Abbe et al., 2011; Hare, 2008; Tilton, 2003).  

To better understand the mechanical performance of these types of walls, the 

comparison performance features between the predictions using design method in 

accordance with AASHTO (2014) such as force-based limit-equilibrium methods and 

empirical-based reinforcement stiffness methods and numerical methods are carried 

out (Allen et al., 2003, 2004 and Bathurst et al., 2008). 

Numerical modeling of mechanical stabilized earth (MSE) walls with hard 

facings using the finite element method (FEM) has been reported by Bathurst et al. 

(1992), Cai and Bathurst (1995), and Yoo et al. (2011). The finite difference methods 
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have been used to model MSE walls with hard and wrapped facings by Hatami and 

Bathurst (2005, 2006), Huang et al. (2009, 2010), and Yu et al. (2015a, 2015b). 

Vijayakumer et al. (2015) analyzed the static stability of retaining walls at 

Dewarwadi of Belagavi, India. They found that the existing walls were safe but 

uneconomical and oversized. To save materials, optimal dimensions of retaining walls 

were proposed. 

Liu and Chen (2013) analyzed the stability of a new type of walls with 

relieving plates by the FEM. The width of the relieving plates influenced the stability 

of the walls, and a reasonable value of relieving-plate width should be considered in 

real engineering. 

This research presents the innovative development of bearing reinforced earth 

(BRE) wall as an alternative retaining structure of track ramp support for onsite 

crusher in Mae Moh mine, Thailand. It demonstrates quick and easy construction 

technique and consider to be cost-effective construction. The various studied factors 

in this study, including the wall height, surcharge load, reinforcement vertical 

spacing, reinforced soil properties, retained/backfill soil properties, and foundation 

soil properties. The current common design practice of reinforced soil retaining walls, 

which is based on coherent gravity and lateral earth pressure approach, was used for 

the analyses. In addition, the case study of the collapsed retaining wall in riverbank 

Saraburi Province, Thailand is investigated, and the appropriate remedial approach is 

developed and employed to safely rebuild the retaining wall. Numerical results are 

compared to the measured data obtained from the site investigation, as well as the 

behavior of walls in order to confirm the factor of safety of the retaining wall. Finally, 
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the retaining wall is designed using the AASHTO standard, American Concrete 

Institute standard (ACI 530) and rebuilt to replace the existed one. 

The outcome of this research will lead to the practical design method useful 

for geotechnical engineers and practitioners. 

 

1.2 Research objectives and scope 

The three main objectives of this research are to address as following outlines: 

 

1. To predicting pullout resistance of bearing reinforcement embedded in 

cohesive-frictional soils. 

2. To study the performance of mechanical stabilized earth walls (MSE) for 

mining application. The performance of the MSE wall included tensile force of 

reinforcement, lateral movement, and vertical settlement. 

3. To analyze the case of failure of a collapsed riverbank protection structure, 

located in the curvature of the watershed along the Pasak river in Saraburi province, 

Thailand. The remedial method is also proposed. 

 

1.3 Structure of dissertation 

This thesis consists of three main chapters and divides according to the 

following outlines: 

Chapter I is the introduction part that presents the objective and scope of the 

study. 

Chapter II presents the literature review of the recent research papers related 

to type of retaining walls, lateral earth pressure, surcharge load on retaining wall, 

water load, basic of finite element analysis, and the aspects of case studies on the 

retaining wall with the finite element analysis of retaining wall.  
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Chapter III presents the predicting pullout resistance of bearing 

reinforcement embedded in cohesive-frictional soils. 

Chapter IV presents performance of bearing reinforcement earth walls (BSE) 

for mining application. The performance of the MSE wall included tensile force of 

reinforcement, lateral movement, and vertical settlement. This study confirm that 

BRE wall can be for mining application. 

Chapter V presents the case study of a collapsed riverbank protection 

structure, located in the curvature of the watershed along the Pasak river in Saraburi 

province, Thailand. Although efforts have been made to twice rehabilitate this 

collapsed structure, the rebuilt protection structures were unable to prevent 

progressive collapse damage and the causes of their failure remained elusive. The site 

investigation and finite element analysis were carried prior to providing the remedial 

approach on the collapsed structure. A remedial solution was devised using a new 

bored pile riverbank protection structure with the usage of geocomposites and ripraps. 

Geocomposites and ripraps were installed at the back and front of the bored pile walls 

to relieve the structure from seepage forces and to prevent soil erosion, respectively. 

Chapter VI concludes the research work, innovative equations useful for the 

internal stability analysis of bearing reinforcement earth walls during and post-

construction as well as provides the suggestion and recommendation on the retaining 

wall with the finite element analysis of retaining wall. 
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CHAPTER II 

LITERATURE REVIEW 

 
 

2.1 TYPE OF RETAINING WALLS 

The type of retaining wall is practically selected based on many important 

factors including desing loading, soil profile and geograhy, environmental issues, 

constructibiltiy and constraints of the site, and cost of construction and maintenance.  

2.1.1 Rigid gravity and semi-gravity walls  

Rigid gravity walls is often built of sandstone masonry, unreinforced 

concrete, or reinforced concrete (Coduto, 2001). Rigid gravity walls are also used in 

earth applications such as cut and  fill works. These walls have comparatively tight 

base widths and notused once the deep foundations are required. The rigid gravity 

walls are considerd as economical with low wall heights. 

Semi-gravity cantilever, counterfort and buttress walls (Figure 2.1) are 

built using reinforced concrete with the narrow based-widths. These walls might be 

used for cut and fill works. These walls can be constructed using either shallow or 

deep foundations.  They can be used as sound barrier walls, traffic and roadway sign 

structures. These walls are used for supporting drainage constructions 

andRutilitiesRand spanRexisting drainageRstructures andRloadrsensitiveutilities. They 

are the mostreconomical atrlow tormedium barrier heights. 

As the gravity walls and semi-gravity walls are rigid and heavy weight,  

they might be suitable for the construction site, whereby the foundations can be 

constructed to limit the totally and partially settlements within appropriate values. 
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Figure 2.1 Typicalrsemi-gravityrretainingrwalls 

 

2.1.2 Non-gravity cantilevered walls 

Non-gravityrcantileveredrwalls (Figure 2.2) arerconstructed of vertical 

structuralrmembersrconsisting ofrpartiallyrembeddedrsoldier piles or continuous sheet 

piles. Soldierrpilesrmay berconstructedrwith drivenrsteel piles, treatedrtimber, precast 

concreteror steel pilesrplaced inrdrilled holesrandrbackfilled withrconcrete orrcast-in-

placerreinforced concrete. Continuousrsheetrpiles may berconstructed withrdriven 

precastrprestressed concretersheet pilesror steel sheet piles. Soldierrpiles are faced 

withreither treatedrtimber, reinforcedrshotcrete, reinforcedrcast-inplacerconcrete, 

precastrconcrete or metalrelements. 
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This type wall isrsuitable forrboth cut and fillrapplications but is the 

mostrsuitable for cutrapplications. Because of the narrowrbase width ofrthisrtype 

wall, it isrsuitable forrsituations withrtight space constraints or right of wayrconstrain. 

 

 

 

 

Figure 2.2 TypicalrNon-gravityrcantileveredrretainingrwalls 

 

2.1.3 Anchoredrwalls 

Anchored walls (Figure 2.3) are commonly constituted of similar 

components as non-gravity cantilevered walls but acquire further horizontal resistance 

from one or more levels of anchors.  The anchors can be ground anchors (tiebacks) 

comprising of bored holes with prestressing steel tendons expanding from the wall 

face to an anchor area placed behind possible failure planes in the preserved earth 

weight. The structural anchors are comprised of ground anchors, reinforced concrete 

anchors or driven vertical pile anchors. They are applicable for circumstances 

involving one or more quantities of anchors when the anchors tie rods are restricted 
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conditions compelling a specific level of anchors.  The ground anchor tendons and tie 

rods are supplied with deterioration shield. The group of driven piles contains the 

tattered compressive piles and vertical tension piles linked with a reinforced concrete 

cap. They are located behind possible failure planes within the retained soil and are 

constructed to the wall by horizontal tie rods. 

The circulation of horizontal earth-pressure on anchored walls is 

affected by the structure and process of wall construction and the anchor pre-

stressing. Ground anchors are usually pre-stressed to a high rate of their design 

tension force whereas anchors with tie rods are attached to the wall with small 

prestress force. 

Anchoredrwallsrare normally built in cut conditions where construction

rproceeds from thertop-down to therbase of the wall. Forrsituations where fill is 

placedrbehind the wall, specialrconsideration in therdesign and constructionris 

requiredrto protect the groundranchors failurerfromrconstruction damagerdue to 

fillrplacementrand fillrsettlement. 

The vertical wall elements shouldrextend belowrpotentialrfailure plane 

associatedrwith therretained soil orrrock mass. The stable foundationrmaterial 

isrlocated at therbase of the wallrface, and onlyrminimalrembedment of the wall 

mayrberrequiredr (soldier pileless design). 

The prolonged creep behavior of the anchors is taken into design.  

Anchors are avoid to be located in soft soil layer. Anchored walls are used to improve 

unstable soil conditions. Providing groundwork material occurs at the location for the 

anchors, economical wall heights up to 20 m. 
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Figure 2.3 Typicalrsemi-gravityrretaining wallr 

 

2.1.4 Mechanicallyrstabilizedrearthrwalls 

Mechanically stabilized earth (MSE) walls (Figure 2.4) use both steel 

or geosynthetic reinforced soil materials, and upright or near vertical facing 

components. MSE walls act as a gravity wall, taking the horizontal force throughout 

the dead load of the reinforced soil mass behind the facing. 

MSE walls are typically utilized whererconventionalrreinforced concret

e retainingrwalls are notrconsidered, which arerparticularly wellrsuited forrsites 

where substantialrtotal andrdifferential settlements are expected. The acceptable 

differential displacement is limited by the deformability of the rwall rfacingr elements

 within the planerof the wallrface.  In the case ofrprecastrconcrete panels, 

deformablitiy is relied on the panel size and shape and the width of the joints between 
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panels.  These wall also use in the application of cut and fill works.  As its baserwidth 

isrgreater than that ofrconventionalrreinforced concrete walls, they are the most 

costreffective in fillrapplications.  

MSE walls are not practical used where floodplain erosion or scour 

may weaken the reinforced soil weight or the wall is constructed at sufficient depth or 

adequate scour protection is required to avoid the erosion or scour. MSE walls are not 

suitable for supporting bridge abutments with shallow foundations or pile supported 

bridge abutments where seismic movements of the abutment may impose enormous 

load on the wall face panels and the soil reinforcement to face panel connections.  

MSE walls are used in front of pile supported bridge abutments where the seismic 

forces from the bridge super structure are limited by elastomeric bearing pads 

supporting the bridge super structure. These limited seismic forces shall be considered 

in the design of the MSE wall. The design service life shall be approximately 75 years 

for MSE walls in front of pile supported bridge abutments. 

MSE walls are not recommended to use with aggressive environmental 

conditions unless environment specific studies of the long-term corrosion or 

degradation of the soil reinforcement are conducted. 

MSE walls with steel reinforced soil might be applicable when 

defrosting salts are used if an impervious cap is constructed at the ground surface 

above the soil reinforcement and adequate control of surface run off is provided 
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Figure 2.4 Typical semi-gravity retaining walls 

 

2.1.5 Prefabricated modular walls 

Prefabricated sectional walls (Figure 2.5) use stacked or interconnected

 structural elements with backfill to withstand earth pressures by acting as gravity 

retaining walls. Structural components comprising of preserved timber, or precast 

reinforced concrete are used to form a cellular system. In addition, the backfill is 

constructed as a crib wall or steel segments are bolted together to form a similar 

system to construct a bin wall. Rock filled wire gabion baskets are used to construct a 

gabion wall. Solid precast concrete units or segmental concrete masonry units are 

stacked to form a gravity block wall. 
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Prefabricated modular walls may be used where conventional 

reinforced concreterwalls are notrconsidered. Steel modular systemsrshall not be used 

whereraggressiverindustrial pollutants orrother environmentalrconditions such as use 

of deicingrsalts or cathodicrprotection of nearbyrpipelines are presentrat a given site.  

The aestheticrappearance of somerof these type wallsris governed by 

the naturerof the structuralrelements used. Thoserelements consistingrof precast 

concrete, mayrincorporatervarious aestheticrtreatments. This typerwall is most 

economical forrlow tormediumrheightrwalls. 

 

 

 

Figure 2.5 Typical prefabricated modular walls 
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2.2 EARTH PRESSURE 

The loadsrgoverning the designrof retaining wallrarise primarilyrfrom the soil 

and waterrsurrounding therwall and from otherrinfluences such as surfacersurcharges 

and externalrloads appliedrdirectly to the piling. Current methodologies for evaluating 

theserloads arerdiscussed in the followingrparagraphs. 

2.2.1 Lateral Earth pressures 

Retaining walls such as rigid gravity walls, cantilevered walls, 

anchored walls, MSE walls and pre-fabricated modular walls are generally 

constructed in foundation suitable. Suitable design and construction of the wall 

structures require a comprehensive understanding of the lateral forces that act 

between the structures and soil masses. These lateral forces are caused by lateral earth 

pressure. This chapter aims to review the various earth pressure theories. 

Earth pressures reflectrthe state of stress in the soilrmass. The concept 

of an earth pressurercoefficient, K is often used to describerthis state of stress  

(Budhu, 2000). rThe earthrpressure coefficientris defined as the ratio of horizontal 

stresses to thervertical stresses atranyrdepth belowrthe soilrsurface: 

 

h

v

K



=         (2.1) 

 

Earthrpressuresrfor any givenrsoil-structurersystem have 3 types of the 

followingrfrom: an initialrstate of stressrreferred to asrat-rest, arminimum limit state 

referredrto asractive, or armaximum limit staterreferred to asrpassive. 
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Figure 2.6 Definition of at-rest, active, and passive pressures 

 

a. At-restrpressures: At-restrpressure refers to arstate of stressrwhere 

there is no lateralrmovement orrstrain in the soilrmass. In thisrcase, the lateralrearth 

pressures are those that arerexisted in therground prior torinstallation of a wall         

(Brooker, 1965). Thisrstate of stress isrshown in Figure 2.6aror Eq. 2.2 

 

0v

o

h

K K





= =


       (2.2) 

 

Where 

 

oK  is at-rest earth pressure coefficient 

 

b. Activerpressures: Active soil pressureris the minimumrpossible 

value of horizontal earthrpressure at anyrdepth. This pressurerdevelops whenrthe 

walls move or rotateraway from thersoil allowing thersoil to expandrhorizontally in 
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therdirection of wallrmovement. The state of stressrresulting in activerpressures is 

shownrin Figure 2.6b or Eq. 2.3 

 

0 0

h a

a

v v

K K
 

 

 
= = =

 
      (2.3) 

 

Where 

 

aK  is active earth pressure coefficient. 

 

c. Passiverpressures: Passive (soil) pressure is the maximum possible 

horizontal pressurerthat can berdeveloped at anyrdepth from a wall moving or rotating 

towardrthe soil andrtending torcompress thersoilrhorizontally. The state of stress 

resulting in passiverpres-sures is shownrin Figure 2.6c or Eq. 2.4 

 

0 0

ph

p

v v

K K


 


= = =

 
      (2.4) 

 

Where 

 

pK  is passive earth pressure coefficient. 

 

Figure 2.7 shows the nature ofrvariation ofrlateral earthrpressure 

withrthe wall tilt. Typical values of /aL H  andr /pL H for attaining theractive and 

passiverstates in various soils are givenrin Table 2.1 
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Figure 2.7 Variation of  the magnitude of lateral earth pressure with  wall tilt 

 

Table 2.1 Typical Values of /aL H  and /pL H  

Soil type  La/H  Lp/H 

Loose sand 

Dense sand  

Soft clay 

 Stiff clay 

0.001-0.002 

0.0005-0.001 

0.02 

0.01 

0.01 

0.005 

0.04 

0.02 

 

2.2.2 Earth pressure at rest 

The fundamentalrconcept of earthrpressure at rest wasrdiscussed in the 

previous part. In rorder tordefine the earthrpressure coefficientr oK  at rest, we refer to 

Figure 2.8, whichrshows the wallrretaining a dryrsoil with arunit weight of  . The 

wall is static (Das, 1987, 1994). At  ardepth z, where verticalreffective stress  

0 z  =  the horizontalreffective stress :  h oK z  = .  
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


=


= at-rest earth pressure coefficient 

 

For coarse-grained soils, thercoefficient of earthrpressure at rest can be 

approximated byrusing the empiricalrrelationship (Jaky, l944) 

 

1 sinoK = −        (2.5) 

 

Where     is drained friction angle 

 

When designing a wall under the lateral earth pressure at rest, it must consider 

of estimating the value of Ko. Sherifret al. (1984) conducted laboratory tests and 

indicated that Jaky's equation for Ko (Eq.2.5) provides reasonable results for loose 

sand backfill material. However, for dense sand backfill, Eq. (2.6) might grossly 

underestimate the lateral earth pressure at rest. This is due to the resulted from the 

process of soil compaction. Hence, the recommendation for the design can be found 

as follows: 

 

( )
(min)

1 sin 1 5.5d
o

d

K





 
= − + − 

  
    (2.6) 

 

Where  

 

d  is actual compacted dry unit weight of the sand behind the wall 

(min)d  is dry unit weight of the sand in the loosest state 
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Figure 2.8 Earth pressure at rest 

 

For fine grained, normallyrconsolidated soils, Massarsch (1979) 

suggested the followingrequation for Ko, 

 

(%)
0.44 0.42

100
o

PI
K

 
= +  

 
     (2.7) 

 

For overconsolidatedrclays, the coefficient of earthrpressure at restrcan 

be approximated as 

 

( ) ( )o overconsolidated o normally consolidatedK K OCR=    (2.8) 

 

Where   OCR  is overconsolidation ratio 

 

The overconsolidation ratio is defined as 
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vo

y

OCR





=


       (2.9) 

 

Figure 2.8 shows therdistribution of lateral earthrpressure at rest onra 

wall of height Hrretaining a dry soilrhaving a unit weight of  . The totalrforce per 

unit length ofrthe wall, oP  is equalrto the area ofrthe pressurerdiagram, so 

 

1

2
o oP K H=        (12.10) 

 

2.2.3 Earth pressure at rest for partially submerged soil 

Figure 2.9a indicates a wall ofrheight H. Thergroundwater table is at a 

depthr 1H  below the ground surface, and there is norcompensating water on the other 

siderof the wall. Forr 1z H ,rthe lateral earth pressurerat rest can bergiven as 

h oK z  = . The difference of h   withrdepth is given by trianglerACE  in Figure  2.9a. 

However, for 1z H (i.e., below thergroundwater table), the pressureron the wall is 

found fromrthe effectiverstress andrpore waterrpressure components viarthe equation 

 

( )1vo H z H   = + −       (2.11) 

 

Where 

  

sat w   = −        (2.12) 

 

So thereffective lateralrpressure at rest is 
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 1 1( )h o v oK K H z H    = = + −     (2.13) 

 

Thervariation of h   with depth is shown by CEGrB in Figure 2.9a. 

Again the lateral pressurerfrom pore water is 

 

( )1wu z H= −        (2.14) 

 

The variation of a withrdepth is shown in Figure 2.9b 

Hence, the totalrlateral pressure from earth andrwater at any depth 

1z H , is equal to 

 

h h u = +      

 1 1 1( ) ( )o wK H z H z H  = + − + −     (2.15) 

 

The force per unit length of the wall can berfound from  the sum of the 

areas of the pressurerdiagrams in Figures 2.9a and 2.9b andris equal to (Figure 2.9c) 

 

( )2 21 1
1 1 2 22 2o o o o wP K H K H H K H   = + + +    (2.16) 
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Figure  2.9 Distribution of earth pressure at rest for partially submerged soil 

 

2.2.4 Rankine’s theory of active pressure 

The phraserplastic equilibrium inrsoil refers to the conditionrwhere 

every point in a soilrmass is on the verge ofrfailure. Rankine (1857) rinvestigated the 

stress conditionsinrsoil at a state ofrplastic equilibrium.  
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Figure 2.10 Rankine's active earth pressure 

 

  Figure 2.10a shows arsoil mass that is bounded by arfrictionless wall, 

AB, that extends to anrinfinite depth. Thervertical and horizontalreffective principal 

stresses on a soil elementrat a depth z  are o   and h  , respectively. If therwall AB is 

not allowed to move, then ' 'h o ok = . The stressrcondition in the soilrelement can 

berrepresented by therMohr'srcircle a in Figurer2.10b. rHowever, rif therwall AB  is 

allowed to moveaway from thersoil mass gradually, Therhorizontalprincipal stress wil

l decrease. Ultimrlately arstate will be reached when therresscondition in the soil ele-

ment can berrepresented by the rcircle b, the state of plasticrquilibrium, and failure of 

the soil will occur. Thisrsituationrrepresents Rankine's activerstate, and the 

 
B B’ 
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effectiverpressure 'a  on thervertical plane (which is a principal plane) isrRankine's 

active earthrpressure. We next derive 'a  inrterms of , , ',z c and ' from Figure 

2.10b 

 

'sin
CD CD

AC AO OC
 = =

+  

 

Chapter 12 LateralrEarth Pressure: At-Rest, Rankine, rand Coulomb 

But 

 

' '

' '

2

cot

o aCD radius of the failure circel

AO c

 



−
= =

=

 

 

And 

 

' '

2

o aOC
 +

=  

 

So 

 

' '

'

' '
' '

2sin

cot
2

o a

o ac

 


 



−

=
+

+

 

 

Or 

 

' ' '
' ' '

'

cos
cos sin

2 1 sin

o ac
  

 


+
+ =

+
 

 



 

 

27 

 

Or 

 

' '
' ' '

' '

1 sin cos
2

1 sin 1 sin
a o c

 
 

 

−
= −

+ +
     (2.17) 

 

But 

 

'

a = vertical effective overburden pressure =  z 
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2

'

1 sin
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1 sin 2

 
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And 

 

' '

'
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1 sin 2

 



 
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Substitutingrthe preceding valuesrinto Eq. (2.17), we get 

 

' '
' 2 'tan 45 2 tan 45

2 2
a z c

 
 

   
= − − −   

   

    (2.18) 

 

The variation of 'a  with depth is shown in Figure 2.10c. For cohesionless 

soils, ' 0c = and 
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The ratio of 'a  to 'o  is calledrthe coefficientrof Rankine's active 

earth pressure and is given by 

 

' '
2

'
tan 45

2

a
a

o

K
 



 
= = − 

 

     (2.20) 

 

  Again, fromrFigure 2.10b, it is seen thatrthe failure planes in thersoil 

make (45 , / 2) + degreerangles with therdirectionrof the major principalrplane that is, 

the horizontal. These arercalled potentialrslip planes and arershown in Figure 2.10d. 

  It isrimportant torrealize that a similar equationrfor a  could be 

derived based on thertotalrstress shearrstrengthrparameters - that is, tanf c  = + . 

For this case, 

 

tan 45 2 tan 45
2 2

a z c
 

 
   

= − − −   
   

   (2.21) 

 

2.2.5 Rankine’s theory of passive pressure 

Rankine'srpassive statee can berexplained with theraid of Figure 2.11 A

B is a frictionless wall that extends to an infiniterdepth (Figure 2.11a). The initial 

stress condition on a soilrelement is representedrby the Mohr's circle a in Figure 2.l1b. 

When the wall is graduallyrpushed in to the soil mass, thereffective principal stress

'

h  will increase. Ultimately,rthe wallrwill attain a situationrwhere the stress condition 

for the soil element can berexpressed by the Mohr’srcircle b. At this time, failurerof 

the soil will occur. Thisrsituation is referred to asrRankine's passive state. Therlateral 
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earth pressure 
'

p  whichris the major principalrstress, is called Rankine’s passive earth 

pressure. From figure 2.11b, it be shownrthat  

 

' '
' ' 2 'tan 45 2 tan 45

2 2
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 
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   (2.22) 

 

The derivation is like that for Rankine's active state. 

Figure 2.10 illustrates the difference ofrpassive pressure withrdepth. Fo

r cohesion-less soils ( )' 0c = , 
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pK (the ratio of effectiverstresses) in the preceding equation is 

referred to as the coefficient of Rankine'srpassive earth pressure. 
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Unit weight of soil = γ 
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Figure 2.11 Rankine's passive earth pressure 

 

  The points D and D’ on the failure circle (see Figure 2.11b) directly 

relate to the slip planes in the soil. For Rankine's passive state, the slip planes make 

(45 / 2) + - degree angles with the direction of the minor principal plane - that is, in 

the horizontal direction. Figure 2.11d indicates the distribution of slip planes in the 

soil mass. 

2.2.6 Rankine active and passive pressure with sloping backfill 

In Sections 2.3.4 through 2.3.5, the retainingrwalls with vertical and 

horizontalrbackfills are considered. In somercases, however, the backfillrmay be 

continuously sloping at anrangle a with therhorizontal as shown inrFigure 2.12 for 

B 
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active pressure case. In such cases, therdirection ofrRankine's activeror passive 

pressures is no longer horizontal. Furthermore, they arerinclined at an angle a with 

therhorizontal. If the backfill is argranular soil with ardrained frictionrangle   , and

0c = , then 

 

a azK  =         (2.24a) 

     

Where 

 

2 2

2 2

cos cos cos
cos

cos cos cos
aK

  


  

− −
=

+ −
     (2.24b) 

 

The active force perrunit length of therwall can be given as 

 

21

2
a aP K H=         (2.25) 

 

The line of action of the resultantracts at a distance ofrH/3 measuredrfrom the 

bottom of the wall.  

Similarly, therRankine passive earthrpressure for a wall of height H with a 

granular slopingrbackfill can berrepresented by the expression 

 

21

2
p pP H K=         (2.26) 

 

Where 
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2 2

2 2

cos cos cos
cos

cos cos cos
pK

  


  

+ −
=

− −
     (2.27) 

 

is the passive earth pressure coefficient. 

For the activerforce case, the resultant force PP is decreased at an angle with 

therhorizontal and intersectsrthe wall at a distance of H/3 determined from the bottom 

of the wall.  

 

γ

H

z
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ϕ  
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σ a 

Frictionless
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Figure 2.12 Frictionless vertical retaining wall with sloping backfill 

 

COULOMB'S EARTH PRESSURE THEORY 

Since 200 yearsrago, Coulomb (1776) rpresented a concept for active and 

passive earth pressuresragainstrretaining walls. In thisrtheory, Coulomb presumed that 

the failurersurface is arplane. The wall friction was takenrintorconsideration. The 
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followingrsections discuss thergeneralrprinciples of the derivationrof Coulomb's earth 

pressure theoryrfor a cohesionlessrbackfill (shears trengthrdefined by the equation 

tanfT   = ). 

2.2.7 Coulomb’s Active Pressure 

Let AB (Figure 2.13a) be the back face of a rwall supportingragranular 

soil, the surface ofrwhich is constantlyrsloping at an angle a with therhorizontal. BC 

is a trial failurersurface. In the stabilityrconsideration of therprobable failurerwedge 

ABC, therfollowing forces arerinvolved (per unit length of the wall): 
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Figure 2.13 Coulomb's active pressure: (a) trial failure wedge, (b) force polygon 

 

l. W, the weight of the soil wedge. 

2. F, the resultantrof the shear and normal forces on the surface of 

failure. BC. This is inclined at anrangle of   to the normalrdrawn to the plane BC. 

B 



 

 

34 

 

3. ,aP the active force perrunit lengthro1'the wall. The direction of aP  is 

inclined a tanrangle  to the normalrdrawn to the face of the wall thatrsupports the 

soil.  is the angle of frictionrbetween the soil and therwall. 

The force triangle forrthe wedge isrshown in Figure 2.13b. Fromrthe 

law of sines, we have 

 

' 'sin(90 ) sin( )

aPW

     
=

+ + − + −
    (2.28) 

 

Or 

 

'

sin( )

sin(90 )
aP W

 

   

−
=

+ + − +
    (2.29) 

 

The preceding equation can be written in the form 

 

2

2

1 cos( )cos( )sin( )
[ ]

2 cos sin( )sin(90 ')
a

a
P H

a

    


    

− − −
=

− + + +
  (2.30) 

 

where  = unit weightrof the backfill. The values of , , , , 'H a   , and   are 

constants, and   is theronly variable. Tordetermine the critical value of   for 

maximum aP , we have 

 

0adP

d
=         (2.31) 

 

  After solving Eq. (2.31), when therrelationship of  is substituted into 

Eq. (2.30), we obtain Coulomb's active earthrpressure as 
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21

2
a aP K H=       (2.32) 

 

where aK is Coulomb's active earth pressurercoefficient and is given by 

 

2

2

2

cos ( ' )

sin( ')sin( ' )
cos cos( 0) 1

cos( )cos( )

aK

a

a

 

  
 

  

−
=

 + −
+ + 

+ − 

  (2.33) 

 

Note thatrwhen 0 , 0a =  =   and 0 =  , Coulomb's activerearth 

pressure coefficient be comesrequal to (1 sin ') / (1 sin ') − + , which is thersame as 

Rankine's earth pressurercoefficient givenrearlier in this chapter. 

2.2.8 Coulomb's passive pressure 

Figure 2.14a shows arretaining wall with a slopingrcohensionless 

backfill like that illustration in Figure 2.13a. Therforce polygonrfor equilibrium of the 

wedge ABC for therpassive state is shown inrFigure 2.14b. pP  represents the passive 

force. Otherrnotations used are thersame as that for theractive case (Section 2.10). In a 

simiral procedure  the active case [Eq. (2.32)],  

 

21

2
p pP K H=       (2.34) 

 

Where  

pK  is Coulomb's passive earth pressure coefficient, or 
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2

2

2

cos ( )

sin( )sin( )
cos cos( ) 1

cos( )cos( )

pK
 

   
  

   

−
=

  − +
+ − 

− +  

  (2.35) 

 

For a frictionless wall with the vertical back face supporting granular 

soil backfill with a horizontal surface (that is, 0 = , 0 = ,and 0 = ), Eq.(2.35) 

 

21 sin
tan (45 )

1 sin 2
pK

 



 +
= = +

−
    (2.36) 
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Figure  2.14 Coulomb's passive pressure: (a) trial failure wedge; (b) force polygon 
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2.3 SURCHARGE LOADS ON RETAINING WALLS 

2.3.1 Point-load surcharge 

Boussinesq (1985) solved the problemrstresses produced at any point 

in a homogeneous, elastic, and isotropic mediumrproduced from arpoint load on the 

surface werergiven in [Eq. (2.37), (2.38) and (2.39)]. 

 

2 2 2 2

5 2 3 2

3
(1 2 )

2 ( )
x

P x z x y y z

L Lr L z L r
 



  − 
 = − − +  

+   
   (2.37) 

 

2 2 2 2

5 2 3 2

2
(1 2 )

2 ( )
x

P y z y x x z

L Lr L z L r
 



  − 
 = − − +  

+   
   (2.38) 

 

And 

 

3 3

5 2 2 5/ 2

3 3

2 2 ( )
x

P z P z

L r z


 
 = =

+
    (2.39) 

 

Where 

 

2 2

2 2 2 2 2

'

r x y
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Figure 2.15 Stresses in an elastic medium caused by a point load 

 

 It is now to apply Eq. (2.37) to compute the lateral pressure on a retaining wall 

caused by the point load Q located at the surface of the backfill as shown in Figure 

2.16a. If the load Q is placed on the plane of the section shown, y can be substituted 

as 0 in Eq. (2.37). Also, assuming that 0.5 = , 

 

2
'

5

3

2
h

Q x

L




 
=  

 

       (2.40) 

 
Where 

 

2 2L X Z= + . Substituting  

x mH=   and  

z nH=  into Eq. (2.40), we have 
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( )

2
'

5 22
2 2

3

2
h

Q m n

H m n



=

+
      (2.41) 

 

The horizontal stress expressed by Eq. (2.41) does not include the restraining 

effect of the wall. This expression was investigated by Gerber (1929) and Spangler 

(l938) with large-scale tests. On the basis of the experimental findings, Eq. (2.41) has 

been modified as follows to agree with the real conditions: 

0.4,For m    

 

( )

2 2
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32
2 2
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h

Q m n

H m n
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+
      (2.42) 

 
0.4,For m   
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2
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32
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0.16
h

Q n

H n
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+
      (2.43) 
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Figure 2.16 Lateral pressure on a retaining wall due to a (a) point load, (b) line load,  

         and (c) strip load 

 

2.3.2 Line-load surcharge 

Figure 2.16b shows the distribution of lateralrpressureragainst the 

vertical back face of therwall caused by a line-load surcharge placedrparallel to the 
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crest. The modified forms of therequations [similar to Eq. (2.42) and (2.43) for 

thercase of point load surcharge] forrline-loadrsurcharges are, respectively, 

 

( )

2
'

2
2 2

4
( 0.4)h

q m n
for m

H m n



= 

+
   (2.44) 

 

And 

 

( )
'

2
2

0.203
( 0.4)

0.16
h

q n
for m

H n
 = 

+
  (2.45) 

 

Where 

 

q =  load per unit length of the surcharge. 

 

2.3.3 Strip-load surcharge 

Figure 2.16c shows arstrip load surcharge with anrintensity of q per 

unit area located at ardistance 1m , from a wall of height H . Onrthe basisrof the 

theory of elasticity, therhorizontal stress at ardepth z on a retainingrstructure can be 

given as 

 

( )' sin cos 2h

q

H
   = −     (2.46) 

 

The angles   and   arerdefined in Figure 2.16c. For actual soil behavior (from the 

wall restraining effect). therpreceding equation can bermodified to 

 

( )' 2
sin cos 2h

q

H
   = −    (2.47) 
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The nature of the distribution of 
'

h , withrdepth is shownrin Figure 2.16c. The force 

P  per unit length of therwall caused by the strip load alonercan berobtained byrinte-

gration of 
'

h  withrlimits of z rfrom 0 to H  (Lambe, 1969-1979). 

 

2.4 OTHER LIVE LOADS 

2.4.1 Live load (people) 

A horizontalrload on the top edgershould be considered due to the 

peaples, which can act in bothrdirections (tension /rcompression). Its value is 0.5 

kN/m. 

2.4.2 Live load (vehicle) 

Live load is not a requirement to bearrthe load of an intentionallyrcolli-

sioning vehicle. Thervehicleload is applied atrslow, e.g. reversing intorconsideration.

The load is a concentrated 5 kN/mrforce and the point ofrcontact is at 1.2 m height 

(Figure 2.17). 
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Fig. 2.17 Vehicle load and dry-side water pressure 
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2.5 FAILURE MODE OF RETAINING WALLS 

 Retaining walls are constructed to provide sufficient structural ability with 

suitable movements, sufficient foundation bearing capacity with appropriate 

settlements, and satisfactory stability of slopes adjacent to walls (Lee et al., 1973; 

Anderson et al., 1985). The tolerable level of lateral and vertical deformations is 

controlled by the type and location of the wall structure and surrounding facilities. 

2.5.1 External failure 

Like the conventional reinforced concrete cantilever and gravity 

retaining walls, MSE structures are considered the following four potential external 

failure mechanisms: 

1) Sliding of the reinforced soilrblock over therfoundation soil 

2) Overturning of the reinforced soilrblock 

3) Bearing capacity failure of therfoundation soil 

4) Deep satedrstability failure )rotational slip-surface orrslip along a 

plan of weaknes) 

  The external failures of therMSE structures are shown in r2.18. Due to 

its flexibility andrsatisfactory field performance, the factor of safety values for 

external failure arerlower than those used forrclassical unreinforced retaining 

structures. For example, rthe factor of safety forroverall bearingrcapacity is 2 lower 

than therconventional value of which isrused for more rigidrstructures. The sliding 

requirement forrexternal stabilityrgenerally governs therdimension of the MSE 

structure. 
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(a) Sliding (b) Overturning

(c) Bearing (d) Circular slip
 

 

Figure 2.18  Potential external failure mechanisms of MSE structures 

 

2.5.2 Internal failure 

  The reinforced soilrstructure is internally stable once the reinforcement 

can carry the tensilerstress and shear stress.  

  The internal failure modercan be categorizedrinto two theories (Figure- 

2.22): 

1) Tensile failure isrcaused by rupture ofrreinforcement. Tension 

roccurs when the tension developed in the reinforcementrexceeds its tensile strength. 

2) Slippage failure is caused byrslippage between soil and which 

mayrbe called pullout, rfriction or bond failure of the reinforcement. Friction on 
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failure will occurrwhen tension isrless than itsrtensile strength butrgreater than 

friction or bond resistance of the reinforcement. 

 

Tension Failure Pullout Failure
 

 

Figure 2.19  Internal failure mechanisms of MSE structures 

 

 

2.6 THEORY OF FINITE ELEMENT ANALYSIS 

2.6.1 Elastic strains 

Materialrmodels for soilrand rock are generally expressed as 

arrelationship between infinitesimalrincrements of effective stress (effective stress 

rates) and infinitesimal increments of strainr (strain rates) rBrinkgreve, (2014). 

Thisrrelationship may berexpressed in the form: 

 

' M =        (2.48) 

 

Where  

 

M is a material stiffness matrix.  
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   The simplest material model inrPLAXIS is based onrHooke’s law for 

isotropic linear elastic behavior. This model isravailable under thername Linear 

Elastic model, but it is also the basis of other models. rHooke’s law can bergiven by 

the equation: 
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       

− 
 

(2.49) 

 

 

   The elastic materialrstiffness matrix is oftenrdenoted as eD . Two 

parameters are used inrthis model, theveffective Young’s 'E , and the 

effectiverPoisson’s ratio,   . In the remaining part of thisrmanual effective parameter 

arerdenoted without dash ( )' , unless ardifferent meaning isrstated. The symbols E and 

 arersometimes used in this manualrin combination with thersubscript ur to 

emphasizerthat the parameter is explicitlyrmeant for unloadingrand reloading. A 

stiffnessrmodulus may also be indicated with thersubscript ref  to emphasize that it 

refersrto a particular reference level ( )refy . 

   Accordingrto Hooke’s law, the relationshiprbetween Young’srmodulus 

E and other stiffness modulus, such asrthe shear modulus G  , the bulk modulus K , 

and the oedometerrmodulus oedE , is given by: 
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2(1 )

E
G

v
=

+
      (2.50a) 

 

3(1 2 )

E
K

v
=

−
      (2.50b) 

 

(1 )

(1 2 )(1 )
oed

v E
E

v 

−
=

− +
      (2.50c) 

 

   During the input of materialrparameters for the Linear Elasticrmodel or 

the Mohr-Coulomb model the values ofr G and oedE  are presented asrauxiliary 

parameters (alternatives), calculated fromrEq. (2.53). Note that theralternatives are 

influenced by the inputrvalues of E  and  . Entering a particular valuerfor one of the 

alternatives G  or oedE  results in archange of ther E  modulus, while   remains the  

same. 

   It is possible for therLinear Elastic modulerand therMohr-Coulomb 

model to specify a stiffness that variesrlinearly with depth.  

Together with therinput of incE  the input of refy  becomes relevant. 

Above refy  therstiffness is equal to refE . Below therstiffness is given by: 

 

( ) ( )ref ref inc refE y E y y E y y= + −     (2.51) 

 

The LinearrElastic model is usuallyrinappropriate to model therhighly 

non-linearrbehavior of soil, but it isvof interest to simulaterstructural behavior, such 

as thickrconcrete walls or plates, forrwhich strength propertiesrare usually very high 

comparedrwith those of soil. For theserapplications, therLinear Elastic model will 
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often berselected together with Non-porous type ofrmaterial behavior in order to 

exclude pore pressures fromrthese structural elements. 

2.6.2 Undrained effective stress analysis (effective stiffness parameters). 

In PLAXIS it is possible torspecify undrained behaviorrin an effective 

stress analysis using effective modelrparameters. This is achieved byridentifying the 

type of material behavior (Drainagertype) of a soil layer as Undrainedr (A) or 

Undrained (B). In this section, it is explainedrhowrPLAXIS deals with thisrspecial 

option. 

The presence of porerpressures in a soil body, rusually caused by 

water, contributes to the total stressrlevel. According to Terzaghi’srprinciple, total 

stresses   can berdivided into effective stresses   and porerpressures w . However, 

water is supposedrnot to sustain any shear stress, andrtherefore thereffective shear 

stresses are equal to thertotal shear stresses: 

 

'xx xx wp = +       (2.52a) 

 

'yy yy wp = +       (2.52b) 

 

'zz zz wp = +       (2.52c) 

 

'xy xy =        (2.52d) 

 

'yz yz =        (2.52e) 

 

'zx zx =        (2.52f) 
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Noterthat, similar to the total and the effective stress components, wp  is 

consideredrnegative for pressure. 

Arfurther distinction is maderbetween steady state pore, steadyp , and 

excess pore stress, excessp : 

 

w steady excessP P P= +       (2.53) 

 

Steady staterpore pressures are consideredrinput data, i.e. generated on 

the basis of phreatic levels. Excess pore pressuresrare generated during plastic 

calculations for thercase of undrained (A) or (B)rmaterial behavior or during a 

consolidation analysis. Undrainedrmaterial behavior andrcorresponding calculation of 

excess porerpressure are described below. 

 

w excessP P=       (2.54)  

 

Hooke’s law can be inverted to obtain: 
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 (2.55) 

  

Substituting Eq. (2.22) gives: 
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(2.56)  

 

Considering slightly compressible water, the rate of excess pore pressure is written as: 

 

( )e e ew
w xx yy zz

K
p

n
  = + +      (2.57) 

 

In which wK is the bulk modulusrof the water and n is thersoil 

porosity. The invertedrform of Hooke’s law may berwritten in terms of the totalrstress 

rates and the undrainedrparameters uE and u : 
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Where: 
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Hence, the special option for undrained behavior in PLAXIS 

(Undrained (A) or Undrained (B)) isrsuch that thereffective parameters G rand ' are 

transferred into undrained parametersr uE  and u  accordingrto Eq. (2.62) and (2.63). 

Noterthat the index  u  is used rindicate auxiliary parameters rundrained soil. Hence, 

uE  and u should not berconfused with urE andr ur
 
as used to runloading / reloading. 

Fully incompressible behavior isrobtained for 0.5.u =
 

However, 

taking 0.5u =  leads torsingularity of rstiffness matrix. In fact, waterris not fully 

incompressible, but rrealistic bulk modulus rwater is very large. rorder to avoid 

numericalrproblems caused byran extremely lowrcompressibility, u  
is by default, 

taken as 0.495, which make rundrained soil bodyrslightly compressible. In order to 

ensure realisticrcomputational results, the bulkrmodulus of the waterrmust be high 

comparedrwith the bulkrmodulus of the soil Skeleton, . . .i e K n K   Thisrcondition is 

sufficientlyrensured by requiring 0.35.    

Consequently, for materialrbehavior Undrained (A) orrUndrained (B), 

a bulk modulusrfor water israutomatically added to the stiffness matrix. Thervalue of 

the bulkrmodulus is given by: 

 

3( ') 0.495 '
' 300 ' 30 '

(1 2 )(1 ') 1 '

w u

u

K v v v
K K K

n v v v

− −
= = 

− + +
 (2.61) 

 

At least for 0.35.   In retrospect it is worthrmentioning here a 

review about the Skempton B-parameter. 
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2.6.3 Skempton B-parameter 

When the Drainage typer (type of material behavior) is to Undrained 

(A) or Undrained (B), PLAXISrautomatically assumes an implicitrundrained bulk 

modulus, 
uK , for the soil as arwhole (soil skeleton + water) andrdistinguishes between 

total stresses, effectiverstresses and excessrpore pressures: 

 

Total stress:   u vp K  =   

 

Effective stress:  ' (1 ) ' vp B p K  = −  +   

 

Excess pore pressure  
'w

w v

K
p B p

n
 =  = +    

 

Note that for Undrained (A) or Undrained (B) reffective stiffness 

parameters should be enteredrin the materialrdata set, i.e. E andr 'v and not uE  and u

, or the respective stiffnessrparameters in advanced models. Therundrained bulk 

modulus is automaticallyrcalculated by PLAXIS usingrHooke’s law of elasticity: 
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and 0.495u =   (when using the Standard setting) 

 

or 
3 ' (1 2 ')

3 (1 2 ')
u

v B v

B v
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+ −
=

− −
 when using the Manual setting with input  

of Skempton’s B-parameter 
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A particular value of the undrainedrPoisson’s ratio, u  implies a 

corresponding referencerbulk stiffness of the pore fluid, , /w refK n : 

 

,
'

w ref

u

K
K K

n
= −   where  '

'
3(1 2 ')

E
K

v
=

−
 

 

This value of 
,w refK

n
 is generally much smallerrthan the real bulk 

stiffness of pure water, r ( )6 22 10o

wK kN m=  . 

If the value of Skempton’s B-parameter isrunknown, but the degree of 

saturation, S , and therporosity, n ,are known instead, rthe bulk stiffness of the pore 

fluid can be estimatedrfrom: 

 

0

0

1

(1 )

w w air

air w

K K K

n SK s K n
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+ −
 

 

Where 
2100airK kN m=  for air under atmospheric pressure.  

 

The value of Skempton’srB-parameter can now bercalculated from the 

ratio bulk stiffnesses of the soilrskeleton and the pore fluid: 

 

  
1

'
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w

B
nK
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The rate of excess porerpressure is calculatedrfrom the (small) 

volumetricrstrain rate, according to: 
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  w
w v

K
p

n
=        (2.62) 

 

The types of elements usedrin PLAXIS are sufficientlyradequate to avoid mesh 

locking effects for nearly in compressiblermaterials. 

Thisrspecial option tormodel undrained materialrbehavior on the basis 

of effectivermodel parameters is available forrmost material inrPLAXIS. This enables 

undrained calculations to berexecuted with effective stiffnessrparameters, with 

explicit distinction betweenreffective stresses and (excess) porerpressures. However, 

shearrinduced (excess) pore pressure mayrnot be sufficiently included. 

Such an analysis requires effectiversoil parameters andris therefore 

highly convenient whenrsuch parametersrare available. For soft soilrprojects, accurate 

data on effectiverparameters may not alwaysrbe available. Instead, inrsitu tests and 

laboratory tests mayrhave been performedrto obtain undrained soilrparameters. In 

such situations measured rundrained  Yong’srmodulus can bereasily convertedrinto 

effective Yong’s modulus based onrHooke’s law: 

 

  
2(1 ')

'
3

u

v
E E

+
=       (2.63) 

 

For advanced models thereris on such directrconversion possible. 

Inrthat case it is recommendedrto estimate the required effective stiffness 

parameterrfrom the measured undrainedrstiffness parameter, thenrperform a simple 

undrainedrtest to check the resultingrundrained stiffness andradapt the 

effectiverstiffness if needed. The soil test facilityrmay be used as arconvenient tool to 

performrsuch test. 
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2.6.4 Undrained effective stress analysis with effective strength 

         parameter (undrained A) 

Inrprinciple, undrained effectiverstress analysis as described in Section 

2.7.3 can berused in combination with effective strength parameters  rand   to model 

the material’s undrained shear strength (Undrained (A)). Inrthis case, the development 

of the pore pressure plays arcrucial role in providing thereffective stress path that 

leads to failure at a realisticrvalue of undrained shearrstrength ( )u uc or s . However, 

note that mostrsoil models are notrcapable of providingrthe right effective stress path 

in undrainedrloading. As a result, they will produce therwrong undrainedrshear 

strength if the material strength has beenrspecified on the basis of effectiverstrength 

are parameters. Another problem isrthat for undrainedrmaterials effectiverstrength 

parameters are usually not available from soilrinvestigation data. In order 

torovercome theserproblems, some models rfor a direct input ofrundrained shear 

strength. This approach isrdescribed in Section 2.7.5 

If the user wantsrto model the materialrstrength of undrainedrmaterials 

using the effectiverstrength parameters 
'  andr 'c , this can be done inrPLAXIS in the 

same way as forrdrained materials. However, inrthis case the drainagertype must be 

set to Undrained (A). Asra result, PLAXIS willrautomatically add therstiffness of 

water to the stiffness matrixr (see Section 2.7.3) inrorder tordistinguish between 

effective stresses and (excess) porerparameters in undrained loading conditionsris that 

after consolidation a qualitativelyrincreased shear strength isrobtained, although this 

increasedrshear strength couldralso be quantitatively wrong, rfor the same reason as 

explainedrbefore. 
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Figure 2.20 Illustrates of stress parth; reality vs. Mohr-Coulomb model 

 

Figure 2.20 illustrates an examplerusing the Mohr-coulombrmodel. 

When the Drained type is set to Undrained (A), thermodel will follow anreffective 

stress path where thermean effective stress, 'p , remainsrconstant all the way up to 

failure 1). It is know thatrespecially soils, like normallyrconsolidated clays and peat, 

will follow an effectiverstress path in undrained loadingrwhere 'p  reduces 

significantly as a result of shear induced pore pressure  2). As a result, the 

maximumrdeviatoric stressrthat canrbe reached in the modelris over-estimated in the 

Mohr-Coulomb model. Inrother words, the mobilizedrshear strength in thermodel 

supersedes theravailable undrained shear strength. 

If, at some stress state, the soilrconsolidated, the meanreffective stress 

will increase 3). Uponrfurther undrainedrloading with the Mohr-Conlombrmodel, the 

observed shearrstrength will be increased  4) compared torthe previousrshear strength, 

but this increasedrshear strength may again be unrealistic, especially for soft soil. 
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On the other hand, advanced models dorinclude, to somerextent, the 

reduction of meanreffective stress inrundrained loading, but even whenrusing 

advanced models, it isrgenerally advised to check the mobilised shearrstrength in the 

Output program against theravailable (undrained) rshear strength whenrthis approach 

is followed. 

2.6.5 Undrained effective stress analysis with undrained strength 

  parameters (undrained B) 

Forrundrained soil layers with arknown undrained shear strength 

profile, PLAXIS offers for some models therpossibility of anrundrained effective 

stress analysis, as described inrSection 2.7.3 (Drainage type = Undrained (B)), with 

direct input of therundrained shear strength, i.e. settingrthe friction angle to zero and 

the cohesion equal to therundrained shear strength ( 0 ; )u uc s =  = . Also inrthis 

case, distinction is maderbetween pore pressures andreffective stresses. Although the 

pore pressures and effectiverstress path may not be fullyrcorrect, the resulting 

undrained shearrstrength is notraffected, since it is directlyrspecified as an input 

parameter. 

The option rperform an undrained effective stressranalysis with 

undrained strength properties is onlyravailable for the Mohr-Coulombrmodel, the 

Hardening Soilrmodel, the HS smallrmodel and the NGI-ADP modal. Since 

mostrsoils show an increasingrshear strength withrdepth, it is possible to specify 

therincrease per unit of depth inrPLAXIS in the Advancedrsubtree in the 

Parameterrtab-sheet of the soil window. 

Further note that whenever the Drainage type parameterris set to 

Undrained (B), effectivervalues must be enteredrfor the stiffness parameter (Young’s 
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modulus E ) andrPoisson ratio 'v  in case of therMohr-Coulomb model orrthe 

respective stiffness parameters in the advanced models). 

2.6.6 Undrained total stress analysis with undrained parameters  

(undrained C)  

If, for any reason, it isrdesired not toruse the Undrained (A) or 

Undrained (B) options in PLAXIS torperform an undrained effective stressranalysis, 

one may simulaterundrained behavior using a totalrstress analysis with allrparameters 

specified as undrained. In thatrcase, stiffness is modeledrusing an undrained Yong’s 

modulus  uE  and an undrainedrPoisson ratio uv , and strength isrmodeled using an 

undrained shear strength uS  andr 0u  = = . Typically, forrthe undrained Poisson 

ratio a value close to 0.5 isrselected (between 0.495 and 0.499). A value of 

0.5rexactly is not possible, sincerthis would lead torsingularity of the stiffness matrix. 

In PLAXIS it is possiblerto perform a totalrstress analysisrwith 

undrained parameters if the Mohr-Coulombrmodel or the NGI-ADP model isrused. In 

this case, one shouldrselect Undrained (C) ras the Drainage type. Therdisadvantage of 

the undrained totalrstress analysis isrthat no distinction is maderbetween effective 

stresses and pore pressures. Hence, allroutput referring to effectiverstresses should 

now be interpretedras total stresses andrall pore pressures are equal torzero. 

2.6.7 Safety analysis 

Inrstructural work, the factor of safety isrusually classified as the ratio 

of the failure load to the workingrload. For earth structures, rhowever, this description 

is not commonly used. Forrembankments, for instance, therloading is causedrby soil 

mass andran increase in soil mass wouldrnot certainly lead torcollapse. In addition, a 
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slope ofrpurely frictional soil willrnot fail in a test in whichrthe self-weight of the soil 

isrincreased. A more appropriaterdefinition of the factor ofrsafety is therefore: 

 

Safety factor =
𝑆𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒

 𝑆𝑛𝑒𝑒𝑑𝑒𝑑 𝑓𝑜𝑟 𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚
    (2.64) 

 

where S represents the shear strength. The ratio of the true strengthrto the computed 

minimumrstrength required for equilibrium is thersafety factor thatris conventionally 

used in soil mechanics. Byrintroducing the standard Coulombrcondition, the safety 

factor is obtained: 

 

Safety factor = 
tan

tan

n

r n r

c

c

 

 

−

−
     (2.65) 

 

where c  and   arerthe input strength parameters and 
n is theractual normal stress 

component. The parametersr rc  and r are reduced strengthrparameters that are just 

large enough to maintainrequilibrium. The principlerdescribed above isrthe basis of 

the methodrof safety that can be used inrPLAXIS torcalculate a global safetyrfactor. 

In thisrapproach the cohesionrand the tangent of therfriction angle arerreduced in the 

same proportion:  

 

tan

tanr r

c
Msf

c




= =       (2.66) 

 

The reduction ofrstrength parameters is controlledrby the multiplier 

Msf  (Figure 2.21). Thisrparameter isrincreased in a step-by-steprprocedure until 

failure occurs. The safetyrfactor is then defined as the value of Msf  atrfailure, 
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provided that at failure a moreror less constant valueris obtained for a numberrof 

successive load steps. 

 

 

 

Figure 2.21 Development of excess pore pressure under the embankment 

 

2.7 CASE STUDIES 

In this section, anroverview of some principles related torFEM and the 

uncertainties in geotechnical engineering is presented. Morerprecisely, an introduction 

into FEM concept and ardiscussion over therdifferent types of FEMrare made. 

Moreover, theruncertainties in geotechnicalrengineering are stressed andrthe general 

frameworkraccording to which theyrare handled is described. Finally, previous 

studies that are associated with therapplication ofrFEM on soilrstructures and the 

reliabilityranalysis are discussed. 
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Therconventional method rstability analysis in arsoil body is represented by 

LEM (Limit equilibrium method) ralthough FEMris increasingly used by 

designers/researchers. The latter hasrbeen proved to berquite realisticrfor the 

progressiverbehavior (i.e. stress-strainrdevelopment in different construction phases) 

of a soilrsystem under the effect ofrstress redistribution inrcomparison with classical 

models. Especially, inrtheir master thesis, Johansson &rSandeman (2014) compared 

the deformations andrthe forces measured at ardeep excavation supportedrby 

anchored sheet pile wall inra railway tunnel located in Gothenburg in Sweden 

withr1D finite elementrsoftware, the 2D finiterelement software (Plaxis) and hand 

calculations. They proved that Plaxis producesrreliable results forrhorizontal 

deformations in the sheetrpile wall and anchor forcesrwhen compared to in-situ 

measurements. 

Moreover, in González et al. (2013), it wasrproved that the simplification of 

realityrdone by therclassical methods, such asrBlum’s, Engel’s, Krey’s methods etc 

(for further information forrthese methods a reference isrmade to Gonzálezret al. 

(2013)), allows usrto generally understand the behavior of the systemrwall-soil. 

Nonetheless, therresults that came out ofrthis analysis wererfound to be quite 

conservative whereasrFEM managed torgive a more realisticrinterpretation of the 

wall’s movement. 

Seed et al. (2008) analyzedrthe I-Wall by using FEM torevaluate and identify 

causes of failure of therI-wall. The wall was affected byrHurricane Katrina in 2005. 

The external failure ofrthe wall is shown inrFigure 2.22. Due to therincreased water 

level inrthe canal, the lateralrpressure increased. As a result, therwall is flat and the 

Factorrof Safety (FS) ratio decreasesrwith increasing rlevel (Figure 2.23). 
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Figure 2.22 Failure Plan by FEA (Seed et al. 2008) 

 

 

 

Figure 2.23 The relationship between FS and water level.(Seed et al. 2008) 

 

Hossain et al. (2012) introduced FEM as artool for analyzingrand predicting 

MSE wallrbehavior to comparerthe results of the analysis. FEMrmethod with the 

results ofrmeasuring the movement rof the wall in the field. Theyrindicated that the 

results from therFEM analysis werergood and close to the values robtained from field 

measurements. Therefore, the userof FEM in geotechnicalrproblem analysis helps 

save time and accuracyrcloser to reality than calculated rLEM. 
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Figure 2.24. Model predicted displacements. (Hossain et al. 2012) 

 

 Tan (2008) rpresented the use ofrFEM for analysis ofrgeotechnical problems 

that occurred duringrconstruction and after highwayrconstruction, along with the 

monitoring of thersheet pile wall, shown in Figure 2.25. Inrcomparison with field 

measurements, it isrknown that rbehavior of the sheet pileris consistent with the 

measurement in therfield. In addition, theraccuracy valuesrobtained from the analysis 

are basedron the input ofrthe correct parameters. The results are reasonable. 

Suksiripattanapongret al. (2012) studied the behavior of internal reinforcement 

of the bearingrreinforcement earth (BRE) rwall by simulation of the full scalermodel 

in the field as shown inrFig. 2.26. The installationrof moving equipment and force 

measuring equipment during construction and after construction were also 

investigated. Finally, present the FEM method for predicting the behavior and internal 

stability of the (BRE) wall. The resultsrfrom the FEM analysis compared with 

therfield measurements are inrgood agreement.  

Therefore, it can berconcluded that the FEMrin research or solving 

geotechnical problems. helpsrpredict various behaviors ofrearth-retaining structures 
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more convenient and faster. Butrthe reliable result depends on therright selection of 

engineeringrparametersrand constitutive model.  

 

 

 

     

 

Figure 2.25 Comparison between the FE-calculated and field-measured sheet pile   

             deflections. (Tan, 2008) 
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Figure 2.26 Comparison between the simulated and measured tension forces in the  

             reinforcements. (Suksiripattanapong et al. 2012) 
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CHAPTER III 

PREDICTING PULLOUT RESISTANCE OF BEARING 

REINFORCEMENT EMBEDDED IN COHESIVE-

FRICTIONAL SOILS 

 

3.1 Introduction 

 

Mechanical stabilized earth (MSE) walls have been proven to be an effective 

retaining structure in infrastructure applications (Horpibulsuk et al., 2011 and 

Udomchai et al., 2017). The reinforcement types are classified into inextensible (i.e. 

steel strips and steel grid) and extensible (i.e. geotextile and geogrid) materials, 

depending upon the amount of deformation that occurs during loading. Both types of 

reinforcement minimize the horizontal movement of the MSE wall (Palmeira, 2004; 

Roodi Gholam and Zornberg Jorge, 2017). The reinforcement can also be placed at 

base of embankment on soft soil to enhance bearing capacity and reduce the 

settlement of foundation (Bonaparte and Christopher, 1987; Chai et al., 2002; Jewell, 

1988; Zhang et al., 2015). 

Bearing reinforcement (Figure 3.1 (a)) developed by Horpibulsuk and 

Niramitkronburee (2010) is an inextensible reinforcement type. The more detail of 

bearing reinforcement was proposed by Horpibulsuk and Niramitkronburee (2010). 

The performances of the bearing reinforcement have been examined in the large-scale 

laboratory testing carried with the pullout apparatus as shown in Figure 3.1 (b), field-

scale testing, and numerical simulation testing. The Bearing reinforcement earth 
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(BRE) wall has been successfully implemented in many construction projects 

of Department of Highways (DOH), Department of Rural Roads and Electricity 

Generating Authority of Thailand. Based on AASHTO (2002) specification, the 

design method of MSE wall was proposed for high quality friction (coarse-grained) 

backfill, which specifies a fines content (<0.075 mm), F of less than 15% and a 

plasticity index of less than 6%. 

 

 

 

Figure 3.1 (a) Typical schematic view of the bearing reinforcement, (b) Pullout test 

apparatus (Adapted from: Horpibulsuk and Niramitkornberee, 2010) 
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Due to economical and environmental factors, the marginal cohesive-frictional 

soils (F > 15%) abundant in Thailand is typically used for infrastructure activities 

after soil improvement (Sukmak et al., 2013; Phummiphan et al., 2016; Donrak et al., 

2018). In practice, the clayey soil can be used as a backfill material but the water 

content and relative density of the compacted backfill must be close to the optimum 

water content and 95% of maximum density, respectively, obtained from laboratory. 

Also during service, the seepage of water such as rain and ground water must be 

protected for the MSE wall by the provision of geotextile as a drainage layer to 

minimize the expansion of the backfill. The locally available clay stone were used as 

a backfill material for a construction the first MSE wall in the Mae Moh mine 

(Udomchai et al., 2017). The usage of cohesive-frictional soil as a backfill for BRE 

walls is challenging, as the generalized pullout resistance equations for cohesive-

frictional soil at various water contents and fines contents, are not currently available. 

The previous studies (Sukmak et al., 2015 and Horpibulsuk et al., 2017) studied the 

influences of cohesive-friction soils contained with different fines contents on the 

pullout resistance of bearing reinforcement. However, these two research studies are 

only applicable for the compacted soils at the optimum water content ( owcw ) and 

maximum dry unit weight. Sukmak et al. (2016) investigated the effect of moisture 

contents on performance of bearing reinforcement embedded in clayey sand soil       

(F = 20%) compacted at various water contents ( ). 

Reanalysis of the available test results taking into account the combined effect 

of fines content and water content for developing generalized pullout resistance 

predictive equations is significant and is the focus of this research. To have a better 

insight, a pullout test result of red clay from this study is also analyzed. The studied 

2.5%owcw 
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water content of red clay is in the range of 2.5%owcw , specified for field 

compaction according the DOH specification. For compacted unsaturated soils,       

the total strength parameters used in this study are reasonable to explain the soil 

behavior, which are acceptable in practice (Bergado et al., 1996; Liu et al., 2009; 

Sukmak et al., 2016; Sukmak et al., 2015). The outcome of this study will lead to the 

using of in-situ cohesive-frictional soil as a backfill material for BRE walls, which 

can substantially reduce costs associated with long distance haulage of imported 

virgin materials. 

 
 

3.2 Theoretical Background 

 The total pullout force of bearing reinforcements composes of the friction 

pullout force and the bearing pullout force. The friction pullout force of longitudinal 

member (without any transverse member), Pf, is expressed in the form of: 

 
( tan )= +f e nP DL c          (3.1) 

 

where α is the interaction factor, c and ϕ are cohesion and internal friction angle of 

compacted soil, respectively, σn is the applied normal stress and D and Le are the 

diameter and embedded length of the longitudinal member, respectively. 

The bearing pullout force, Pbn of the transverse members, which are placed at 

regular intervals, is governed by the interference of each transverse member during 

pullout. The bearing pullout force, Pbn is expressed as: 

 

1bn bP nIFP=         (3.2) 
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where n is the number of transverse members, IF is the transverse members 

interference factor and Pb1 is bearing pullout force of a single transverse member. 

Typically, B, of the transverse members (steel equal angles) is smaller than 40 

mm, while the length, L, is larger than 150 mm. The L/B value for the transverse 

members is therefore more than 3.7. Although during pullout of the bearing 

reinforcement, the deformation around the transverse member is three-dimensional 

(3D), previous studies (Horpibulsuk and Niramitkornburee, 2010; Suksiripattanapong 

et al., 2013; Sukmak et al., 2015 and Horpibulsuk et al., 2017) reported that within 

this B/L range, the 3D effect has been inexplicitly considered by the proposed plane 

strain failure model (2D). By extending the modified punching shear mechanism 

(Bergado et al., 1996; Chai, 1992), the Pb1 can be determined using the following 

equations.  

 

1b c n qP cN N BL = +         (3.3) 

 

 
1

exp 2 tan tan
cos 4 2

qN
 

 


 
= + 

 
    (3.4) 

 

 
1

exp 2 tan tan cot
sin 4 2

cN
 

  


 
= + − 

 
    (3.5) 

 

where B and L are leg length and length of transverse member, respectively (Figure 

3.1),  is the failure angle (radian).  

 The extensive test results reported previously (Suksiripattanpong et al., 2013; 

Sukmak et al., 2015 and 2016) that  was dependent upon F and water content ratio  

( ), where w is water content and wOWC is the optimum water content. When  





owcw w
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the  values are  and , the failure modes are general shear (Perterson and 

Anderson, 1980) and punching shear(Jewell et al., 1984) mechanisms, respectively, 

which are the upper and lower boundary limits.  

The transverse members interference factor (IF) on the bearing reinforcement 

is controlled by the spacing of the transverse members S and B, regardless of L 

(Horpibulsuk and Niramitkronburee, 2010; Sukmak et al., 2016; Sukmak et al., 2015; 

Suksiripattanapong et al., 2013). The failure mechanism for the bearing reinforcement 

depends upon the spacing ratio, S/B as shown in Figure 3.2. The detail of 

classification has been reported by Sukmak et al., 2015. The block failure and the 

interference failure zones is separated by the S1/B ratio. The S2/B ratio separates the 

interference failure and individual failure zones. Based on the extensive past test 

results, S1/B can be taken as 3.75 for a wide range of fines contents (Sukmak et al., 

2015 and 2016 and Horpibulsuk et al., 2017). Sukmak et al (2015) reported that a 

lower shear strength results in a smaller softened region, and hence a lower S2/B 

value. The IF is equal to 1/n when S/B < S1/B (block failure) and 1 when S/B > S2/B 

(individual failure). When S1/B < S/B < S2/B, the IF can be determined from logarithm 

of  S/B, regardless of applied normal stress as follows. 

 

ln
S

IF a b
B

 
= +  

 
       (3.6) 

 

2

1
1

ln 1.322

n
b

S

B

 
−

  =
  

−  
  

       (3.7) 

 

 1.65 3
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21 ln
S

a b
B

 
= −  

 
       (3.8) 

 

The number and spacing of the transverse members are determined based on 

the internal stability design method of BRE wall suggested by Horpibulsuk and 

Niramitkornburee, 2010 and Suksiripattanapong et al., 2013 for coarse-grained 

backfill and Udomchai et al., 2017 for fine-grained backfill. The pullout resistance of 

each reinforcement must provide high enough capacity against pullout failure due to 

the dead load and live load with a minimum factor of safety of 1.5. Typically the 

vertical spacing of the MSE wall is 750 mm as suggested by AASHTO (2002) to have 

satisfactory interaction between the backfill and the reinforcements. For the BRE 

wall, the reinforcement is connected to the wall facing by a locking bar and the 

vertical spacing is 750 and 350 mm depending upon the height of BRE wall. The 

dimension of segmental concrete facing panels is 1.50x1.50x0.14 m. The reasonable 

interaction between backfill and reinforcement in BRE wall has been reported by 

Horpibulsuk et al. (2011) for coarse-grained backfill and Udomchai et al. (2017) for 

fine-grained backfill. 
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Figure 3.2 Transverse members interference (Adapted from: Sukmak et al. 2015) 

 

3.3 Materials and Methods  

 

Soil Samples 

 

The tested soil was the residual red clay soil, containing 98% of fines content 

which was collected from the Mae Moh mine of Electricity Generating Authority of 

Thailand. The grain size distribution curve of red clay shows in Figure 3.3(a). The red 

clay was classified as a low-quality soil and as a high plasticity clay (CH) according 

to the Unified Soil Classification System (USCS). 

The compaction characteristic under standard Proctor energy (ASTM D698-91, 

1995) was wOWC = 16% and maximum dry unit weight, = 17.61 . The 

soil samples were prepared according to Sukmak et al. 2016a for both direct shear and 

pullout tests at five different molding water contents, w, which were on the dry side of 

optimum (  and ), at  ( ), and on the wet side of 

,maxd
3kN m

1 12%w = 2 14%w = owcw 3 16%w =
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optimum (  and )as shown in Figure 3.3(b). The degrees of 

saturation, , corresponding to , ,  , , and  were 59%, 70%, 83%, 

85%, and 88%, respectively.  

A large direct shear device with a dimension of 305 mm x 305 mm x 240 mm 

depth were used to investigate the total strength parameters. The detail of the test has 

been reported by Sukmak et al. (2015). The red clay samples were prepared at the 

required water contents ( , , , , and ) and at their corresponding dry unit 

weight. The physical and engineering properties are summarized in Table 3.1. 

 

 

 

Figure 3.3 (a) Grain size distribution of red clay, (b) Compaction curve of red clay. 

 

 

 

 

 

 

 

 

4 18%w = 5 20%w =

rS 1w 2w 3w 4w 5w

1w 2w 3w 4w 5w
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Table 3.1: Physical and engineering properties of red clay. 

Properties of red clay w1 w2 w3 w4 w5 

Dry density,  dry ( 3kN m ) 17.25 17.40 17.60 17.00 15.85 

Water content (%) 12 14 16 18 20 

Degree of saturation, rS  (%) 59 70 83 85 88 

Relative degree of compaction (%) 96.36 98.63 100 98.63 96.36 

Water content ratio 0.75 0.88 1.00 1.13 1.25 

Angle of internal friction,   13 11 6 5 4 

Cohesion, c  (kPa) 22 21 19 14 8 

 

Bearing Reinforcement 

The leg length, B, of the tested transverse members (steel equal angles) were 25, 

40, and 50 mm, while the length, L, were 100 and 150 mm, respectively, which are 

typical to those used for BRE walls. The spacing between the transverse members, S, 

varied from 150 to 1500 mm, depending upon the number of transverse members, n. 

In this study, the n was 1 to 4, which is typical in practice. The longitudinal and 

transverse members were strongly welded together according to the American 

Institute of Steel Construction (AISC). 

 
Methodology 

The detail of the pullout test apparatus and the procedure of the pullout testing 

have been explanted by Horpibulsuk and Niramitkronburee (2010). The soil was 

compacted with a vibratory compactor until the maximum dry unit weight was 

attained. A compacted soil thickness of 300 mm was maintained above and below the 

reinforcement (Figure 3.1(b)). The pullout tests were conducted at a pullout rate of 1.0 

mm per minute as recommended by Sukmak et al. (2015) for unsaturated soils. At 
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least three samples were tested under the same conditions to assure consistency of the 

test results. In most cases, the results under the same testing conditions were 

reproducible with a low mean standard deviation, SD (SD/  < 10%, where  is 

mean strength value). Besides the red clay, the data from previous research (Sukmak 

et al., 2015 and 2016 and Horpibulsuk et al., 2017) were taken and reanalyzed to 

develop the generalized equations for assessing pullout resistance at various water 

contents and fines contents. 

 

3.4 Test Results and Discussion 

Shear strength of compacted backfills 

 Figure 3.4 shows the effect of w and F on undrained shear strength of red clay 

compared with other cohesive-frictional soils. Figure 3.4(a) summaries the change in 

shear strength and F for clayey sands compacted at their wOWC. It was evident that F = 

45% was the threshold limit that the shear strength sharply decreases with F. The 

change of shear strength with F was relatively small when F < 45%  but was 

significantly larger when F > 45% . The large decrease in shear strength was clearly 

noted with higher normal stress. The sudden change in shear strength when F > 45% 

is because at this condition, the fines particles fill the void spaces between the coarse 

particles and dominate the coarse-grained behaviour (Wang et al. 2009). The large 

amount of fines particles cause the slippage and sliding of coarse grain particles over 

each other. The shear strengths therefore drop with an addition of fine content due to 

the decrease of internal friction angle.  

Figure 3.4 (b) and (c) show the relationships between shear strength and water 

content ratios ( / owcw w ) for lateritic soil (F = 20.3%) and red clay (F = 98%) 

x x
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compacted at various water contents, respectively. The shear strength of both soils 

decreased with increasing water content ratio. The reduction in shear strength was 

small for low F (Figure 3.4(b)) but very large for high F (Figure 3.4(c)). The linear 

relationship between shear strength and / owcw w  was observed for red clay. This 

understanding of shear strength change is essential for BRE wall design, as the shear 

strength controls the pullout resistance.  

 

 

 

Figure 3.4 (a)  Relationship between shear strength versus fine content of 

compactedsoils at optimum water content (Data from: Sukmak et al. 

2015), (b) relationships between shear strength and water content ratios 

( / owcw w )  of lateritic soil (Data from: Sukmak et al. 2016), (c) 

relationships between shear strength and water content ratios  

( / owcw w )  of red clay 
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Friction pullout resistance 

Figure 3.5 illustrates the results of the pullout friction tests on a longitudinal 

member bar with a diameter of 16 mm and a length of 2600 mm embedded in red 

clay. The friction force increased with the pullout displacement until the peak friction 

pullout force, was reached and subsequently reduced to the end of test of 40 mm. 

The friction pullout force at the end of test is herein defined as the residual friction 

pullout force, . The displacement corresponding to  was 3-5 mm for all 

applied normal stresses. The  and Pfresidual increased with an increase of the 

normal stress and depended upon the water content. The and Pfresidual values 

significantly reduced with increasing water content because of the significant 

reduction in shear strength (see Figure 3.4c). 

Figure 3.6 shows the relationships between the interface shear strength versus 

shear strength of the compacted soil. From a linear regression analysis, the peak and 

residual interaction factors (  and ) of red clay (F = 98%) were 0.66 and 0.47, 

respectively for all water content tested. These values are close to those ( = 0.63 

and  = 0.46) reported by Sukmak et al. (2015) for high plasticity clay (CH and F = 

98%). Based on this present work and previous research (Sukmak et al., 2015 and 

Horpibulsuk et al., 2017), the  and  for a particular soil are constant with water 

contents. Sukmak et al. (2016) have proposed a relationship between  and  

versus F as follows:  

 
0.002 0.859p F = − +   for 20 < F < 98%  (3.9) 

 

peakfP

residualfP peakfP

peakfP

peakfP

p r

p

r

p r

p r
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0.0014 0.592r F = − +   for 20 < F < 98%  (3.10) 

 

Both equations are recommended as a quick tool for predicting  and at 

various fines contents and water contents. 

 

 

 

Figure 3.5 Pullout test results of a longitudinal member under different normal         

stresses. 
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Figure 3.6 Relationship between shear interface and shear strength. 

 

Bearing pullout resistance 

Bearing pullout resistance of a single isolated transverse member (n = 1) 

 The measured maximum bearing stress, σbmax , of a single transverse member for 

the red clay, with various dimensions (B and L) of transverse member and normal 

stresses is shown in Figure 3.7. By using the generalized equation (Eqs. (3.3)-(3.5)) to 

predict  σbmax,  the  value of can satisfactorily fit all the test data both on the 

dry and the wet sides of optimum of compacted red clay. This implied that the failure 

mechanism of the bearing reinforcement in red clay was punching shear for all water 

contents on both dry and wet sides of optimum. With the same punching shear failure 

mode and the significant reduction in shear strength with increasing water content, the 

bearing pullout resistance essentially decreased with addition of water content.  
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The analysis of the present and previous data (Sukmak et al., 2015 and 2016 

and Horpibulsuk et al., 2016) leads to the 3 dimensional plot of  versus F and 

w/wOWC as shown in Figure 3.8. The plot was made from the three assumptions. 

1. At w = wOWC, F = 45% is the threshold limit separating small and 

large change in bearing pullout resistance with F (Sukmak et al., 

2015). 

2. On the dry side of optimum and at wOWC, the  is identical and can 

be determined from the following equation (Sukmak et al., 2015): 

 

2
( ) 0.00002 0.0002 0.505rad F F  = − + +

 
 for 20 < F < 98% (3.11) 

 

3. On the wet side of optimum,  reduces significantly with 

increasing w/wOWC until  = /3 (punching shear) at w/wOWC = 1.33 

(Sukmak et al., 2016; Horpibulsuk et al., 2017 and present data). 

Therefore the  at any w/wOWC can be approximated using 

interpolation method where the  at w/wOWC = 1 can be determined 

from Eq. (3.11).  

With the known  value determined from Figure 3.8, the Pb1 can be 

determined using Eqs. (3.3) to (3.5). 
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Figure 3.7 Maximum pullout bearing resistance of a single isolated transverse 

member at various water contents. 
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Figure 3.8 Plot of  versus F and w/wOWC (Data from: Sukmak et al. 2015 and 2016) 

 

Bearing pullout resistance of the bearing reinforcement (n > 1)  

Figure 3.9 illustrates the relationship between IF and S/B at various w/wOWC and 

n for red clay. It was evident that the  value was essentially the same of 3.75 for 

all w and n tested, which agrees with previous studies (Sukmak et al., 2015 and 2016 

and Horpibulsuk et al. 2016). The  value was essentially the same of 13.3 for 

, whereas the  value for  decreased linearly with increasing 

water content. The analysis of the previous and present studies resulted in the three 

dimensional plot of S2/B versus F and w/wOWC as shown in Figure 3.10. The following 

assumptions were made for the development of Figure 3.10.  

(i) At w/wOWC = 1, S2/B can be determined using the following 

equation proposed by Sukmak et al. (2015). 

 

( )2 / 0.121 25.16= − +
OWC

S B F     (3.12) 

1S B

2S B

OWCw w 2S B OWCw w
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(ii) On the dry side and at wOWC, the S2/B is identical and can be 

approximated using Eq. (3.12).  

(iii) On the wet side, the relationship between S2/B and w/wOWC at a 

given F can be determined from  

 

( ) ( )2 / /= +OWCF
S B c w w d      (3.13) 

 

where c and d are constant. The c values are -30.7 and -12.81 for F = 20% and 

98%, respectively. The c values at various F can thus be approximated from an 

interpolation using c values at F = 20% and 98%. The d value can be calculated from 

the known S2/B value at w/wOWC = 1 determined by Eq. (3.12).  

 Once S2/B is known, IF can be determined using Eq. (3.6) to (3.8). Therefore, 

the Pbn at various S/B and n can be determined from Eq. (3.2). 
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Figure 3.9 IF and S/B relationship for 40x150 mm transverse members (zone I: block 

failure, zone II: interference failure, and zone III: individual failure) 
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Figure 3.10 Plot of S2/B versus F and w/wOWC (Data from: Sukmak et al. 2015 and 

2016) 

 

3.5 Recommended Method for Predicting Pullout Resistance 

A stepwise procedure for assessing pullout bearing resistance with transverse 

members, n of 1 to 4 for various water contents and fines contents is proposed as 

follows: 

Determine the friction pullout resistance of the bearing reinforcement 

1. Perform sieve, compaction and direct shear tests on the backfill material to 

determine F, wOWC and shear strength parameters. 
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2. Determine  for the friction pullout resistance, which can be directly 

obtained from a pullout test on a longitudinal member or approximated 

from Eq. (9). 

3. Determine the maximum pullout friction force of longitudinal member at 

required normal stress level from Eq. (1). 

Determine the bearing pullout resistance of the bearing reinforcement 

4. Determine  at required w and F using Figure 8. 

5. Determine the Nc and Nq values using Eqs. (4) and (5). 

6. Determine Pb1 from 1b q nP N BL= . 

7. Determine the S2/B using Figure 9. 

8. Determine IF of the required transverse members (required n, S, B, and L). 

Eqs.(6) to (8) are used when S1/B < S/B < S2/B. 

9. Determine the maximum pullout bearing force with n transverse members, 

Pbn from 1=bn bP nIFP . 

Determine the pullout resistance of the bearing reinforcement 

10. Determine the pullout resistance = +f bnP P . 

 

3.6 Conclusions 

 This research investigated the combined effects of fines and water contents on 

the pullout resistance of bearing reinforcement embedded in the cohesive-frictional 

soils. The previous and present test results were analyzed to develop the generalized 

pullout resistance predictive equations at various water contents and fines contents. 

The following conclusions can be drawn from this study: 
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1) The total pullout resistance of the bearing is the sum of friction pullout and 

bearing pullout resistances. The lower water content resulted in the higher 

shear strength; hence the higher pullout friction resistance. The peak and 

residual interaction factors ( p and r ) value were dependent upon F, 

irrespective of water contents. The relationships between p and r  

versus F were suggested in this paper. The relationships between p and 

r  versus F are 0.002 0.859p F = − +  and 0.0014 0.592r F = − + , 

respectively.  

2) The bearing pullout resistance of transverse members   is calculated in 

terms of the number of transverse members (n), transverse members 

interference factor (IF) and pullout bearing resistance of a single 

transverse member . The IF and Pb1 were found to be primarily 

controlled by F and w/wOWC. The 3-dimensional plot of  versus w/wOWC 

and F in the range of 0.67 1.33owcw w   and 20 < F < 98% are proposed 

to determine Pb1. On the dry side of optimum and at wOWC, the   of 2  

is recommended for F < 45%. On the wet side of optimum,  reduces 

significantly with increasing w/wOWC and F until  = /3 at w/wOWC = 1.33.  

3) The 3-dimensional plot of S2/B versus w/wOWC and F in the range of 

0.67 1.33owcw w   and 20 < F < 98% are proposed to determine IF. The 

 value was essentially the same of 13.3 for , whereas the 

 value for  decreased linearly with increasing water 

bnP

1bP

2S B OWCw w

2S B OWCw w
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content. Using the relationship between  versus F and w and the 

relationship between IF versus F and w, the  can be calculated.  

4) The method of predicting pullout resistance of bearing reinforcement 

embedded in cohesive-frictional soils were proposed in this research. The 

proposed method is useful for examination of internal stability of BRE 

wall during construction and at the end of construction. The development 

of this generalized pullout resistance predictive equations for the bearing 

reinforcement is based on sound principle. The framework can be 

extended to develop pullout resistance predictive equations of other 

reinforcement systems for further study. 
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CHAPTER IV 

PERFORMANCE OF THE BEARING REINFORCEMENT 

EARTH WALL AS A RETAINING STRUCTURE IN THE 

MAE MOH MINE, THAILAND  

 

4.1 Introduction 

 

Mae Moh mine is located in the Mae Moh district, Lampang province, 

Thailand. This mine is operated by the Electricity Generating Authority of Thailand 

(EGAT) and is reputably the largest open-pit lignite mine in Southeast Asia. The 

lignite is consumed approximately 45,000 tons/day (16 million tons/year), which 

represent 70% of the total coal production of Thailand. The current Mae Moh pit 

covers an area of 4 km by 7.5 km and is up to 490 m deep at certain locations. The 

excavated lignite is crushed into small, suitably-sized particles for electricity 

generation, with the use of an onsite crusher plant. The crushed lignite is subsequently 

transferred to the power plant by a conveyor system (Figure 4.1). The onsite crusher 

plant is composed of a crusher plant, truck ramp and natural slope. The excavated 

lignite is hauled by a truck to be crushed in the crusher plant through the truck ramp 

supported on a stable slope. Ideally, a crusher plant must be located close to the 

excavated lignite open pit to minimize haulage costs. The haulage cost rate increases 

by more than 150 million baht (approximately 4.3 million US dollars) per year, for 

each 1 km distance the crusher plant is away from the open pit. Instead of relying on 

the natural slope as the truck ramp support, which is often a large distance away for 
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the open pit, a Mechanically Stabilized Earth (MSE) wall alternative was 

proposed as a vertical temporary structure close to the open pit. This concept was 

adopted by the Mae Moh mine authorities. MSE wall has been successfully applied in 

many earth structures with various types of reinforcements such as basal geotextile 

(Zhang et al., 2015), hexagonal wire mesh (Voottipruex and Bergado, 1996), 

geosynthetics (Athanasapoulos, 1993; Bathurst et al., 2005; Skinner and Rowe, 2005; 

Mcgown et al., 1998), grids (Alfaro et al., 1997) and bearing reinforcement 

(Horpibulsuk et al., 2011).  

The bearing reinforcement system was initially developed as an inextensible 

reinforcement in Thailand by Horpibulsuk and Niramitkornburee (2010). It is a 

relatively cost-effective reinforcement system whose advantages include: availability 

of raw materials, simple and fast installation, convenient transportation, and high 

pullout and rupture resistances with a less required steel volume. The configuration of 

the bearing reinforcement is shown in Figure 4.2. It is composed of a combination of 

a longitudinal member and several transverse (bearing) members. The longitudinal 

member comprises a deformed steel bar while the transverse members are a set of 

equal steel angles, which produce high pullout bearing resistance. The bearing 

reinforcement is connected to the wall facing panel at the tie point (2 U shape steel) 

by a locking bar (a deformed bar) (Figure 4.3). This reinforcement has been 

introduced into industry practice in Thailand since 2008. Several BRE walls have 

been constructed in several different regions of Thailand; namely in the north, 

northeast, and south of the country. The BRE wall design method with coarse-grained 

fill materials (< 15% fine content) has been developed based on laboratory and full-
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scale tests (Horpibulsuk et al., 2011; and Suksiripattanapong et al., 2012, 2013 and 

2016). 

The MSE wall utilizing the bearing reinforcement as earth reinforcement, 

designated as Bearing Reinforcement Earth (BRE) wall (Horpibulsuk et al., 2011) 

was approved by the Mae Moh mine authorities as a temporary truck support.  

Residual claystone was considered as the backfill material for the BRE wall for 

economical and environmental reasons. The use of fine-grained soil as a backfill was 

a challenging aspect in the project due to limited research to date and available design 

protocols. The BRE wall was designed to support the weight of the truck ramp and 

also to provide a 90 degree slope to allow shorter access for the large mine haul 

trucks. The BRE wall system provides a more optimum performance than a natural 

slope in terms of lower unit cost of electrical generation, lower total and differential 

settlement and higher slope stability. In addition, due to the vertical slope of the BRE 

wall, more service and maintenance space is available between the crusher plant and 

BRE wall (Figure 4.4). 

The laboratory-scale pullout resistance mechanism and predictive equations in 

term of vertical stress, dimension, spacing and number of transverse members for 

cohesive-frictional soils were recently investigated by Sukmak et al. (2015 and 2016a 

and Horpibulsuk et al., 2016). Sukmak et al. (2016b) performed numerical sensitivity 

analysis of BRE wall with various fine-grained backfills to evaluate the effect of fines 

content on the lateral wall movement. However, this earlier research has not been 

practically applied to any real construction projects to date, due to the lack of any 

available international code of practice and design guidelines for designing BRE wall 

with fine-grained backfill materials.  
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In this research, a full-scale instrumented BRE wall was constructed using  

claystone backfill in the Mae Moh mine as a truck ramp support for an on-site crusher 

plant. The performance of the BRE wall was analyzed to propose a practical design 

method for future BRE walls in the Mah Moh mine. The performance of the BRE 

wall after the completion of construction and during the service period included 

settlement, bearing stress, lateral movement, lateral earth pressure and tension force in 

the reinforcements. This research on BRE walls in a challenging work environment 

required the use of innovative techniques from engineering, economic and 

environmental perspectives. 

 

 

 

Figure 4.1 Typical on-site crusher plant at the Mae Moh mine. 
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Figure 4.2 Configuration of the bearing reinforcement. 

 

 

 

Figure 4.3 Connection of the bearing reinforcement to wall facing. 
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Figure 4.4 Photo of the BRE wall as a truck ramp support. 

 

4.2 Full-scale test earth wall 

4.2.1 Backfill 

The backfill soil used for constructing the BRE wall was claystone, 

which was abundantly available at the Mae Moh mine. The claystone can be classified 

as a high plasticity silt (MH), according to the Unified Soil Classification System 

(USCS). Its specific gravity was 2.67. The liquid limit and plastic limit were 54% and 

36%, respectively. The laboratory compaction characteristics under standard Proctor 

energy (ASTM D 698-91, 1995) was an optimum water content of 29.6% and a 

maximum dry unit weight of 13.6 kN/m3. Direct shear tests were conducted to 

determine the total shear strength parameters, used for practical design in the 

unsaturated conditions. Total strength parameters of claystone were c = 57 kPa, and  
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 = 12 degrees. This high clay content and poor shear strength parameters are 

however unacceptable for the MSE wall construction according to AASHTO (2002) 

and the Department of Highways, Thailand specifications. Even though high quality 

well-graded materials are preferred for use as backfill materials, they were not used 

for this BRE wall due to the high economical and environmental costs. 

 

4.2.2 Design of the BRE wall 

 

A BRE wall with 9 m height was constructed in front of a stable 

natural slope of 50 degrees in 15 October 2014. The distance between the slope toe 

and wall face was 4.75 m. The BRE wall was designed with 14 layers of 

reinforcement. The vertical spacing between each layer was fixed at 750 mm. The 

longitudinal member comprised of a deformed steel bar with a diameter of 12 mm and 

with a yield strength of 400 MPa. The number of transverse members were designed 

to satisfy the factor of safety against pullout using the predictive equation proposed by 

Horpibulsuk et al. (2016). The transverse members comprised of equal steel angles 

with a 50 mm leg length (B), 180 mm length (L) and with a yield strength of 240 

MPa. 

The failure pullout mechanism of the bearing reinforcement can be 

classified into three types, depending upon the S B  value: block failure (S/B < 3.75), 

interference failure ( 3.75 / 15S B  , and individual failure (S/B > 15) (Horpibulsuk et 

al., 2016). In this BRE wall, the spacing between transverse members (S) was 750 

mm, which is equal to 15B, hence the transverse member interference can be ignored 

(total pullout resistance is the product of number of transverse members and pullout 

resistance of a single transverse member). The length of bearing reinforcement for 

each layer was varied to be close to the face of the existing slope. The horizontal 
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spacing between the bearing reinforcements varied from 250 to 500 mm. The details 

of the bearing reinforcement for each layer are summarized in Table 4.1. The facing 

of the wall was constructed of segmental reinforced concrete panels, which measured 

1.50x1.50x0.14 m in dimension.   

The total pullout resistance of the bearing reinforcement, Pt, is the sum 

of the pullout friction and bearing resistances, Pbn. Maximum pullout friction 

resistance, Pf, of the longitudinal member can be calculated from (Horpibulsuk et al., 

2016): 

 

( )tanf e vP DL c   = +       (4.1) 

 

where D and Le are the diameter and embedded length of the longitudinal member, 

respectively, v is the vertical stress,   is the interface factor and equal to 0.4 based 

on the laboratory pullout test (Horpibulsuk et al., 2016), and c and  are cohesion and 

friction angle of backfill, respectively. 

Horpibulsuk et al. (2016) reported that the pullout bearing resistance of 

bearing reinforcement embedded in claystone, when S is greater than 15B (Figure 2), 

can be evaluated using the punching shear failure mechanism (Jewell et al., 1984): 

 

maxbn bP n BL=        (4.2) 

 

maxb q vN =         (4.3) 

 

( ) 2exp 2 tan tan 45
2

qN


  
 

= + +    
 

    (4.4) 
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( )1 cotc qN N = −        (4.5) 

 

where B and L are dimension of a transverse member, n is number of transverse 

member and Nc and Nq are bearing capacity factors.  

In the design of the BRE wall, both internal (pullout and rupture 

failures of the reinforcement) and external (overturning, sliding, bearing and deep 

seated failures) stabilities were examined. Three assumptions were made to develop a  

conservative design for internal stability as follows: the at rest earth pressure 

coefficient, K0, was used to determine the maximum pullout forces for all 

reinforcement layers; the potential failure plane was the bilinear failure mechanism 

(coherent gravity structure hypothesis) (Anderson et al., 1987); and, a static truck load 

(Q) of 40 kN/m on the BRE wall was considered at the end of construction. The 

vertical stress due to truck load (v) for each reinforcement layer is thus calculated: 

 

2



 =v

Q

z
        (4.6) 

 
where z is reinforcement depth. 

After the examination of internal stability, the external stability was 

examined by numerical analysis using the PLAXIS finite element modelling software. 

The details of the numerical analysis method has been reported by Suksiripattanapong 

et al. (2012). The bearing reinforcement earth wall was modeled as a plane strain 

problem whereby the bearing reinforcement was modeled as geotextile elements. The 

finite element mesh involved 15-node triangular elements for the backfill and the 

foundation. Table 4.2 shows the model parameters used for the examination of 
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external stability. The factor of safety against external failure using c- reduction 

method was found to be 1.587 at the end of construction. 

 

Table 4.1 The details of the bearing reinforcement for each layer. 

Layer 

Longitudinal Reinforcement Transverse Reinforcement 

Dia. 

(mm) 

Fy 

(Mpa) 

L 

 (m) 

Num

ber 

Thick

(mm) 

leg length, 

B (mm) 

L 

(mm) 

Spacing 

(mm) 

14 12 400 9.75
 

9 3 50 180  750 

13   8.75
 

8     

12   8.75
 

8     
11   8.75

 
8     

10   7.75
 

8     

9   7.75
 

8     
8   7.75

 
8     

7   7.75
 

8     
6   7.75

 
8     

5   7.00
 

8     
4   7.00

 
8     

3   7.00
 

8     
2   4.75 6     
1   4.75 6     

 

Table 4.2 Parameters for examination of external stability 

Parameter Symbol Claystone Foundation Unit 

Material model Model 
Mohr-

Coulomb 

Mohr-

Coulomb 
- 

Unsaturated weight unsat  17 16 kN/m3 

Saturated weight sat  19 18 kN/m2 

Young’s modulus uE  20,000 60,000 kN/m2 

Poisson’s ratio    uv c 0.35 0.35 - 

Cohesion 
 
c  57 20 kN/m2 

Friction angle    12 30 degrees 

Dilatancy angle   0 0 degrees 

Initial void ratio inite  0.6 0.6 - 
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4.2.3 Construction of the BRE wall 

The instrumented BRE wall was 9 m high as illustrated in Figure 4.5. 

The ground was first excavated to 0.5 m depth below the original ground where the 

wall base was located. The wall facing panels were placed on a lean concrete leveling 

pad (0.50 m width and 0.15 m thickness) after 2 days of curing. The leveling pad was 

founded at 0.15 m depth below the excavated ground. There was no backfill material 

present in front of the wall facing panels, and as such the passive earth pressure acting 

on the wall facing was ignored. In the wall construction, seven vertically facing 

panels and ten horizontally facing panels (15 m width) were installed in fourteen 

reinforcement levels.  

During the field compaction, water was sprayed on the claystone 

backfill to increase the water content up to a level close to the optimum water content 

obtained from the laboratory standard Proctor test (ASTM D698). The claystone was 

brittle and was broken down with compaction rollers. The broken backfill was 

compacted in layers approximately 0.15 m thick to a density greater than that of 90% 

of the relative density. The total time for construction was 20 days and the 

construction sequence is shown in Figure 4.6. 

 



 

 

109 

 

 

 

Figure 4.5 Schematic diagram of the test wall with instrumentation. 
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Figure 4.6 Construction sequence. 

 

4.2.4 Instrumentation program 

Due to space limitation of the BRE wall, where the truck ramp was at 

the middle of the BRE wall for work safety requirements, only the most significant 

instruments were installed, which were the settlement plates, earth pressure gauges, 

inclinometers and strain gauges. The instrumentation of the BRE wall is shown in 

Figure 4.5. Ground water table observation wells and piezometers were not used in 

this investigation since the ground water was very deep. The surface settlement plates, 

inclinometers, and earth pressure gauges were installed in the excavated ground prior 

to the construction of the wall. Two settlement plates were placed beneath the wall (at 

0.5 m depth below the ground surface) at 0.5 and 1.5 m from the wall face (S1 and S2 

in Figure 4.5). The settlement plates at the center of the wall could not be installed as 

the truck ramp was located at the center of the wall. S1 measured the settlement at the 

front side close to the truck ramp while S2 measured the settlement at the lateral side 
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close to the crusher plant. Settlements were measured by means of precision survey 

leveling with reference to a benchmark.  

Lateral soil movements of the BRE wall both in front and at the lateral 

sides were recorded after the completion of construction and operation state for over 

270 days. Lateral movements of the subsoil and the wall at various times were 

measured using two digital inclinometers (I1 and I2) located close to S1 and S2. The 

inclinometer casings were installed from the top of the wall down to the subsoil level 

of approximately 4 m (I1) and 5 m (I2) below the wall base. The subgrade upon which 

the wall was constructed comprised of a coal foundation, with a cohesion of 20 kPa 

and friction angle of 30o.  

Vertical earth pressures beneath the wall in truck ramp and no truck 

ramp zones were measured by earth pressure gauges E3 and E4 and E1, E2, E5 and E6, 

respectively, during construction and after the completion of construction. The earth 

pressure gauges were installed at 0.5 m depth below the original ground level 

(following the foundation excavation). The strains and tensile forces along the 

longitudinal members were measured with outdoor waterproof type strain gauges. The 

rib on the deformed steel longitudinal member was initially sharpened, following 

which the strain gauges were attached using a special glue. The initial readings on the 

strain gauges were taken corresponding to zero tension (strain) in the reinforcements 

at the time of installation and before being subjected to any load. Subsequent readings 

were taken after the completion of construction at regular time intervals. The 

measurement points were located at 1.0 m spacing from the wall face. The strain 

gauges were installed on fourteen layers of the bearing reinforcement with the middle 

zone of the wall. 
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4.3 FIELD TEST RESULTS 

4.3.1 Settlement 

Figure 4.7 shows the relationship between settlement and time at the 

front and lateral sides of the BRE wall. The measured result shows that the settlement 

of BRE wall at the front and lateral sides is similar. The settlement of BRE wall was 

recorded during three intervals: during construction, during installation of the truck 

ramp and during operation. The settlement of the wall during construction increases 

with construction time due to the increased weight of the backfill as the wall was 

constructed. The maximum settlement at the end of construction (20 days) is about 5 

mm. The installation of the truck ramp (10 days after end of construction) results in an 

immediate settlement of approximately 2 mm. During operation (34 days after 

installation of truck ramp), the settlement of the BRE wall increases immediately 

because of the increase in loading from the truck weight. For the safety of the 

surveyor, settlement was measured while no truck was on the wall. The final 

settlements at the front and lateral sides of the BRE wall were measured to be 

between 25 to 27 mm. It is of interest to mention that the settlement behavior of this 

BRE wall can be attributed mostly due to immediate settlement because the 

settlements at each stage (during construction, installation of truck ramp and 

operation) are insignificant with time. 
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Figure 4.7 Relationship between settlement and time. 

 

4.3.2 Bearing stress 

Figure 4.8 presents the relationship between the bearing stress and 

construction time at the center (E3 and E4) and right lateral side (E1 and E2) of the 

BRE wall. The measured result indicates that during construction the bearing stress 

increases rapidly with construction time (20 days) due to the increase in construction 

load (backfill). The bearing stress then remains constant until the truck ramp was 

installed. In operation, the bearing stress increases slightly because the bearing stress 

was measured while no truck was on the truck ramp. The slight difference in bearing 

stress of the BRE wall at the center (E3 and E4) and lateral (E1 and E2) sides at the end 

of construction is noted. It is evident that the bearing stresses at lateral side (on truck 

ramp) at 1.0 (E1) and 4.0 (E2) m from wall facing are 153.4 and 158.9 kPa, 
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respectively. In the middle zone, the bearing stresses of the BRE wall (truck ramp 

zone) at 1.0 (E3) and 4.0 (E4) m from wall facing are 158.0 and 162.7 kPa, 

respectively. The bearing stresses at the lateral side of the truck ramp (E5 and E6) are 

150.7 and 150.3 kPa, respectively. It is of interest to mention that the bearing stresses 

measured at E1 to E6 are more or less similar and are close to the calculated backfill 

load (unit weight x backfill height) of about 150 kPa. In other words, the backfill load 

distribution is uniform which is in agreement with uniform measured settlement. 

 

 

Figure 4.8 Relationship between bearing stresses and time. 



 

 

115 

 

4.3.3 Lateral wall movement 

The measured lateral movement of the wall face at front and lateral 

sides after the end of construction until 270 days is shown in Figures 4.9 and 4.10. 

The lateral movement patterns of the wall face at front and lateral sides are similar. 

The lateral movement increases uniformly with wall height. Within 30 days after the 

end of construction (day 50), the lateral movement of the wall face at the front and 

lateral sides is very small with the maximum (at the top of the wall) of only less than 

10 mm. As such, the ratio of lateral movement to height (/H) at the end of 

construction is approximately 0.12%, which is lower than the allowable value of 0.4% 

for inextensible reinforcement suggested by Brag et al. (2009). Immediately after the 

operation, the lateral wall movement increases with wall height up to a wall height of 

2 m, which is in agreement with remarkable increase in settlement. Then the lateral 

movement increases clearly at wall height between 2.0 to 5.0 m. The lateral 

movement becomes constant for wall heights greater than 6.0 m. Although the lateral 

movement increases with construction time, the magnitude of lateral movement is 

insignificant. The maximum lateral movement occurring at the middle to top of the 

wall. The maximum measured lateral movements at the top of the wall (6.0-9.0 m 

wall height) at the front and lateral sides were small, being 58 and 20 mm, 

respectively at 270 days. The larger lateral movement at the front side results from the 

shear force from braking and acceleration of the truck on the truck ramp. With 

insignificant change in the settlement and lateral movement during the service stage, 

this BRE wall is considered to have a very high stability. 
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Figure 4.9 Measured lateral wall movement at front side. 
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Figure 4.10 Measured lateral wall movement at lateral side. 

 

4.3.4 Coefficient of lateral earth pressure 

Figure 4.11 shows the relationship between the calculated lateral earth 

pressure and the wall depth (total wall height – current height) at the location of 

maximum measured tension in the reinforcements after the completion of 

construction, compared with calculated active and passive lateral earth pressures. It is 

found that the lateral earth pressure increases as the wall depth increases until a wall 

depth of 3 m (from the top of the wall) and then tends to decrease until a wall depth of 

5 m. Beyond this depth, the lateral earth pressure increases again down to the wall 

base. 
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The active Rankine lateral earth pressure h at the top of the wall is 

equal to 2 tan 45
2

c
 

− + 
 

 = -92 kPa. The h  value increases with depth and becomes 

effectively nil at a wall depth of 8.2 m from the top. This negative lateral earth 

pressure due to the cohesion effect suggests that the backfill can potentially stand 

even without reinforcement, but possibly with a large horizontal deformation.            

A comparison between Rankine active earth pressure, a and measured h , shows 

that the measured h  is greater than a and is between active and passive earth 

pressures. The higher measured lateral earth pressure is because the reinforcements 

enhance the stiffness in the backfill and results in less lateral movement.  

At a depth greater than 5 m, the rate of development in lateral earth 

pressure with wall depth is constant. Whereas at 0 to 5 m depth, the lateral earth 

pressure increases from 0 to 2 m in depth and tends to decrease with depth. This 

behavior is similar to that of MSE walls using coarse-grained soil backfills. 

(Christopher et al., 1990 and Horpibulsuk et al. 2010). The difference is the 

magnitude of lateral earth pressure and the critical depth where the rate of 

development in lateral earth pressure is constant. It is noted that the lateral earth 

pressure can be represented in term of vertical stress as follows:  

 

h vK =
         (4.7) 

 

where K is the coefficient of lateral earth pressure. The K values can be determined 

from Figure 4.11 using Eq. (4.7) and are presented in Figure 4.12. The K values are 

effectively constant for wall depths from 0 to 2 m and then decreases with an increase 
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in wall depth (from 2 to 4 m). The K values are then effectively constant  at wall 

depth greater than 4 m. The relationship between K and wall depth, z is as follows: 

 

K =1.3    for z = 0 to 2 m     (4.8) 

 

K=2-0.35z    for z = 2 to 4 m    (4.9) 

 

K =0.6    for z > 4 m     (4.10) 

 

 

 

Figure 4.11 The relationship between the lateral earth pressure and the wall depth 

(total wall height – current height). 
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Figure 4.12 Relationship between coefficients of lateral earth pressure and wall       

        depth. 

 

4.3.5 Possible failure plane 

Figure 4.13 illustrates the reinforcement tension measured from strain 

gauges after the completion of construction at different wall heights and distances 

from wall facing. The measured reinforcement tensions (solid line) show high tension 

at the point near the wall face when location of reinforcement is below H/2 while high 

tension is at the middle and top layers of wall occurring at the points about 3 m 

distance from the wall face. The dash line in Figure 4.13 shows the bilinear type of 

maximum tension line (coherent gravity structure hypothesis) for coarse-grained 

backfill, which is close to the measured maximum tension line (solid line). In other 

words, the coherent gravity structure hypothesis can be applied to estimate the 

location of the maximum tension of reinforcement embedded in fine-gained soil. 
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Figure 4.13 Measured tensions in the bearing reinforcements at the end of 

construction. 

 

4.4 Proposed method for the BRE wall design 

A proposed design method for examination of internal stability of the BRE wall 

using claystone backfill as truck ramp support is proposed. The examination of the 

internal stability deals with the rupture and pullout failure. The pullout resistance 

equations, maximum tension plane (possible failure plane), and coefficient of lateral 
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earth pressure are needed for the examination. A proposed procedure for examining 

the internal stability of the BRE wall is as follows: 

Determine the maximum pullout force in the bearing reinforcement 

1. Based on the coherent gravity structure hypothesis, approximate the 

maximum tension (possible failure) plane for the designed BRE wall. 

2. Determine the vertical stress at each reinforcement level due to dead load 

and live load due to truck (using Equation (1) and assuming the truck load 

of 40 kN/m). 

3. Determine the maximum pullout forces in the bearing reinforcements by 

multiplying the vertical stress by the coefficient of lateral earth pressure, 

K, and the vertical and horizontal spacing (Sv and Sh) of the bearing 

reinforcement. The relationship between K and depth presented in Figure 

4.12 is recommended for this calculation. 

Determine the rupture strength of the bearing reinforcement 

4. Perform a tensile test on a longitudinal member to determine the yield 

strength. 

5. Determine the rupture strength of the longitudinal member by multiplying 

the yield strength by the cross-sectional area. 

Determine the pullout resistance of the bearing reinforcement 

6. Perform a large direct shear test on the backfill material to determine the 

shear strength parameters. 

7. Determine the interface factor, , which can be obtained directly from a 

pullout test on a longitudinal member or taken as 0.4 as recommended by 
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Horpibulsuk et al. (2016). Hence, the friction pullout resistance can be 

determined from Eq. (1). 

8. Determine pullout bearing resistance using Eqs. (2) to (5) and hence total 

pullout resistance Pt, which is the sum of the friction and bearing pullout 

resistances. 

Examine the internal stability 

9. Determine the factor of safety against rupture failure. This factor of safety 

must be greater than 2.0. 

10. Determine the factor of safety against pullout failure. This factor of safety 

must be greater than 1.5. 

The proposed method is based on sound engineering principles. However, the 

proposed method would benefit from calibration with several additional full-scale 

case histories including design and instrumented construction. 

 
 

4.5 Conclusions 

This paper presents the performance of the Bearing Reinforcement Earth (BRE) 

wall constructed as a truck ramp support for an on-site crusher plant in Mae Moh 

mine. During construction, the settlement and bearing stress increased rapidly with 

construction time due to an increase in the backfill load. The settlement and bearing 

stress  were uniform for the case history presented. The settlement due to the backfill 

was only 5 mm while the cyclic load from the truck travel caused settlement of 20 

mm.   

The lateral movement pattern at the front and lateral sides was found to be 

similar with approximately the same magnitude at the end of construction but with 
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different magnitudes at the service stage. The maximum lateral movement at the end 

of construction was small, of less than 10 mm. As such, the lateral movement to 

height ratio is  only 0.12%, which was lower than the allowable value of 0.4% and 

indicated the high stability of the BRE wall. The maximum lateral movement (wall 

height of 6.0-9.0 m) at the front was greater than that that at the lateral side (58 and 20 

mm, for front and lateral sides, respectively at 270 days).   

The maximum tension line for BRE wall with claystone backfill can be 

represented by the coherent gravity structure hypothesis. The coefficients of lateral 

earth pressure can be divided into three zones for 0 to 2 m, 2 to 4 m and greater than 4 

m. The proposed procedure for examination of the internal stability of the BRE wall, 

which includes factors of safety against rupture and pullout failure, is very useful for 

BRE design using claystone as a backfill in other mining applications. 
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CHAPTER V 

FAILURE OF RIVERBANK PROTECTION STRUCTURE 

AND REMEDIAL APPROACH 

 

5.1 Introduction 

 

Retaining walls are constructed for protecting and holding back soils from 

buildings and any other construction structures. Early studies of retaining walls by 

many researchers and practitioners demonstrated that the main objective of the 

retaining walls is to prevent the down slope movement of soil or to resist the lateral 

earth pressure (Villemus et al., 2007; and Dickens & Walker, 1996). Retaining walls 

are classified based on the type of construction material used and are commonly 

constructed using masonry, stone, brick, and concrete. The gravity retaining wall is a 

rigid wall that provides functional support for keeping the in-situ soil in place and 

relies on its mass to resist pressure from behind the wall. Pile retaining walls are built 

by first assembling a sequence of driven or bored piles, followed by excavating away 

the excess soil. The pile retaining wall structures comprises driven piles or bored piles 

and reinforced concrete beam or steel beam bracing elements. Anchor retaining wall 

or tieback retaining wall, on the other hand, can be constructed in any of the 

aforementioned styles but also provides additional strength, with the usage of cables 

or other ties anchored in the rock or soil behind it. 

The use of soil reinforcement for retaining wall construction, also known as 

the Mechanically Stabilized Earth (MSE) wall, was developed in the 1960s 
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(Vidal, 1969, 1978). MSE walls provide significant advantages compared to 

conventional reinforced concrete walls, which include the ease of installation, rapid 

construction, simple construction techniques, cost-effectiveness, and aesthetics 

(Horpibulsuk et al., 2011; Sukmak et al., 2016; Sukmak et al., 2015; Udomchai et al., 

2012; Zornberg & Leshchinsky, 2003). 

Many retaining walls may fail due to poor design and construction practices, 

as well as due to the installation of insufficient number of supports to prevent the wall 

from moving (Jamsawang et al., 2015). Three fundamental criteria are necessary  

for the design of retaining walls, which include overturning, sliding, and 

bearing capacity (Harkness et al., 2000). The other important consideration for the 

retaining wall design is the elevation of the water table, which has significant effect 

on the lateral pressure imposed on the retaining wall. The water pressure due to the 

water table reduces the effective stress and acts as an additional force to the retaining 

wall, which can cause overturning and sliding failures (Huang & Luo, 2009; Won & 

Kim, 2007). Furthermore, this phenomenon also caused serious issues of long-term 

settlement and large lateral displacement of the sub-structure (Shen et al., 2014; 

2017). Chai et al., (2014) and (2018) also studied the effect of pore water pressure on 

the sub-structure based on laboratory tests and finite element analyses methods. The 

laboratory model tests were conducted using a piezocone to measure the pore pressure 

generated during penetration and its subsequent dissipation, while finite element 

analyses were performed using the constitutive Modified Cam Clay model. The 

results clearly confirmed that the pore water pressure as well as its dissipation 

behavior were very important for theoretical analysis and numerical simulation. Binici 

et al. (2010) investigated the failure of a retaining wall in Kahramanmaras, Turkey 
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and reported that the main reason for the failure was the effect of hydrostatic pressure, 

which was not taken into consideration for the calculation of lateral pressures. The 

effective stress decreased as result of an increase in the hydrostatic pressure, which 

developed due to heavy rainfall and the resulting rise in the water level led to 

additional forces being imposed on the retaining wall. In addition, the widespread 

damage or risk of the retaining structures are threatened by natural disaster, including 

storming, heavy raining, and flooding that can be occurred unexpectedly and abruptly 

and/or by the geohazards that involve with the changing of geological and 

environmental conditions as well as short-term or long-term geological processes 

(Lyu, Shen, & Arulrajah, 2018; Lyu et al., 2018). 

A case study of the investigation on the collapse of the river protection 

structure located at Muang Ngam, Sao Hai District, Saraburi Province along the Pasak 

River in Thailand is presented in this paper. The Pasak River is located in the central 

Thailand. It originates in Loei Province and passes through Phetchabun Province and 

Saraburi Province, until it joins with the Lopburi River in Lopburi Province before 

flowing into the Chao Phraya River in southeast of Ayutthaya Province, Thailand. To 

protect against devastation of the riverbank, the Department of Public Works and 

Town & Country Planning (DPT) and Department of Water Resources (DWR) 

constructed a riverbank protection structure. The construction completed in March 

2012.The riverbank protection structure was 400 m long and was constructed using an 

anchor system. However, the details of the anchor retaining wall construction was not 

available at the time of the site investigation. An approximately 68 m length of 

riverbank protection structure constructed by the DWR collapsed in October 2012, 
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whereby 6 m of the wall facing moved laterally toward the river side, as shown in 

Figure 5.1 

 

 

 

Figure 5.1 Large movement of wall facing of the first riverbank protection structure. 
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(b) side view 

 

Figure 5.2 Details of the driven pile retaining wall structure: (a) plan view, and  

(b)   side view. 

 

The DWR then designed the second riverbank protection structure by using 

driven piles as a wall facing and reinforced concrete beams as bracings, as shown in 

Figure 5.2 A riprap structure was constructed on the slope in front of riverbank 

protection structure, in order to prevent erosion on the river bank. The construction of 

this second riverbank protection structure was completed in June 2014. After about 2 

months of the construction in August, lateral movement again occurred along the 

retaining wall, though major settlement of the embankment was not observed. 

However, large lateral movement occurred due to heavy rainfall, which resulted in 

excessive settlement of the backfill and also resulted in failure of the retaining wall in 

early of November 2014. 

The improvement and rehabilitation of this retaining wall structure is critical 

for the protection and prevention of erosion at the riverbank. The DWR engaged 

geotechnical engineering experts to design the new (third) stable riverbank protection 
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structure and a geotechnical design and research team from Suranaree University of 

Technology, Thailand led by the third author was selected to once and for all solve 

this technical problem. The investigation methods and the remedial approaches for the 

failure of riverbank protection structure are presented in this research paper. This 

research study will also report on the positive impacts of the approach used by the 

research team and provides information and guidelines on the application of earth-

retaining structure in riverbank rehabilitation works. The cause of failure and its 

remedial approaches for the riverbank protection structure presented in this paper is 

useful for geotechnical engineers, designers, and practitioners alike in terms of 

assessing suitable site exploration methods and critical analysis methods particularly 

in tropical regions, where the weather changes seasonally and the serious conditions 

(flood and drought) may occurred unexpectedly. 

 
 

5.2 Causes of failure 

5.2.1 Visual observation 

Figure 5.3 shows the progress of lateral movement of the wall facing of 

the second riverbank protection structure in March 2015 and in January 2016. The 

photos indicated that the large damage occurred after the rainy season (July 2015 to 

October 2015). This can exacerbate external lateral forces, which exceeded the 

passive resistance of the retaining wall structure. The passive resistance occurred 

along the embedded length of the piles to prevent the soil movement caused by the 

backfill and seepage forces. Based on theory, this indicates that the soil was at the 

point of incipient shear failure due to the lateral force exerted by the lateral earth 

pressure, in which the retained soil mass was allowed to deform laterally and slide the 
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retaining wall outward towards the riverside. For the rigid retaining structure, it is 

assumed the active failure wedge in the backfill and the plan with an inclination angle 

of (45º + ϕ/2) from the horizontal may result in interference in the development of the 

active state behind the wall (Fan & Fang, 2010; Rankine, 1857). The longitudinal 

crack along the wall facing was clearly detected as shown in Figure 5.4, which 

indicates that the retaining wall was unable to resist the sliding forces created by the 

horizontal soil pressure. 

 

  

(a) Location 1 

  

(b) Location 2 

 

Figure 5.3 The retaining walls before and after its failure at: (a) Location 1 and (b) 

Location 2. 
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Figure 5.4 The longitudinal crack along the wall facing of the riverbank protection 

structure.  

 
 

5.2.2 Stability analysis program 

 For riverbank improvement and rehabilitation, first and foremost the 

cause and the mode of failure must be examined for the accurate design of new 

riverbank protection structure. The reliable non-linear finite element program 

PLAXIS 2D, which is widely used by geotechnical engineers and researchers to solve 

earth-retaining structure problems (Fan & Fang, 2010; Yu et al., 2015) was used as 

the design tool to analyze the stability of the retaining wall and to diagnose the cause 

of failure in this study. The investigated mechanical properties of the retaining wall 

and geotechnical properties of the backfill and foundation will be used in the finite 

element analysis. 

The longitudinal crack  
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Soil elements used in this study were six-node triangular isoperimetric 

elements, with three Gauss points for each element. Mohr-Coulomb model is an 

elastic-perfectly plastic model, which is often used to model soil behaviors in general 

and serves as a first-order model for practical design. Thus, the Mohr–Coulomb 

constitutive model using the effective stress analysis was used to model the stress-

strain behavior of soils in this study. This model required five parameters, i.e., 

Young’s modulus (Eʹ), friction angle (ϕʹ), Poisson’s ratio (vʹ), cohesion (cʹ), and 

dilatancy angle (ψʹ). The dilatancy angel (ψʹ) is approximately equal to ϕʹ – 30º for 

ϕʹ> 30º (Bolton, 1986). Interface element between the wall and the soil backfill was 

also considered in the analysis. Thin rectangular interface elements, six-node 

elements, were used between the soils and structure elements (Brinkgreve & Broere, 

2015).Figure 5.5 shows the soil profile of the site. The in-situ strength of the subsoil 

was measured using the standard penetration test (SPT). The soil materials properties 

used for this finite element simulations are demonstrated in Table 5.1 
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Figure 5.5 General soil profile. 

 

Table 5.1 Soil material properties for finite element analysis. 

Parameter Symbol 
Loose 

sand 

Medium dense 

sand 

Dense 

sand 
Unit 

Material model Model M-C M-C M-C - 

Saturate unit 
weight sat  m 18 19 22 kN/m3 

Total unit 
weight unsat  16 17 20 kN/m3 

Young’s 

modulus 
Em 30000 35000 60000 kN/m2 

Friction angle   m 28 33 38 Degrees 

Cohesion c  m 1 2 4 kN/m2 

Dilatancy   m - 3 8 Degrees 

Poisson’s ratio v  m 0.3 0.3 0.3 - 

 

Medium dense sand 

Loose sand

Dense sand

Stiff clay 316 /unsat kN m = Stiff clay 318 /sat kN m =

Stiff clay 317 /unsat kN m = Stiff clay 319 /sat kN m =

Stiff clay 320 /unsat kN m = Stiff clay 322 /sat kN m =
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5.2.3 Analysis based on available data 

The entire riverbank protection structure was 400 m long and located 

along the Pasak River in Sao Hai District, Saraburi Province. Figure 5.2 shows the 

geometry and structural details of the second riverbank protection structure. The 

structure was braced double driven pile system with reinforced concrete bracing 

beams. The rear piles were rectangular in shape (0.3x0.3x10 m), while the front piles 

were T-section (0.35x0.40x14 m). The spacing between the back and the front piles 

was 2.5 m and the spacing between the T-section piles was 2 m. The rectangular 

reinforced concrete beams were 0.2 m in width and 0.3 m in height, while the 

thickness of the pre-cast wall facing between T-section piles was 0.06 m. In addition, 

the riprap with 0.3 m in diameter was applied in front of the riverbank protection 

structure to protect the erosion. Material properties of the second riverbank protection 

structure are presented in Table 5.2 The soil data collected from the boring log near 

the collapsed riverbank protection structure was obtained from the worksite and 

indicated that the soil layers were typical loose to dense sandy materials as shown in 

Figure 5.5 In addition, soil samples were also brought to the laboratory in order to 

carry out the triaxial test and its results were used for a soil model in the finite 

element analysis. For very hard soil layers, it was unable to get the samples for 

triaxial test. Hence, the SPT was undertaken and the ϕ values were estimated from the 

SPT values conversion. 

Finite element (FE) modeling using PLAXIS 2D program was carried 

out to evaluate the stability of the riverbank protection structure. The material 

parameters of soil and riverbank protection structure are summarized in Table 5.1 and 

Table 5.2, respectively. The lowest water level of 7 m at the front of the riverbank 
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protection structure, measured from the surface of the backfill (at water label = 93 m 

in Figure 5.2), recorded by the Department of Irrigation, was used in the FE analysis. 

Figure 5.6 shows the factor of safety (FS) of 1.613, which is greater than the required 

design FS = 1.5, commonly used by the geotechnical engineers and researchers 

(Budhu, 2008). This demonstrates that the riverbank protection structure had a high 

stability, which was consistent with the visual observation of the stable part of 

riverbank protection structure as it is clearly evident in Figure 5.7 In other words, 

there might be other natural hazards causing the failure of riverbank protection 

structure, which were not taken into account in this analysis; hence, further site 

investigation to obtain primary data was required. 

 

Table 5.2. Material properties of the driven pile retaining wall structure. 

Parameter Front Pile 

(0.45x0.30 m) 

Back Pile 

(0.30x0.30m) 

Reinforced Beam 

(d = 0.2m, h = 0.3m) 

Material model 

Young’s modulus, Eʹ (kPa) 

Area, A (m2/m) 

Moment of inertia, I (m4/m) 

Poisson’s ratio, υʹ 

Density, γ (kN/m3) 

Elastic 

25.5x106 

0.135 

2.27x10-3 

0.25 

23.5 

Elastic 

25.5x106 

0.09 

0.338x10-3 

0.25 

23.5 

Elastic 

2.04x108 

4.99x10-3 

1.56x10-3 

0.25 

23.5 
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Figure 5.6 The simulation of FE analysis with the lowest water level at the front of 

the retaining wall. 

 

 

 

Figure 5.7 The visual observation of the stable retaining wall structure. 

 

Stable Location 
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5.2.4 Analysis based on primary data 

The primary data was collected by interviewing residents living close 

to the riverbank, and whom were affected by the collapse of the earlier riverbank 

protection structure. It was found that there were farm lands behind the failed 

riverbank protection structure, inducing water seepage through the backfill, 

particularly during the rainy season. 

 

 

 

Figure 5.8 The location of the collapsed retaining wall. 

Collapsed Retaining Wall 

Pasak River 

Collapsed Retaining Wall 

Pasak River 
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Figure 5.9 FE analysis of riverbank protection structure with water seepage and 

eroded slope. 

 

Furthermore, the aerial photograph map as shown in Figure 5.8 

indicated that the riverbank protection structure was located on the curvature of the 

watershed, which faced to the strong force direction of river flow. It was thus assumed 

that the current continuously scoured the riverbank, undermining the natural slope 

(loss of soil mass) in front of the riverbank protection structure. The erosion changed 

the geometry of the slope in the passive zone, reducing the stability of the collapsed 

riverbank protection structure. Elevation surveying along the exiting slope in front of 

the collapsed riverbank protection structure was carried out, which revealed that the 

existing slope was much steeper than that obtained from the drawing previous 

designed by the DWR (available data). This supports the assumption of soil erosion 

due to the attack of strong current at the curvature of watershed. 

Based on the primary data, the FE analyses were carried out using the 

water level measured by piezometers and the measured existing slope in the passive 

zone. The water level behind riverbank protection structure was 0.5 m below the 
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backfill surface while the water level in the river was 7 m below the backfill surface 

(Figures 5.9). The results showed soil collapse at the end of computation, indicating 

that FS was lower than 1.0 and the erosion and seepage force significantly induced the 

instability of the riverbank protection structure. Similar failure of the retaining walls 

caused by the insufficient base friction and passive resistance in front of the wall was 

also found (Abdullahi, 2009; Budhu, 2008; Rankine, 1857). 

 

 
(a) 

 
(b) 

 

Figure 5.10 Structural detailing of retaining wall: (a) plan view and (b) side view. 
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5.3 Remedial approach 

5.3.1 Design concept 

The mitigation and rehabilitation of the collapsed riverbank protection 

structure were designed to minimize the effect of water seepage and steep slope. The 

new riverbank protection structure was designed based on the three main approaches 

as follows: 

For the first approach, the river bank protection structure must have an 

adequate factor of safety against excessive translation, rotation, bearing capacity 

failure, deep-seated failure, and seepage-induced instability. Hence, the pile-bracing 

system was proposed. Due to the very dense sandy soil foundation, the bored piles 

with diameter of 60 cm were selected to have long embedded length (to have high 

passive lateral resistance) and installed behind the existed driven piles as shown in 

Figure 5.10 The long piles also increased the stability against deep-seated failure. The 

new designed length of piles was approximately 18 m, while the spacing between the 

front and back of bored piles (longitudinal direction) and (cross section direction) was 

5.5 m and 1.2 m, respectively. The reinforced concrete pile caps were constructed on 

the front and the back bored pile heads, while the steel H-beam were used as bracing 

between the caps. 

The geocomposite as a drainage medium to minimize the water level 

behind the riverbank protection structure was applied for the second approach. 

Previous researchers have extensively studied on the geocomposite drainage under 

seepage condition in earth-retaining structure and reported that the geocomposite 

drainage reduced the water pressure in the reinforced zone, thus increasing the 

stability of retaining walls (Chinkulkijniwat et al., 2017; Udomchai et al., 2012). 
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For the third approach, the existing slope was adjusted to be not steeper 

than 30 degrees. The riprap was designed and installed on the crest and the toe of the 

adjusted slope in front of the riverbank protection structure in order to protect the 

erosion problem. The geotextile layer, as a filter medium was installed beneath the 

riprap layer to separate the natural slope soil and the riprap. The design procedure for 

the riprap was carried out according to the previous technical paper (Galay et al., 

1987; Maynord et al., 1989), which is based on the local average channel velocity and 

local depth of the river. The riprap design procedure according to the DPT’s 

regulation (DPT, 2006) can be expressed as follows: 

Required design diameter of riprap 

 
2

( 1)

CV
d

g s
=

− 
       (5.1) 

 

where:  

 

V = velocity of the river flow, 

C = coefficient of the river flow, 

C = 0.3 for low turbulent flow, and 

C = 0.7 for high turbulent flow 

g = gravity acceleration, (g = 9.81) 

s = specific gravity of riprap, and 

  =  side slope correction factor 
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Velocity of the river flow (V) can be calculated as: 

 
3

2

Discharge 1500 /
= 4.3 /

Area 350

m s
V m s

m
= =     (5.2) 

 

Side slope correction factor ( ) can be calculated by: 

 
1/ 2

2

2

sin
1 0.628

sin





 
 = − = 

 
      (5.3) 

 

where: 

 

Friction angle of soil slope 40    

Angle of slope at the front of retaining wall 30    

Hence, the required design diameter of riprap was 

 
20.3 4.3

0.55
9.81 (2.65 1) 0.628

d m


= =
 − 

 

 

The required 60 cm diameter of riprap was installed with thickness of 

90 cm and 180 cm at the crest and the toe of the slope at the front of the riverbank 

protection structure, respectively. Figure 5.11 shows the structural detailing and the 

schematic drawing of the riverbank protection structure. 
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Figure 5.11 Schematic drawing of the retaining wall system. 

 

5.3.2 Finite element verification 

The stability of the new riverbank protection structure was verified by 

FE analysis method using the PLAXIS 2D program. The model parameters used for 

the backfill soil and for the new riverbank protection structure are summarized in 

Table 5.1 and Table 5.3, respectively. 
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Table 5.3. Material properties of the bored pile retaining wall structure. 

Parameter Bored Pile (ϕ = 0.6m) Strut 

Material model 

Young’s modulus, Eʹ (kN/m2) 

Area, A (m2/m) 

Moment of inertia, I (m4/m) 

Poisson’s ratio, υʹ 

Density, γ (kN/m3) 

Elastic 

25.5x106 

0.235 

5.30x10-3 

0.25 

23.5 

Elastic 

2.04x108 

4.99x10-3 

85x10-6 

0.3 

78.5 

 

The effect of water flow in the riverbank protection structure was 

considered in the simulation by FE analysis. Two cases of water flow condition were 

considered for FE analysis: the lowest water level in the river at -7 m obtained from 

the groundwater station (see Figure 5.2, water label = 93 m) and rapid drawdown 

(water level at the bed of the river, water label = 87 m). Due to the variation of water 

levels in the river seasonally, the reservoir nearby the riverbank protection structure 

can be subjected to rapid drawdown phenomenon (Budhu, 2008). In this case the 

lateral water force is removed and the excess pore water pressure does not have 

enough time to dissipate. According to AASHTO (2002), FS must be greater than 1.5 

and 1.3 for the lowest water level in the river and the rapid drawdown conditions, 

respectively. 
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Figure 5.12 FE analysis of new riverbank protection structure: (a) lowest water level, 

and (b) rapid drawdown. 

 

Figure 5.12a-b presents the simulation results of FE analyses for both 

case studies. The FE analysis results based on the c-ϕ reduction method (Brinkgreve 

& Broere, 2015) showed that the FS = 1.98 and 1.79 for case 1(with the lowest water 

level) and case 2 (rapid drawdown phenomenon), respectively. FS values for both 

case studies were greater than the required factor of safety, which demonstrated that 
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the designed riverbank protection structure was stable. The stable new riverbank 

protection has been constructed in May 2017 and completed in October 2017. Since 

then, the riverbank protection structure has been serviced without any track of failure. 

The cause of failure and its remedial approaches for the riverbank 

protection structure presented in this paper is helpful for geotechnical engineers, 

designers, and practitioners alike in terms of assessing suitable site exploration 

methods and critical analysis methods particularly in tropical regions, where the 

weather changes seasonally and the serious conditions (flood and drought) may 

occurred unexpectedly. 

 
 

5.4 Conclusion 

This paper presents a case study of the collapsed riverbank protection structure 

and the remedial approach used. The riverbank protection structure has been 

constructed to protect the riverbank along the Pasak river in Suraburi province, 

Thailand. However, a part of the riverbank protection structure collapsed during the 

rainy season. The first and second collapsed riverbank protection structures were 

anchor retaining wall structure and pile driven retaining wall structure, respectively.  

Based on the site investigation and the FE analysis on the collapsed retaining 

wall, the failure of the riverbank protection structure was caused by the water flow 

entering into the permeable backfill soil layers and directing to the river. The other 

reason is that the strong streams continuously scour the riverbank and undermine the 

natural slope in front of the riverbank protection structure. Erosion changes the 

geometry of the slope in passive zone, which reduces the resistance of passive earth 

pressure and ultimately resulting in slope failure. 
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Therefore, three fundamental approaches have been proposed for the new 

riverbank protection structure. The bored pile-bracing system was constructed as a 

new riverbank protection structure. The long and stiff bored piles improve the 

external stability of the riverbank protection structure. The geocomposite was 

installed behind riverbank protection structure as a drainage to minimize the water 

level during rainy season. The riprap was applied on the crest and the toe of the slope 

in front of the riverbank protection structure to protect the erosion. 

The finite element analysis results confirmed that the new riverbank protection 

structure was stable for both lowest water level in the river and rapid drawn down 

conditions. This case study of the collapsed riverbank protection structure and its 

remedial approaches in this paper can be considered as the geotechnical documentary 

and a guideline or information, which is helpful for the application of earth-retaining 

structure rehabilitation. The new riverbank protection was constructed in a period of 5 

months (May 2017 till October 2017) and since then there has been no evidence of 

any further failures. 
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CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS  

 

6.1   Summary and conclusions 

This thesis presents the case studies of the performance of innovative 

geosynthetic applications as retaining structures for both man-made and natural slope 

protection. For man-made slope protection, the mechanical stabilized earth (MSE) wall 

utilizing the bearing reinforcement as earth reinforcement, designated as Bearing 

Reinforcement Earth (BRE) wall was designed to support the weight of the truck ramp 

and also to provide a 90-degree slope to allow shorter access for the large mine haul 

trucks. The laboratory-scale pullout resistance mechanism and predictive equations in 

terms of vertical stress, dimension, spacing and number of traverse members for 

cohesive-frictional soils were carried out. A full-scale instrumented BRE wall with 

claystone backfill in the Mae Moh mine was constructed as a truck ramp support for an 

on-site crusher plant. The performance of the BRE wall after the completion of 

construction and during the service period included settlement, bearing stress, lateral 

movement, lateral earth pressure and tension force in the reinforcements. Therefore, a 

proposed method of designing the BRE wall is very useful for BRE design using 

claystone as a backfill in general mining application is then developed.  

For the natural slope protection, the case study of a collapsed riverbank 

protection structure, located in the curvature of the watershed along the Pasak river in 
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Saraburi Province, Thailand is presented. The Pasak river is located in the 

central Thailand. It originates in Loei Province and passes through Phetachbun 

Province and Saraburi Province, until it joints with the Lopburi river in Lopburi 

Province before flowing into the Chao Phraya river in southeast of Ayutthaya Province, 

Thailand. To protect against devastation of the riverbank, a 40m-m riverbank protection 

structure was constructed. This retaining structure; however, was collapsed 

approximately four months after the complete of the construction. Although efforts 

have been made to twice rehabilitate this collapsed structure, the rebuilt protection 

structures were unstable to prevent progressive collapse damage and the cause of their 

failure remained elusive. The investigation methods and the remedial approaches for 

the failure of riverbank protection structure are presented in this thesis. It will also 

report on the positive impacts of the approach used and provide information and 

guideline on the application of earth-retaining structure in riverbank rehabilitation 

works. Finally, the conclusions can be drawn as follows: 

 6.1.1  For Man-Made Slope Protection 

 The total pullout resistance of the bearing is the sum of friction pullout 

and bearing pullout resistances. The lower water content resulted in the higher shear 

strength; hence the higher pullout friction resistance. The peak and residual interaction 

factors ( p and r ) value were dependent upon F, irrespective of water contents. The 

relationships between p and r  versus F were suggested in this paper.                          

The relationships between p and r  versus F are 0.002 0.859p F = − +  and 

0.0014 0.592r F = − + , respectively.  
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The bearing pullout resistance of transverse members   is calculated in terms of the 

number of transverse members (n), transverse members interference factor (IF) and 

pullout bearing resistance of a single transverse member . The IF and Pb1 were found 

to be primarily controlled by F and w/wOWC. The 3-dimensional plot of  versus w/wOWC 

and F in the range of 0.67 1.33owcw w   and 20 < F < 98% were proposed to 

determine Pb1. On the dry side of optimum and at wOWC, the   of 2  is recommended 

for F < 45%. On the wet side of optimum,  reduces significantly with increasing 

w/wOWC and F until  = /3 at w/wOWC = 1.33.  

 The 3-dimensional plot of S2/B versus w/wOWC and F in the range of 

0.67 1.33owcw w   and 20 < F < 98% were proposed to determine IF. The  

value was essentially the same of 13.3 for , whereas the  value for 

 decreased linearly with increasing water content. Using the relationship 

between  versus F and w and the relationship between IF versus F and w, the  can 

be calculated.  

 The lateral movement pattern at the front and lateral sides was found to 

be similar with approximately the same magnitude at the end of construction but with 

different magnitudes at the service stage. The maximum lateral movement at the end of 

construction was small, of less than 10 mm. As such, the lateral movement to height 

ratio was only 0.12%, which was lower than the allowable value of 0.4% and indicated 

the high stability of the BRE wall. The maximum lateral movement (wall height of 6.0-

9.0 m) at the front was greater than that at the lateral side (58 and 20 mm, for front and 

lateral sides, respectively at 270 days). 

bnP

1bP

2S B

OWCw w 2S B

OWCw w
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 The maximum tension line for BRE wall with claystone backfill can be 

represented by the coherent gravity structure hypothesis. The coefficients of lateral 

earth pressure can be divided into three zones for 0 to 2 m, 2 to 4 m and greater than 4 

m. The proposed procedure for examination of the internal stability of the BRE wall, 

which includes factors of safety against rupture and pullout failure, is very useful for 

BRE design using claystone as a backfill in other mining applications. 

 The method of predicting pullout resistance of bearing reinforcement 

embedded in cohesive-frictional soils were proposed in this research. The proposed 

method is useful for examination of internal stability of BRE wall during construction 

and at the end of construction. The development of this generalized pullout resistance 

predictive equations for the bearing reinforcement is based on sound principle. The 

framework can be extended to develop pullout resistance predictive equations of other 

reinforcement systems for further study. 

 6.1.2  For Natural Slope Protection 

 Based on the site investigation and the FE analysis on the collapsed 

retaining wall, the failure of the riverbank protection structure was caused by the water 

flow entering into the permeable backfill soil layers and directing to the river. The other 

reason is that the strong streams continuously scour the riverbank and undermine the 

natural slope in front of the riverbank protection structure. Erosion changes the 

geometry of the slope in passive zone, which reduces the resistance of passive earth 

pressure and ultimately resulting in slope failure. 

 Therefore, three fundamental approaches have been proposed for the 

new riverbank protection structure. The bored pile-bracing system was constructed as 

a new riverbank protection structure. The long and stiff bored piles improved the 
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external stability of the riverbank protection structure. The geocomposite was installed 

behind riverbank protection structure as a drainage to minimize the water level during 

rainy season. The riprap was applied on the crest and the toe of the slope in front of the 

riverbank protection structure to protect the erosion. The finite element analysis results 

confirmed that the new riverbank protection structure was stable for both lowest water 

level in the river and rapid drawn down conditions.  

 

6.2 Recommendations for future work 

The outcomes of this thesis evidently indicate that the retaining structure analysis 

and design as well as remedial approach based on scientific and appropriate 

geotechnical methods are significantly important for either natural or man-made slope 

protections. An appropriate stepwise procedure for assessing pullout bearing resistance 

and a proposed design method for examination of internal stability of the MSE wall are 

very important for the new kind of retaining structure. While the cause of failure and 

its remedial approaches for the natural slope protection structures presented in this 

thesis are useful for geotechnical engineers, designers, and practitioners alike in terms 

of assessing suitable site exploration methods and critical analysis methods particular 

in tropical regions, where the weather changes seasonally and the serious conditions 

(flood and drought) may occur unexpectedly. Following is the recommendation for 

further studies: 

• The equations for estimating the pullout resistance of bearing 

reinforcement are proposed and verified for cohesive-frictional soils. The 

effect of particle size on the mode of failure and the transverse member 
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interference of the bearing reinforcement embedded in various soils 

should be further studied.  

• The finite element analysis of the retaining wall in this study was 

performed in 2-D plain strain condition. However, the vertical spacing 

and shape of pile (3-D) affect the performance of the retaining wall. 

Consequently, the 3-D finite element analysis of the retaining wall should 

be performed and compare with the 2-D one. 
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