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Abstract

Reinforced soil bridge abutments are a combination of compacted soil and reinforcements (in

this case geosynthetics), which supports and distributes the loads from the bridge superstruc-

ture. The structure works on the principle of development of strength from induced strain in

the reinforcements during compaction and pre-loading. The design and analysis of the abut-

ment in this thesis is assumed for soil conditions of Skedsmo, Oslo. The design and analysis is

performed for static and dynamic conditions.

The thesis conducts a limit state design for calculating the dimensions of a reinforced soil

bridge abutment with spread footing at the top. It obtains dimensions and details for the com-

ponents involved in the bridge abutment. It is also determined in this portion, that the most

critical failure mode for external stability of the abutment is eccentricity in overturning, and

mode of failure for internal stability is pullout failure of the reinforcements.

A static finite element analysis is then performed for the designed bridge abutment and

shortcomings of the limit state design are identified and rectified with a modified design in-

volving additional geogrids behind the spread footing. Critical failure modes according to the

limit state design are also verified in this portion.

The thesis then conducts an analytical seismic analysis for evaluating and comparing static

and dynamic loads upon the bridge abutment. It is found that the reinforced soil bridge abut-

ment works within safety requirements for the considered simplified loading conditions and

applied vibration.

The thesis then conducts a dynamic finite element analysis for a simplified model. First a

sinusoidal harmonic wave of varying amplitudes (0.05g, 0.1g and 0.5g peak amplitudes) is ap-

plied to a simplified model, for determining the right boundary conditions for the analysis. A

free field boundary resembling propagation of earthquake in real life is selected for the analysis.

A real earthquake acceleration time history scaled to a 0.5g peak acceleration amplitude is then

applied for the model - with and without geogrids, using a soil model that simulates reduction of

shear modulus according to increasing shear strain. A significant reduction upon displacement

in the abutment is observed with the use of reinforcements. Variation of resultant acceleration,

displacements and dominant frequencies are analysed and it is found that the use of geogrids

significantly improves the stability of the model under the applied earthquake vibration.

The thesis concludes with two main statements. First is that the reinforcements added in the
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rectified limit state design has high significance in terms of stability, performance of connecting

road, anchoring of the reinforced section with the backfill and on internal plastic deformation

and friction mobilization behind the reinforced section. Second is that the use of geosynthet-

ics significantly reduces displacement under seismic loads. Change of the resultant frequency

ranges and dominant frequencies indicate a change in eigen-frequency of the system. The the-

sis concludes with the remark that this behaviour should be studied more closely with the per-

spective of change in shear wave velocity and eigen-frequency of the system with the use of

geosynthetical reinforcements.
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Sammendrag

Forsterkede jordbroforankringer er en kombinasjon av komprimert jord og forsterkninger (i

dette tilfellet geosyntetikk), som støtter og fordeler belastningen fra brooverbygget. Strukturen

fungerer etter prinsippet om å utvikle styrke fra indusert belastning i forsterkningene under

komprimering og forbelastning. Utformingen og analysen av distansen i denne oppgaven er

antatt for jordforholdene til Skedsmo, Oslo. Utformingen og analysen utføres for statiske og

dynamiske forhold.

Oppgaven gjennomfører en grensetilstandsdesign for å beregne dimensjonene til en armert

jordbroanlegg med spredt fotfeste i toppen. Den oppnår dimensjoner og detaljer for kompo-

nentene som er involvert i broanlegget. Det bestemmes også i denne delen at den mest kritiske

feilmodus for ytre stabilitet av anlegget er eksentrisitet ved velting, og modus for svikt for indre

stabilitet er uttrekkssvikt i forsterkningene.

En statisk endelig elementanalyse blir deretter utført for den konstruerte broavstanden og

mangler ved grensetilstandens design blir identifisert og utbedret med en modifisert utform-

ing som involverer ytterligere geogrider bak spredningsfoten. Kritiske feilmodus i henhold til

grensetilstandens utforming er også verifisert i denne delen.

Avhandlingen gjennomfører deretter en analytisk seismisk analyse for å evaluere og sam-

menligne statiske og dynamiske belastninger på broanlegget. Det er funnet at det armerte jord-

bruet ligger innenfor sikkerhetskrav for de betraktede forenklede belastningsforhold og påført

vibrasjon.

Oppgaven gjennomfører deretter en dynamisk endelig elementanalyse for en forenklet mod-

ell. Først blir en sinusformet harmonisk bølge av varierende amplituder (0,05 g, 0,1 g og 0,5

g toppamplituder) brukt til en forenklet modell for å bestemme de rette grensebetingelsene

for analysen. En frie feltgrense som ligner forplantning av jordskjelv i det virkelige liv er valgt

for analysen. Deretter brukes en ekte akselasjonstidshistorie for jordskjelv, skalert til en 0,5g

topp akselerasjonsamplitude for modellen - med og uten geogrider, ved bruk av en jordmod-

ell som simulerer reduksjon av skjærmodul i henhold til økende skjærbelastning. Ved bruk av

forsterkninger observeres en betydelig reduksjon ved forskyvning i anlegget. Variasjon av resul-

terende akselerasjon, forskyvninger og dominerende frekvenser blir analysert, og det er funnet

at bruk av geogrider betydelig forbedrer stabiliteten til modellen under den påførte jordskjelvvi-

brasjonen.
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Oppgaven avsluttes med to hoveduttalelser. Det første er at forsterkningene som er lagt til i

den utbedrede grensetilstandens utforming har stor betydning når det gjelder stabilitet, ytelse

av forbindelsesvei, forankring av det forsterkede partiet med tilbakefyllingen og for innvendig

plastisk deformasjon og friksjonsmobilisering bak den forsterkede seksjonen. Det andre er at

bruk av geosyntetikk reduserer forskyvningen betydelig under seismiske belastninger. Endring

av de resulterende frekvensområdene og dominerende frekvenser indikerer en endring i egen-

frekvensen til systemet. Oppgaven avsluttes med bemerkningen om at denne atferden bør stud-

eres nærmere med perspektivet på endring i skjærbølgehastighet og egenfrekvens av systemet

ved bruk av geosyntetiske forsterkninger.
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Chapter 1

Introduction

.

1.1 Reinforced Soil and Geosynthetics

Soil as it exists in its natural conditions, can be seen held together by roots - which in turn can

support an enormous weight of the tree. Soil can most confidently be termed as one of the oldest

construction material available to mankind. It can also be reasonably assumed that attempts to

stabilize swamps and marshes were made before attempts to first historical records were made.

Historical documents suggest that, soil together with wood and straws were used in the earliest

forms of wall and roof construction. As construction practices developed with the use of mate-

rials that were available locally, reinforced soil were seen to be used in many different ways - in

different eras and regions.

The term reinforced soil indicates that certain tensile resisting material is being used along

with the soil to increase its strength. Historical use of reinforced soil can be traced back to an-

cient civilizations, when naturally existing fibres were used along with compacted soil for creat-

ing a stronger composite construction material. Compacted soil reinforced with reed was used

to construct habitats on the Iranian plateau since fifth millenium BC. During first millenium BC,

reinforced soil saw its presence in construction of Tower of Babel. Ziggurat Aqar Quf, a monu-

ment located close to present day Baghdad (constructed between 1595-1171 BC), stands 54 me-

ters high till today. The structure was built using reinforced blocks of 400 mm cubes of compact

soil - reinforced with river reeds. Reinforced soil was also widely used in river training works

1
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since third millennium BC, when clay fills reinforced with reeds were used along the banks of

Tigris and euphrates (Ingold, 1994, Chap. 1). Reinforced soil is found to be used in numerous

river training works since then. Some parts of the "Great wall of China" in Gobi desert used

compacted sand and gravel reinforced with branches and reeds, where reinforcements were

vertically spaced at 0.2 to 0.3 meters in segments where stone blocks and other conventional

construction materials of the time - were scarce (Jones, 1986, Chap. 1).

In recent history, crushed aggregates inside steel mesh boxes tied together were used as

"gabion walls". Wooden reinforcements were used for stabilizing slopes, building stable grounds

and river training works. First use of designed soil reinforcement is often accredited to Henry

Vidal of France during 1963 AD. Since then, use of reinforced soil has found its application in

many forms - in a diverse range of geotechnical situations. More recently, soil reinforcement

materials majorly converge in form of polymeric materials. Natural fibres and steel reinforce-

ments are also used in situations with specific requirements. Popularity of polymers is due to

their high resistance to biological and chemical degradation. Polymeric materials are also pop-

ular because they can be specifically designed and manufactured according to functional need.

In Skedsmo (25 km northeast to Oslo, Norway), a reinforced soil structure was constructed

by Norwegian Geotechnical Institute (NGI) using polymeric geosynthetics about 32 years ago

in July of 1987 AD. Tests and research are still ongoing on behaviour of the structure and the

reinforcements. A considerable amount of long term data and analysis for long/short term per-

formance of geosynthetically reinforced structures has been performed at the site (Quinteros

(2014)).

The term "geosynthetic" was first used by Giroud and Perfetti in 1977 AD. ASTM D4439 de-

fines a geosynthetic as:

Figure 1.1: Definition of geosynthetic from ASTM D4439

Application of geosynthetics surmises four major functions that they can perform: reinforce-

ment, separation, filtration and drainage. Different types of geosynthetics are used for perform-

ing these different functions. According to Koerner (2005), there are eight different types of
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geosynthetics which he listed as : geotextiles, geogrids, geonets, geomembranes, geosynthetic

clay liners, geopipe, geofoam and geocomposites. The last item "geocomposites" accommo-

dates for geosynthetics formed by combination of two or more type of aforementioned geosyn-

thetics. Drainage and filtration properties are of primary consideration while classifying geosyn-

thetics and they majorly influence performance and strength of the final reinforced soil struc-

ture.

Geosynthetically reinforced soil structures are cost-effective alternatives to conventional (steel

and concrete) structures used for slope stability, erosion control, embankments, roadway ele-

ments, subsurface drainage systems, retaining walls and abutments among many others. It is

suitable for construction over soft foundation, has a higher seismic resilience and uses soil as

primary construction material. It can be significantly more aesthetic and economic option to

available methods. It incorporates soil as a structural component; which in turn can have many

advantages.

This thesis report concerns about design of bridge abutments using geosynthetically rein-

forced soil.

1.2 Geosynthetically Reinforced Soil Bridge Abutments

Application of geosynthetically reinforced soil retaining structures as bridge abutments dates

back to 1994 AD when the Japan Railway constructed several bridge abutments and piers using

this method. According to field measurements, those first bridge abutments have performed

well within settlement limits and have out-performed conventional steel and concrete abut-

ments during Great Hansin Earthquake of Japan in 1995 AD; which measured 7.2 on Richter

scale (Tatsuoka et al., 1997). Considerable amount of research and practice has been done since;

which has led to a significant development in research and development of design principles

and widespread use of the method in practical applications. Some of the early successful ap-

plications worldwide include: Black Hawk bridge abutments in Colorado, US (Wu et al., 2001),

New South Wales GRS bridge abutments in Australia (Won et al., 1996), Vienna railroad em-

bankments in Austria (Mannsbart and Kropik, 1996), among many others. Most of the design

approaches for reinforced soil bridge abutments originates from design of reinforced soil retain-

ing walls.
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A schematic drawing of a reinforced soil bridge abutment with flexible wrapped facing and

its major components are shown in Figure 1.2. A typical reinforced soil bridge abutment has

four distinct functional components: (1) a load bearing wall (lower wall below abutment seat),

(2) Back wall (upper wall behind abutment seat), (3) Abutment seat (or sill) and (4) Abutment

facing. Additionally, a rock-fill at the bottom of the abutment and an alternative vertical facing

is also shown in Figure 1.2. Back wall behind the abutment seat may not necessarily be a rein-

forced soil wall, as it will not directly carry vertical loads from the bridge. The facing itself is a

non-load bearing component of the structure, but the design is heavily influenced by the type

of facing considered. The immediate portion below the loading area (below abutment seat) is

specially reinforced (denser geosynthetics/gravel base) for better load distribution; depending

upon requirements.

Figure 1.2: Schematic components of a reinforced soil bridge abutment

Reinforced soil bridge abutments are flexible structures and several advantages and disad-

vantages are associated with its use. General advantages of these structures according to Elias

et al. (2001) and Wu et al. (2006) are:

• They are more tolerant towards foundation settlement and seismic loading.

• Construction process is rapid, requires less construction equipment, requires less site prepa-

ration and does not require specially skilled craftsmen for construction.
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• Reinforced soil birdge abutments do not require embedment into foundation soil for sta-

bility and this can be specially advantageous while constructing over soil that should not

be excavated due to environmental reasons.

• They are cost effective, ductile, recyclable and they have higher tolerance towards differen-

tial settlements.

Generic drawbacks associated with all reinforced soil structures also applies to reinforced

soil bridge abutments; such as (Elias et al. (2001)):

• Requires relatively large space behind the wall for obtaining adequate wall size to fulfill

external and internal stability.

• Suitable design criteria for corrosion and deterioration of facing elements and reinforce-

ments are required.

• Due to continuously evolving design and construction practice, specifications and con-

struction practices need similar paced standardization.

Increasing laboratory tests, field measurements, post event observations and researches have

led to significant change in how these structures are viewed over the years. Substantial increase

in design modifications and extended usage in varied situations has been observed in the past;

which can only be expected to grow further.
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1.3 Objectives

The main objective of this thesis is to obtain a design of a reinforced soil bridge abutment from

limit equilibrium calculations and analyse its performance under static and dynamic condi-

tions. Behaviour of the reinforced soil bridge abutment in static and dynamic conditions are of

a peculiar interest because the construction mechanism of the reinforced soil bridge abutment

is different from conventional concrete and steel bridge abutments.

The motive of the thesis is to find an appropriate design for the considered reinforced soil

bridge abutment by analysing it analytically and seismically. The difference in results obtained

from analytic calculations and finite element calculations are also of major interest. Interaction

of soil and geosynthetics and the gain of strength with induced strain in reinforcements, along

with the variation of this interaction under seismic condition is a very interesting phenomenon

and it is the objective of this thesis to study and compare these phenomenon for a specific de-

signed reinforced soil bridge abutment.

1.4 Approach

The initial design of the bridge abutment is a limit state design. Numerical calculations are

performed with the finite element program PLAXIS 2D.

Firstly, a design is obtained using limit state method and it forms as a base of this thesis.

A numerical analysis for static condition is done with the obtained design using PLAXIS 2D. A

modification is made for rectifying the base design and reasons and advantages of the rectifica-

tion is discussed.

Further, a pseudostatic analytic internal design is performed for comparing static and pseu-

dostatic loads. Internal and external stability analysis is performed analytically and the results

are compared and discussed.

A dynamic analysis for a simplified model of the designed abutment is then performed with

PLAXIS 2D (dynamics). Prior to this analysis, a boundary condition selection test is performed.

A dynamic analysis is then performed for the simplified model for the cases with and without

geosynthetic reinforcements. The results from the different analyses are compared in terms of

stability and performance of the bridge abutment model. The thesis then combines and com-

pares all acquired information in a summary and concludes with recommendation of further
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works.

(It is mentioned here that all drawings in Chapter 2 and Chapter 3 are self-made for creating

a homogeneity in figures, and hence are not cited in the figure description. The figures however

originated from the ideas mentioned in the respective texts it belongs to - where all the citations

are performed.)

1.5 Structure of the Report

This thesis is divided into following eight chapters:

• Chapter 1: Introduction

This chapter gives brief introduction to reinforced soil and geosynthetics, and their appli-

cation as a bridge abutment. Objectives and approach of this thesis is stated in this chapter.

• Chapter 2: Design Theory and Approaches (Literature Review)

This chapter discusses the design theories involved in design of reinforced soil bridge abut-

ment. Different types of stability conditions considered in the design, and the most rele-

vant design methods are discussed.

• Chapter 3: Limit Equilibrium Design

In this chapter, a design for the reinforced soil bridge abutment considered in this thesis

is obtained by applying limit equilibrium method for internal and external stability condi-

tions.

• Chapter 4: Numerical Modeling and Safety Analysis

The design obtained from limit equilibrium method is turned into an abutment model in

PLAXIS 2D in this chapter. Soil model selected for the design are briefly discussed and the

results are discussed and compared. A modified rectification of the design is reached in

this chapter. The chapter concludes with a safety analysis for different stages involved in

the calculation.

• Chapter 5: Analytical Seismic Design

Mononobe-Okabe method and Eurocode 8 are used for a simplified loading condition of

the designed bridge abutment for a pseudostatic design. A comparison of the static and
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pseudo-static design is done in this chapter.

• Chapter 6: Seismic Modeling and Dynamic Analysis

A brief mention of mechanism of shear waves and the soil model used is made. The chap-

ter then performs a test for the selection of boundary condition using a simplified model of

the designed bridge abutment. Dynamic calculations with and without geogrids are per-

formed in PLAXIS 2D (dynamic mode). Results from the calculations with and without

geogrids are then compared in this chapter.

• Chapter 7: Summary and Conclusions

Results from all design and analyses are discussed in this chapter.

• Chapter 8: Recommendations and Further Works



Chapter 2

Design Theory and Approaches

2.1 Mechanism of Reinforcement

Geosynthetic reinforcements are placed laterally at designed intervals between compacted gran-

ular fills in a reinforced soil retaining structure. When observing a single reinforcement, the

reinforcement is embedded into soil structure up to a designed length of embedment beyond

failure zone, as shown in Figure 2.1

Figure 2.1: Shear distribution on an isolated reinforcement

As additional shear stress develops at shear failure plane of a soil mass, it is transferred into

reinforcement-soil interface in terms of friction and adhesion (Hausmann (1990)). Friction de-

velops relative to normal stress and adhesion depends upon material properties of soil and re-

inforcements. As a result of this shear distribution from active soil mass to reinforcement and

9
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the resisting shear from stable zone; soil mass gains internal equilibrium and is stabilized.

When observing the reinforced soil retaining structure as a whole, the mechanism can be

expressed with the help of Mohr-Coulomb failure envelope as shown in Figure 2.2

Figure 2.2: Mohr-Coulomb failure envelope and principal stresses in reinforced soil

As depicted in Figure 2.2, reinforced and unreinforced soil masses are considered together;

where both are loaded to failure at a constant confining stress. ’Line U’ represents failure en-

velope of unreinforced soil. ’Lines R1 and R2’ represent failure envelope of reinforced soil with

assumed increase in attraction and friction angle respectively. The subscript ’re’ denotes that

those particular parameters are of reinforced soil context.

Both theories presented by lines R1 and R2 provides us with same shear stress value at failure

. Theories depicted by lines R1 and R2 can be expressed as equations 2.1 and 2.2 respectively.

τ f = (σ f +ar e ). tanφ (2.1)

τ f = (σ f +a). tanφr e (2.2)

This way of observing ’soil-reinforcement system’ as a whole can be helpful in making stress-

strain model to describe behaviour of reinforcements in soil at different confining pressures.

The single reinforcement behaviour as shown in Figure 2.1 is used generally for analyzing fail-

ures due to slippage or rupture of reinforcement. It is shown by Gray and Ohasi (1983), that
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failure by slippage is more common for low confining stress and failure by rupture is more likely

for higher confining stress. These conditions of failure depend upon properties of the reinforce-

ment and soil-reinforcement interface; but it emphasizes the concept of shear distribution in

forms of friction and adhesion as illustrated in Figure 2.1.

2.2 Stability of Reinforced Soil Bridge Abutments

When designing reinforced soil bridge abutments, stability is analysed in one of (or combination

of) the modes of stability which are: (1)External stability and (2)Internal stability.

2.2.1 External Stability

External stability describes stability of the abutment when viewed as a singular unit and is re-

sponsible for defining the overall geometry of the abutment. External stability is established by

treating the whole reinforced soil abutment as a rigid gravity structure and then applying clas-

sical geotechnical analysis for safety against sliding, overturning and bearing capacity failure.

Factor of safety is calculated as a ratio of resisting forces to driving forces and checked against

minimum required factor of safety in codes and specifications.

Figure 2.3: Modes of external failure of a reinforced soil abutment

As shown in Figure 2.3, three modes of failure generic to external stability are shown . Slope

stability might also be considered when the abutments are to be constructed on steep slopes

(Koerner (2005)). Check for overall settlements also fall under external stability conditions.

Overall width and height of the abutment is obtained from these stability checks and further
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design is done by internal stability analysis, which is considered particularly vital with respect

to soil and reinforcement interactive behaviour.

2.2.2 Internal Stability

Internal stability of a reinforced soil abutment depends upon properties of geosynthetics and

soil- geosynthetics interface. The geosynthetic reinforcements can either fail by excessive ten-

sile strain and rupture or excessive slippage and pullout. Both of these geosynthetic failures oc-

cur due to excessive tensile stress at points where reinforcements meet critical slip surface. Def-

inition of critical slip surface hence becomes important in design. Different approaches have

different ways of agreeing upon critical slip surface. Length of reinforcement extending beyond

this assumed surface provides resistance towards pullout, and is called embedment length of

the reinforcement. Typical modes of internal failure for reinforced soil abutments are shown in

Figure 2.4

Figure 2.4: Modes of internal failure of a reinforced soil abutment

Several other factors contribute to external and internal stability due to the nature of con-

struction of reinforced soil abutments, such as: abutment geometry, grain size and pore size dis-

tribution, foundation situation and adjacent structures/loading . Combination of failure planes

inside and outside the wall geometry is analysed in ’Internal Compound Stability’, which is in-

tegrated in some design approaches and done separately in others (NCMA (2012)).

For estimating soil-reinforcement friction angle and attraction, direct shear tests for geosyn-

thetically reinforced soil can be performed as in ASTMD5321 (2019). Pullout tests are effective in

modeling anchorage resistance of soil reinforcements. During pullout tests, soil reinforcement

is pulled out at controlled displacement for measuring maximum pullout resistance. The con-
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trolled displacement being a result of mobilization of shear strength on surfaces of the geosyn-

thetic reinforcement in both active and stable zone separated by failure plane (as shown in Fig-

ure 1.2), the test provides a model of interface behaviour in a particular stress condition. Stan-

dard procedure for pullout test for geosynthetics can be performed as in (ASTMD6706 (2013)).

Allowable tensile stresses in geosynthetics should be less than ultimate tensile strength of

geosynthetics and similarly, allowable pullout force should be less than than the anchorage re-

sistance for internal stability to be fulfilled. Allowable tensile resistance and allowable pullout

force as given by Gofar (2008) states:

Tal l =
Tul t .(C RF )

FD .FC .FS
(2.3)

Pa ≤ Pr .Rc

F Spo
(2.4)

Where in equation 2.3, ’Tal l ’ and ’Tul t ’ are allowable and ultimate tensile stresses in geosyn-

thetics. ’CRF’ is creep reduction factor. ’FD , FC and FS ’ are reduction factors for chemical/

biological durability, construction damage and uncertainty for determination of reinforcement

strength respectively. Likewise in equation 2.4, ’Pa ’ and ’Pr ’ are allowable pullout force and al-

lowable pullout resistance respectively. ’Rc ’ is coverage ratio and ’F Spo ’ is factor of safety against

pullout (Gofar (2008)).

2.3 Modified Limit State and other Approaches of Design

External stability design is performed in conventional geotechnical approach by assuming the

geosynhetically reinforced structure as gravity structure. Failure conditions as mentioned in

Figure 2.3 are considered for ultimate or serviceability limit state for analysing stability of the

wall against different forces.

For internal stability analysis however, many methods have been developed in the past with:

modified approach to limit state analysis, internal stress-strain behaviour, numerical models

and finite element approaches, case specific and laboratory/field based approaches, or com-

bination of one or more of these approaches. Prominent design approaches for internal sta-

bility design adopted by most of the codes and specifications are discussed in the following

sub-sections.
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2.3.1 Tie - Back Wedge Method

Tie-back wedge method is the most commonly used method and was for the first time used

with ’at rest’ lateral coefficient (Ko) condition for in-extensible reinforcements by (Steward et al.

(1977)) and modified to active earth pressure (Ka) condition by (Murray (1980)). The method

assumes an active Rankine earth pressure (Ka) throughout the reinforced zone, with tensile re-

sistant tie-backs extending up to a certain embedment length beyond the failure line.

Figure 2.5: Schematic representation of Tie-back wedge method

As shown in Figure 2.5, a simplified vertical abutment with surcharge ’q’ throughout the abut-

ment length ’L’ is shown. The abutment has a height ’H’ and friction angle ’φ’. Angle of Rankine

failure plane originating from toe of the abutment is ’θ’, ’γ’ is unit weight of the soil and sub-

scripts ’r’ and ’b’ denote reinforced soil and backfill soil parameters respectively.

Length and height of the wall is obtained by checking external stability conditions against

minimum factor of safety according to the code followed. According to Holtz et al. (1997), min-

imum factor of safety of: 1.5 for sliding, 2 for Bearing capacity, 2 for overturning and 1.5 for

internal stability (tensile rupture and pullout) can be considered. Check against sliding defines

the wall width - which in turn is deterministic for length of embedment. For calculating geosyn-

thetic spacing (Sv ) and checking embedment length (Le ) of the geosynthetic reinforcements,

a maximum spacing of 0.5 meters and minimum embedment of 1 meter is recommended by

Holtz et al. (1997).
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Tn = Sv .σh (2.5)

Horizontal stress at each reinforcement level (σh) is then calculated along the assumed active

Rankine failure line using moist unit weight of reinforced backfill and all present surcharge loads

assuming an equivalent Meyerhof-type distribution. Required tensile strength at nth layer (Tn)

of the geosynthetic reinforcement then depends upon vertical spacing of the reinforcements

(Sv ) and horizontal earth pressure at middle of that particular layer (σh) as shown in equation

2.5.

2.3.2 Coherent Gravity Method

Coherent gravity method was originally developed for steel grid reinforcements and assumes

high pullout resistance for internal stability (Anderson et al. (2010)). According to laboratory

results from Laboratoire Central des Ponts et Chaussees (LCPC) of France; conducted for rein-

forced soil models, locus of maximum tensile stresses differed from Rankine’s failure plane and

followed a bi-linear curve (Schlosser and Long (1974)). Coefficient of lateral earth pressures too

varied from ’Ko ’ at top of the wall to ’Ka ’ below a depth of 6 meters (Craig (2004)). At failure,

movement start at the toe of the wall and rotation is observed at the top.

Figure 2.6: Schematic representation of Coherent gravity method

As shown in Figure 2.6, locus of maximum tensile stress is shown and the straight lines join-
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ing a point ’0.4H’ with the abutment extremities represents the binomial approximation of the

curve for simplification (Craig (2004)). Internal stability analysis follows similar approach of

calculating lateral stress and subsequently calculates tensile forces for each layer as in equa-

tion 2.5. Earth pressure coefficient however, differs along with depth. Meyerhof-type bearing

pressure is assumed at the base and eccentric loading is assumed due to vertical and horizontal

loads (Anderson et al. (2010))

2.3.3 Two-Part Wedge Method

Method of two part wedge is also a limiting equilibrium method, but it considers all failure

mechanisms and forces associated with it. The method requires very few assumptions to reach

the solution, as large number of combination of wedges are analysed for critical behaviour.

Figure 2.7: Schematic representation of Two-part wedge method

As shown in Figure 2.7, the method assumes combination of two wedges originating beyond

reinforced soil region for analysis of internal stability. The load ’q’ is shown to extend beyond

reinforced zone as the analysis includes that part (Dobie (2015)). ’θr ’ and ’θb ’ represents angle of

inclination of failure wedges ’W1’ and ’W2’ respectively. Wedge ’W1’ lies in reinforced soil zone

and ’W2’ lies in backfill soil zone, connected by the ’wedge boundary’. ’Tr ’ represents tensile

strength of reinforcement in this case.

Figure 2.7 (left) shows the two wedges as ’W1’ and ’W2’ inclined at angles ’θr ’ and ’θb ’ respec-

tively, below a depth ’Zr ’ from top of the abutment. The depth ’Zr ’ varies from ’Zr =H’ at bottom
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of the abutment to zero at the top. ’Zr ’ is considered for each layer of geosynthetic reinforce-

ment. As shown in Figure 2.7 (right), all possible failure planes from height ’Zr ’ is considered.

’θr ’ changes with each possibility of failure plane but ’θb ’ remains same ( Rankine failure plane

can be assumed for ’θb ’ as it lies outside reinforcement zone). The analysis covers failure planes

obtained from ’Tr = 0’ to ’Tr = ∞’ and is repeated for new ’Zr ’ at each layer (Xu and Hatami

(2019)). The design is based on principle that resistance provided by the reinforcement needs

to stabilize the forces due to both wedges - at all considered failure plane combination.

2.3.4 Stiffness Methods

Stiffness based method was first proposed by Bathurst et al. (2005). The methods are empirically

developed working stress methods, based on case studies of geosynthetically reinforced vertical

walls with a variation of facings. Load on reinforcement is calculated by converting measured

strains form case studies to reinforcement loads by using reinforcement stiffness values. The

stiffness of reinforcement considered here are in-isolation isochronous creep stiffness which

are found to give a more reasonable stiffness values in compared to values provided by a tensile

test (Walters et al. (2002)). The database for the empirical method grows continuously and a

reinforced geosynthetic wall of height up to 11 meters have been constructed using the design

approach (Bathurst and Allen (2014)).

The most recent version of the method as described in Bathurst and Allen (2018) gives the

maximum reinforcement load (Tmax) for vertical wall with cohesionless backfill as:

Tmax = Sv .[H .γr .Dmax].Ka .Φg .Φ f s (2.6)

Where ’Sv ’ is vertical spacing of reinforcements, ’H’ is wall height, ’γr ’ is unit weight of back-

fill soil, ’Dmax ’ is distribution factor, ’Ka ’ is active earth pressure coefficient, ’Φg ’ and ’Φ f s ’ are

influence parameters relating to global safety and facing factor respectively.

The method advocates to predict the loads in reinforcement more accurately and econom-

ically. The findings of the emperical method however, is restricted to types of structures and

reinforcements that were considered during its development.
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2.4 Codes and Standards used

In this thesis, AASHTO (2007) load and resistance factor design (LRFD) manual is referred for

load and resistance factors in the limit equilibrium design in Chapter 3. Eurocode 8 (NS-EN

1998-5:2004+NA:2014 (1998)) is followed for analytical seismic analysis in Chapter 5. Holtz et al.

(1997) and Berg et al. (2001) have been important sources of data about geosynthetics through-

out this report.



Chapter 3

Abutment Design using Limit Equilibrium

Reference for soil data and structural geometry for the design of abutment considered here is

based upon the steep slope reinforced wall project of NGI constructed in 1987, near Oslo. Long

term and short term performance data since the commencement of the project till recent dates

are available, which forms the basis of source of data used in this design. Fannin and Hermann

(1990) and Quinteros (2014) among many other papers on the topic illustrate the soil properties

at the site. Reinforced soil and backfill soil used are ’Skedsmo sand’. Water table is assumed

to be significantly below the structure and does not incur additional forces in the design. The

abutment is constructed above the firm ground and has same properties as compacted sand

used in rest of the structure. The facing of the abutment is vertical and a concrete spread footing

is cast in place for distributing loads from the superstructure to the abutment.

Stability analysis of the spread footing, external stability and internal stability are performed

separately for maintaining ease in comparison of modes and stages of failure. Loads and re-

actions from the bridge to the abutment considered in this design are based upon load and

resistance factor design (LRFD) as described in AASHTO (2007) bridge specification. Design

guidelines and examples given in Berg et al. (2001) and Holtz et al. (1997) were utilized in ac-

cordance with the specification. Assumptions regarding failure modes and load-resistance be-

haviour present in the specification are hence an integral part of this design.

Preliminary requirements assumed for the abutment defines the context under which the

design is considered and is stated in Table 3.1.

19
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Table 3.1: Preliminary requirements assumed for the abutment

Preliminary requirements

Height of the abutment (Ht =Ha+d ) 5 meters
Width of the abutment (Wa) 10 meters

Design Life 100 years
Facing of the abutment Vertical precast panels

Abutment seat/sill Cast in place concrete spread footing
Type of reinforcement Geosynthetic

Side walls for the abutment are assumed to extend at a stable slope from top of the abutment

to ground level, and plain strain condition is assumed to be valid. For the requirements men-

tioned in Table 3.1, an ’in-scale’ schematic representation of the abutment components and

soil zones are shown in Figure 3.1. Soil of similar properties is assumed for reinforced soil used

behind the spread footing, within the abutment and foundation soil.

Figure 3.1: Schematic diagram for abutment components and soil zones as in Table 3.1 (in-scale)
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For the schematic abutment shown as in Figure 3.1, properties of soil at different portion of

the structure, dimension and material properties of spread footing, reaction due to bridge load

and bearing capacity of soil for ultimate and serviceability limit states are then defined in Table

3.2.

Table 3.2: Essential parameters defined for design

Essential Design Parameters
Soil properties Reinforced soil γr =17 kN/m3 φr =33o

Backfill soil γb=16 kN/m3 φb=30o

Foundation soil γ f =17 kN/m3 φ f =33o

Spread footing Dimension B É Ht h É 0.5 (Ht )
Material properties γc =23.5 kN/m3

Bridge loads (unfactored) Dead load DL=155 kN/m
Live load LL=83 kN/m

Lateral friction FL=12 kN/m
Bearing resistance(Factored) Foundation soil Ultimate Limit State (ULS) Q f u=718 kPa

Serviceability State (SS) Q f s =335 kPa
Reinforced soil Ultimate Limit State (ULS) Qr u=335 kPa

Serviceability State (SS) Qr s =192 kPa

In addition to soil properties mentioned in Table 3.2, ’mean grain size’ (d50) of the sand used

as reinforced soil is 0.2 mm with ’Coefficient of uniformity’ (Cu) as 2.6 in accordance with Fan-

nin and Hermann (1990). A gap of ’C=0.25m’ is assumed from toe of spread footing to the be-

ginning of precast facing as shown in Figure 3.1. Depth of embedment (d) below ground level

of the abutment according to Holtz et al. (1997) is defined as d = Ht /10 = 0.5 meters. Length of

reinforced zone is assumed equal to height of the abutment (including embedment depth) for

preliminary calculations (i.e., Ht = Lr ).

Horizontal forces (friction and lateral earth pressure) and vertical forces (self weight and ex-

ternal loads) are calculated as equivalent point loads (PL), uniformly distributed loads (UDL) or

uniformly varying loads (UVL) depending upon type of loading. Toe of the spread footing is de-

noted by ’T’ and toe of the abutment is denoted by ’B’ as points where limiting moments would

be considered for equilibrium. Dead loads and live loads imparted by bridge superstructure

onto spread footing are represented by point loads acting at the midpoint of ’B f ’ as mentioned

in Figure 3.2.

An equivalent soil surcharge is assumed to represent live loads on the connecting road por-

tion of the abutment as per tables 3.11.6.4-1 and 3.11.6.4-2 of AASHTO (2007). According to

which, equivalent soil surcharge of 0.6 meters is considered for portion of connecting road be-
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hind the spread footing and section above spread footing. The height of the equivalent mini-

mum soil surcharge is considered separately for representing realistic load behaviour onto the

abutment, and is denoted by ’heqs ’ and ’heqb ’, for portion above and beyond the spread footing

respectively. Vertical and horizontal components of the equivalent live surcharge are denoted

by ’Vsa ’, ’Vsb ’, ’Fsa ’ and ’Fsb ’ depending upon their location of application, as depicted in Figure

3.2.

Figure 3.2: Forces involved in the abutment as in 3.1 (not to scale)

Horizontal and vertical forces involved in the abutment are used to calculate moments about

points ’T’ and ’B’ as shown in Figure 3.2. An active state is assumed for lateral earth pressure and

is calculated as in Equation 3.1. According to which, ’Active earth pressure coefficient (Ka)’ for

backfill soil (Kab) is 0.33 and for reinforced soil (Kar ) is 0.30 as per soil properties mentioned in

Table 3.2.

Ka = 1− sinφ

1+ sinφ
(3.1)
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Table 3.3 and 3.4 summarises all vertical and horizontal forces along with their moments.

Equations involved in calculation of the forces, moment arms and moments are tabulated in

Appendix B (Tables B.1, B.2, B.3 and B.4). All forces mentioned are categorized into load types

which are given a load factor for strength and serviceability conditions. Stability analyses are

performed for failure modes considered in Chapter 2 (i.e., for stability of spread footing and ex-

ternal/internal stability of the abutment). Specific reason behind performing separate stability

check is that it allows room for observation in viewing load-resistance equilibrium. It also gives

clear overview of factor of safety between failing and resisting forces at each mode of all stability

analyses.

Table 3.3: Vertical forces and unfactored moments for forces in Figure 3.2

Vertical forces and unfactored moments about ’T’ and ’B’
Vertical forces (in kN/m) Moment-arm (in m) Unfactored moment (in kNm/m)
Symbol Value About ’T’ About ’B’ Symbol About ’T’ About ’B’

V0 425.00 - 2.50 VM0 - 1062.5
V1 4.76 2.25 2.50 VM1 10.71 11.90
V2 6.58 1.85 2.10 VM2 12.17 13.82
V3 28.79 1.23 1.48 VM3 35.26 42.46
DL 155.00 0.83 1.08 VMd 127.88 166.63
LL 83.00 0.83 1.08 VMl 68.48 89.23
Vsa 7.68 2.05 2.30 VMsa 15.74 17.66
Vsb 22.08 3.60 4.25 VMsb 79.49 93.84

Table 3.4: Horizontal forces and unfactored moments for forces in Figure 3.2

Horizontal forces and unfactored moments about ’T’ and ’B’

Horizontal forces (in kN/m) Moment-arm (in m) Unfactored moment (in kNm/m)
Symbol Value About ’T’ About ’B’ Symbol About ’T’ About ’B’

F0 66.00 - 1.67 HM0 - 110.00
F1 7.04 0.40 5.40 HM1 2.82 38.01
F2 33.66 - 2.50 HM2 - 84.15
F3 12.00 0.50 5.50 HM3 6.00 66.00
Fsa 3.46 0.60 5.60 HMsa 2.07 19.35
Fsb 15.84 - 2.50 HMsb - 39.60
Ft 22.49 case-wise case-wise HMt case-wise case-wise

Horizontal force ’Ft ’ mentioned in last row of Table 3.4 is frictional force at the bottom of

spread footing (i.e. Ft = F1+Fsa+F3). Reinforced abutment is considered as a singular unit for

external stability and spread footing stability analyses. But additional forces come into calcula-

tion during internal stability analysis. Due to which, frictional resistance at bottom of the spread

footing behaves differently and is hence calculated ’case-wise’ as stated in final row of Table 3.4.
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Table 3.5: Load factors as per AASHTO (2007) (Table 3.4.1-1 and 3.4.1-2)

Loads as in Table 3.3 and 3.4 Load factors

Loads Load type Max. strength (Smax ) Min. Strength (Smi n ) Seviceability (Ser v )
V1,V0 Vertical Earth 1.35 1.00 1.00

V2,V3, DL Dead load 1.25 0.90 1.00
Vsa , Vsb , Fsa , Fsb Earth Surcharge 1.75 1.75 1.00

F0, F1, F2 Lateral Earth 1.50 0.90 1.00
F3, Ft Frictional 1.00 1.00 1.00

LL Live Load 1.75 1.75 1.00

Load factors and load classifications considered in Table 3.5 are as per Table 3.4.1-1 and 3.4.1-

2 of AASHTO (2007), which is referenced for limit equilibrium design part of this thesis. Load

type ’Earth surcharge’ as mentioned in Table 3.5 represents equivalent live loads due to traffic

and is given same load factor as live loads.

Table 3.6: Resistance factors as per AASHTO (2007) (Table 10.5.5.2.2-1 and 11.5.6-1)

Failure modes against Resistance factors (β)

Sliding of spread footing 0.80
Sliding of abutment 1.00

Bearing capacity of abutment 0.65
Tensile resistance of reinforcements 0.75
Fullout resistance of reinforcements 0.90

Resistance factors as stated in Table 3.6 are applied against cumulative resisting forces in each

failure mode and also is according to AASHTO (2007). Resistance factor is however denoted by

’β’ in this case, as the original notion clashed with the notion of friction angle.

3.1 Stability of the Spread Footing

Failure modes analysed for stability of spread footing are similar to external failure modes of

abutment (against overturning, sliding and bearing capacity failure). ’Smax ’ and ’Smi n ’ represent

ultimate limit states considered for the design and ’Ser v ’ represents limit state of serviceability.

An extreme case is also evaluated selecting critical values at each step for representing worst

case scenario, which is denoted by ’Cr ’. Following sub-sections perform separate check for these

failure modes.
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3.1.1 Overturning Resistance and Limiting Eccentricity of Spread Footing

As shown in Table 3.7, factored overturning moment ’Mo ’ acting upon the footing is negligible in

comparison to resisting moment ’Mr ’ acting upon it. Dimension of the spread footing however,

highly depends upon limiting eccentricity criteria. Limits of eccentricity mentioned in Table 3.7

are based upon assumption that for strength limit, the resultant should lie between middle of

the footing width and half of the distance from middle of the footing to the edge (e’ = B/2-B/4 =

B/4 for strength). Similarly for serviceability, resultant should lie between middle of the footing

to center of gravity of an assumed triangular resultant (e’=B/2 - B/3 = B/6 for serviceability).

Table 3.7: Overturning and eccentricity limiting state analysis of spread footing

Description Value Unit Smax Smi n Ser v Cr

Overturning moments about ’T’ 10.89 kNm/m 13.85 12.16 10.89 13.85
(Mo=HM1+HMsa+HM3)

Resisting moments aabout ’T’ 186.02 kNm/m 233.60 168.49 186.02 168.49
(Mr=VM1+VM2+VM3+VMd )

Residual moment at point ’T’ 175.13 kNm/m 219.75 156.33 175.13 154.64
(Mr es = Mr -Mo)

Cumulative vertical forces in footing 195.13 kN/m 244.39 176.09 195.13 176.09
(Vsum=V1+V2+V3+DL)

Location of resultant from ’T’ 0.90 m 0.90 0.89 0.90 0.88
(t=Mr es /Vsum)

Eccentricity from center of footing 0.33 m 0.33 0.34 0.33 0.35
(e=(0.5·B) - t)

Limit of eccentricity 0.61, 0.41 m 0.61 0.61 0.41 0.61
(e’=B/4 for Strength , B/6 for Serviceability)

Fulfillment of eccentricity citeria (e < e’) Yes - Yes Yes Yes -
Fulfillment of critical strength criteria (Cv ) Yes - - - - Yes

3.1.2 Resistance against Sliding of Spread Footing

Sliding force ’Ft ’ is negligible in comparison to vertical forces ’V f ’ acting upon the footing as

shown in Table 3.8.

Live loads are considered only in cases where they act as failing forces. Resisting vertical

forces are directly converted into their horizontal component geometrically, by multiplying with

’Tan(φr )’. The spread footing shows fulfilment of all criteria of comparison for resistance against

sliding with a significantly high factor of safety.
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Table 3.8: Sliding resistance limiting state analysis of spread footing

Description Value Unit Smax Smi n Ser v Cr

Sliding forces at footing base 22.49 kN/m 28.61 24.38 22.49 28.61
(Ft =F1+Fsa+F3)

Resisting vertical forces from footing 195.13 kN/m 244.39 176.09 195.13 176.09
(Vt =V1+V2+V3+DL)

Unfactored sliding resistance 126.83 kN/m 158.85 114.46 126.83 114.46
(Vu=Vt · Tan(φr ))

Factored sliding resistance 101.47 kN/m 127.08 91.57 101.47 91.57
(V f = βsl i di ng · Vu)

Fulfillment of sliding resistance criteria - - Yes Yes Yes
(V f > Ft )

Fulfillment under critical conditions - - - - - Yes
(V f (mi n) > Ft (max))

3.1.3 Resistance against Bearing Capacity Failure of Spread Footing

Bearing stress from the footing to the abutment is calculated as a ratio of vertical forces upon

the footing base and its effective width as shown in Table 3.9.

Table 3.9: Bearing resistance limiting state analysis for spread footing

Description Value Unit Smax Smi n Ser v Cr

Overturning moments about ’T’ 10.89 kNm/m 13.85 12.16 10.89 13.85
(Mo=HM1+HMsa+HM3)

Resisting moments about ’T’ 270.24 kNm/m 380.98 315.87 270.24 270.24
(Mr =VM1+VM2+VM3+VMd +VMsa+VMl )

Residual moment at point ’T’ 259.35 kNm/m 367.13 303.71 259.35 256.39
(Mr es =Mr -Mo)

Cumulative vertical forces in footing 285.81 kN/m 403.08 334.78 285.81 403.08
(Vsum=V1+V2+V3+DL+LL+Vsa)
Location of resultant from ’T’ 0.91 m 0.91 0.91 0.91 0.64

(t = Mr es /Vsum)
Eccentricity from center of footing 0.32 m 0.31 0.32 0.32 0.59

(e=0.5·B - t)
Limit of eccentricity 0.61 , 0.41 m 0.61 0.61 0.41 0.61

(e’=B/4 for Strength , B/6 for Service)
Fulfillment of eccentricity citeria Yes - Yes Yes Yes Yes

(e < e’)
Efective width of footing 1.81 m 1.82 1.81 1.81 1.27

(B’= B-2e)
Bearing stress from footing 157.48 kPa 221.27 184.51 157.48 316.84

(σv =Vsum/B’)
Bearing capacity (factored) 335 , 192 kPa 335.00 335.00 192.00 335.00

(Qr u , Qr s - given in table 3.2)
Fulfillment of bearing capacity criteria Yes - Yes Yes Yes Yes

(Qr u , Qr s > σv )
Influence depth for ’Ft’ 3.80 m 3.82 3.82 3.80 2.80

Li = (C+B’) · Tan(45+φr /2)
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Eccentricity check is done again for this case because contribution of live loads is considered

while calculating bearing stress. Bearing resistance criteria at critical condition shows marginal

factor of safety as shown in Table 3.9. Influence depth as mentioned in the last row of Table 3.9,

is calculated so as to observe if the force ’Ft ’ has its influence up to the bottom of the abutment.
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3.2 External Stability of the Abutment

Superimposition of loads is assumed for analysing combined effect of loads in this case. Earth

surcharge is assumed uniformly above the abutment level and all other dead loads, live loads

and live surcharge equivalents are assumed to be superimposed on top of it.

3.2.1 Overturning Resistance and Limiting Eccentricity of the Abutment

Table 3.10: Overturning and eccentricity limiting state analysis of the abutment

Description Value Unit Smax Smi n Ser v Cr

Soil weight in block MNOP 55.08 kN/m 82.62 49.57 55.08 -
(Wm=h·(B+C)·γr ) , as in Figure 3.1

Live surcharge in MNOP 27.54 kN/m 48.20 48.20 27.54 -
(Wl =(B+C)·γr ·heqb) ) , as in Figure 3.1

Soil weight and surcharge in MNOP 82.62 kN/m 144.59 144.59 82.62 -
(Ws =Wm+Wl )

Vertical forces from bridge (no LL) 195.13 kN/m 244.39 176.09 195.13 -
(Vc =V1+V2+V3+DL)

Vertical forces from bridge (with LL) 300.21 kN/m 428.28 359.98 300.21 -
(Vc ’=V1+V2+V3+DL+LL+Vsb)

Net load from the bridge (no LL) 140.05 kN/m 175.06 126.04 140.05 -
(Pl =Vc - Wm)

Net load from the bridge (with LL) 217.59 kN/m 326.38 288.30 217.59 -
(Pl ’=Vc ’-Ws )

Length of moment arm for Pl from ’B’ 1.15 m 1.15 1.15 1.15 -
(Lp =t+C)

Length of moment arm for Pl ’ from ’B’ 1.16 m 1.16 1.16 1.16 -
(Lp ’=t’+C)

Resisting moment about ’B’ from Pl 160.71 kNm/m 200.89 144.64 160.71 144.64
(MPl =Pl · Lp )

Vertical forces at bottom (no LL) 667.05 kN/m 886.51 653.04 667.05 653.04
(Vb=Pl +Vo+V4)

Resisting moment about ’B’ (no LL) 1478.21 kNm/m 1979.51 1436.64 1478.21 1436.64
(Mr b=VMo+VM4+MPl )

Overturning moment at ’B’ (with LL) 357.11 kNm/m 545.56 355.06 357.11 545.56
(Mob=HMo+HM2+HMsb+HMt )

Resultant resisting moment about ’B’ 1121.10 kNm/m 1433.95 1081.58 1121.10 891.08
(Mr esb=Mr b - Mob)

Location of resultant force from ’B’ 1.68 m 1.62 1.66 1.68 1.364
(tb=Mr esb/Vb)

Eccentricity at base of the abutment 0.82 m 0.88 0.84 0.82 1.14
(eb=Lr /2 - tb)

Limit of eccentricity 1.25 , 0.83 m 1.25 1.25 0.83 1.25
(eb ’=Lr /4 for Strength , Lr /6 for Service)

Fulfilment of eccentricity criteria Yes - Yes Yes Yes Yes
(eb ’ > eb)

Critical condition for strength (Cv ) Yes - - - - Yes
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As shown in Table 3.10, overturning resistance of the abutment is calculated at point ’B’ and

eccentricity is analysed at the base of the abutment. Assumptions for derivation of limits of

eccentricity are same as that were assumed for spread footing. Overturning moment about ’B’

- ’Mob ’ is considerably lower than resultant residual moment ’Mr esb ’ and the analysis focuses

more on meeting eccentricity criterion. Serviceability limit state values are almost equal to their

limit, and they satisfy the safety conditions.

Net load from the bridge ’Pl ’ as mentioned in Table 3.10 is obtained as calculation of super-

imposed loads and deduction of overlapping loads. Due to which a block ’MNOP’ as shown in

Figure 3.1 needs to be reduced where footing is placed, for earth surcharge and live equivalent

surcharge load considerations. Limit states for strength, serviceability and critical state is same

as mentioned for stability of spread footing.

3.2.2 Resistance against Sliding of the Abutment

At the base of the abutment, lateral earth pressure adds a significant amount of load that can

provoke sliding at the base. Although effect of ’Ft ’ does not reach up to the base of the abutment

as shown in the last column of Table 3.9 by ’L f ’, it is considered in this analysis (as rigid facing is

assumed and it can transfer sliding effects from ’Ft ’ to base - which would depend upon rigidity

of the facing).

Table 3.11: Sliding resistance limiting state analysis of the abutment

Description Value Unit Smax Smi n Ser v Cr

Sliding forces at abutment base 137.99 kN/m 205.82 141.80 137.99 205.82
(Fb=Fo+F1+F2+F3+Fsa+Fsb)

Resisting vertical forces at the base (no LL) 667.05 kN/m 886.51 653.04 667.05 653.04
(Vb=Pl +V4+Vo)

Unfactored sliding resistance 433.58 kN/m 576.23 424.48 433.58 424.48
(Vub=Vb · Tan(φ f ))

Factored sliding resistance 433.58 kN/m 576.23 424.48 433.58 424.48
(V f b=βsl i di ng · Vub)

Fulfillment of sliding resisatance criteria Yes - Yes Yes Yes -
(V f b > Fb)

Fulfillment under critical coditions Yes - - - - Yes
(V f b(mi n) > Fb(max))

As shown in Table 3.11, factor of resistance ’β’ from Table 3.6 is used for sliding, which is

unity in this case and it leaves unfactored sliding resistance unaltered from the factored sliding

resistance. It is also observed that resisting vertical forces provide considerable factor of safety
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against sliding at the base.

3.2.3 Resistance against Bearing Capacity Failure of the Abutment

Eccentricity is calculated again for this case as live loads are included in bearing capacity limit

analysis. Bearing stress from the bridge including live loads (Pl ’) are taken from Table 3.10 -

seventh row and divided by effective width (Lr -2eb).

Table 3.12: Bearing resistance limiting state analysis of the abutment

Description Value Unit Smax Smi n Ser v Cr

Bearing stress from net bridge load (Pl ’) 47.67 kPa 64.35 47.67 47.67 64.35
(∆σ=Pl ’/B’ from Table 3.10)

Vertical forces at base level (with LL) 744.59 kN/m 1005.19 744.59 744.59 1005.19
(Vb ’=Pl ’+Vo+V4)

Resisting moment about ’B’ due to Pl ’ 251.84 kNm/m 339.99 251.84 251.84 251.84
(MPl ’=Pl ’ · Lp ’)

Resisting moment about ’B’ (with LL) 1569.34 kNm/m 2237.61 1657.49 1657.49 1657.49
(Mr b ’=VMo+VM4+MPl ’)

Overturning moment about ’B’ (with LL) 233.75 kNm/m 360.53 244.04 233.75 360.53
(Mob ’=HMo+HM2+HMsb)

Resultant resisting moment about ’B’ 1335.59 kNm/m 1877.09 1413.45 1423.74 1296.96
(Mr esb ’=Mr b ’-Mob ’)

Location of resultant force from ’B’ 1.79 m 1.87 1.90 1.91 1.29
(tb ’=Mr esb ’/Vb ’)

Eccentricity at base of the abutment 0.71 m 0.63 0.60 0.59 1.21
(eb=Lr /2-tb ’)

Limit of eccentricity 1.25 , 0.83 m 1.25 1.25 0.83 1.25
(eb ’=Lr /4 for strength , Lr /6 for service)

Fulfilment of eccentricity criteria Yes - Yes Yes Yes Yes
(eb ’ > eb)

Efective width at base 3.59 m 3.73 3.80 3.82 2.58
(Bb ’=Lr -2eb)

Bearing stress at base 207.55 kPa 269.14 196.12 194.70 389.53
(σv =Vb ’/Bb ’)

Total bearing resistance 255.22 kPa 333.49 243.78 242.37 453.88
(σtot =σv +∆σ)

Bearing capacity (factored) 718 , 335 kPa 718.00 718.00 335.00 718.00
(Q f u ,Q f s - given in table 3.2)

Fulfillment of bearing capacity criteria Yes - Yes Yes Yes Yes
(Qr u ,Qr s > σtot )

As shown in Table 3.12, total bearing resistance under serviceability comes closer to the limit,

but all conditions including critical loading is comfortably fulfilled by external design.
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3.3 Internal Stability of the Abutment

Internal stability analysis commences from dimensions provided by the external stability anal-

ysis. Tensile strength and pullout resistance required for handling tensile stress at each rein-

forcement level defines the vertical spacing, length of reinforcement and type of reinforcement

required for successful strain mobilization in reinforcements amongst active and reinforced soil

zones.

Pullout resistance factor ’ Fpul l ’ and reinforced lateral coefficient ’Kr ’ are introduced addi-

tionally in the design. Critical failure plane assumed for internal failure is a coherent gravity

plane as explained in Chapter 2.3.2. Point of deflection of the critical failure plane in Figure 3.3

is at ’0.2Ht = 1 m’ from the abutment toe, according to simplified critical failure assumption

mentioned in Craig (2004) and Gofar (2008). Dimensions are shown in Figure 3.3 - left.

Figure 3.3: Coherent gravity critical failure plane and variation of reinforcement coefficient ’Kr ’ with depth

Pullout resistance factor ’Fpul l ’ is assumed as ’Fpul l =0.8·tan(φr )’ according to (Holtz et al.

(1997), p. 326), which is a conservative assumption and a laboratory test as per ASTMD6706

(2013) standard should be considered for a more realistic value. Also according to (Craig (2004),

p. 270), ’Kr ’ is assumed to vary from coefficient of lateral earth pressure at-rest condition ’Ko ’
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at top of the footing to active lateral earth pressure ’Ka ’ at 6 meters depth, varying uniformly.

Variation of ’Kr ’ according to depth is shown in Figure 3.3 - right. Jaky’s equation (Ko=1-sin(φr ))

is used for estimating ’Ko ’.

’Z’ is depth measured from top of the spread footing and ’ζ’ is depth measured from top of

reinforced section. Total design length of reinforcement is a sum of length of reinforcement in

active zone ’La ’ and embedment length ’Le ’ as shown in Figure 3.3. Analysis for tensile stress is

done at each reinforcement level.

According to (Holtz et al. (1997), p. 218), an initial thickness of 300 mm to 450 mm can be

assumed for medium ground pressurizing equipment between 30 kPa and 60 kPa. 400 mm of

initial vertical thickness is assumed for this case and is denoted by ’Sv ’ in Table 3.13. All lengths

are in ’meters’, stresses in ’kPa’ and tensile force ’Tn ’ in ’kN/m’ for Tables 3.13 and 3.14.

Table 3.13: Tensile force ’Tn ’ at each reinforced layer

Layer (n) ζn Sv Ht Kr σv σh Tn = Sv · σh

(n) (m) (m) (m) - (kPa) (kPa) (kN/m)

1 0.1 0.2 1.3 0.425 309.59 131.54 26.31
2 0.4 0.4 1.6 0.417 314.69 131.16 52.46
3 0.8 0.4 2 0.406 321.49 130.52 52.21
4 1.2 0.4 2.4 0.395 328.29 129.74 51.90
5 1.6 0.4 2.8 0.384 335.09 128.81 51.52
6 2 0.4 3.2 0.374 341.89 127.73 51.09
7 2.4 0.4 3.6 0.363 348.69 126.50 50.60
8 2.8 0.4 4 0.352 355.49 125.13 50.05
9 3.2 0.4 4.4 0.341 362.29 123.61 49.44

10 3.6 0.4 4.8 0.330 369.09 121.95 48.78
11 4 0.4 5.2 0.320 375.89 120.13 48.05
12 4.4 0.4 5.6 0.309 382.69 118.17 47.27
13 4.8 0.4 6 0.298 389.49 116.07 46.43

As shown in Table 3.13, depth ’ζn ’ is up to the middle of the respective layer ’n’. ’Kr ’ is ac-

cording to Figure 3.3 - right and vertical force upon each layer ’σv ’ is calculated as ’σv =q+γr ·Ht ’.

Similarly, ’q’ is cumulative vertical force from the spread footing (including live loads). Thirteen

layers are thus obtained and tensile force at each layer is shown by ’Tn ’ in Table 3.13

At each reinforcement level, embedment length ’Le ’ is length of reinforcement beyond crit-

ical failure plane, required for resisting pullout force and to maintain internal stability of abut-

ment against active failure. ’Le ’ is a function of tensile force, vertical force and pullout resistance

as shown in equation 3.2 (Holtz et al. (1997)).
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Le = Tn

C ·σv ·α ·Fpul l
(F Si nt ) (3.2)

As in equation 3.2, ’α’ is scale correction factor and is assumed to be ’1’ in this case. ’C’ is ge-

ometry factor and is ’2’ for geosynthetics contacting soil from both sides. ’FSi nt ’ denotes ’factor

of safety’ for internal stability, for which a value of ’1.5’ is adopted. Length of reinforcement at

active soil zone ’La ’ is calculated geometrically as shown in Figure 3.3.

Table 3.14: Length of reinforcement ’Lr ’ at each reinforced layer

Layer (n) ζn Tn =Sv · σh σv Le Le(mi n) La Lr =La +Le

(n) (m) (kN/m) (kPa) (m) (m) (m) (m)

1 0.1 26.31 309.59 0.12 0.90 2.65 3.55
2 0.4 52.46 314.69 0.24 0.90 2.48 3.38
3 0.8 52.21 321.49 0.23 0.90 2.25 3.15
4 1.2 51.90 328.29 0.23 0.90 2.02 2.92
5 1.6 51.52 335.09 0.22 0.90 1.79 2.69
6 2 51.09 341.89 0.22 0.90 1.57 2.47
7 2.4 50.60 348.69 0.21 0.90 1.34 2.24
8 2.8 50.05 355.49 0.20 0.90 1.11 2.01
9 3.2 49.44 362.29 0.20 0.90 0.90 1.80

10 3.6 48.78 369.09 0.19 0.90 0.70 1.60
11 4 48.05 375.89 0.18 0.90 0.50 1.40
12 4.4 47.27 382.69 0.18 0.90 0.30 1.20
13 4.8 46.43 389.49 0.17 0.90 0.10 1.00

From values of tensile stress ’Tn ’ and vertical stress ’σv ’ at each level obtained from Table

3.13, length of embedment is then calculated as shown in Table 3.14. Total length of reinforce-

ment ’Lr ’ is the sum of reinforcement length in active and embedment zone. Minimum embed-

ment length however is stated as 0.9 meters by Holtz et al. (1997).

Figure 3.4: (a) Tensile stress in each layer by limit state design as per Table 3.13, (b) Calculated and adopted rein-
forcement length by limit state design as per Table 3.14
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Results from Tables 3.13 and 3.14 are summarized in Figure 3.4. Lower value of tensile force

for ’layer 2’ as indicated in Figure 3.4 (a), is due to halved vertical spacing of reinforcement at

the top layer.

As per Tables 3.13 and 3.14, length of reinforcement at top is 3.55 meters. This is mainly due

to assumption that coefficient of lateral earth pressure varies from ’Ko ’ at road level to ’Ka ’ at

6 meters depth. For construction simplicity the highest reinforcement length is rounded off to

first decimal, and thus a reinforcement length of 3.6 meters is adopted throughout abutment

depth as indicated in Figure 3.4 (b).

Dimension of the spread footing and abutment according to internal and external limit state

design performed, is shown as a schematic in-scale representation in Figure 2.7. First reinforce-

ment layer lies 0.2 meters below spread footing and final layer lies 0.5 meters below depth of

embedment. Design of facing, settlement analysis and seismic analysis (where applicable), are

vital part of the design; but is not included in this portion of analysis. As shown in Figure 2.7,

spread footing has a total height of 1.2 meters and abutment rises 4.5 meters above depth of

embedment. According to the design, 15 layers of reinforcement (additional at top and bottom)

for the 13 reinforced layers is achieved.

Working mechanism of the abutment depends upon mobilization of strength due to strain

in reinforcement, which results from compaction at each layer (during and after construction).

Settlement analysis, facing design and seismic design (whenever relevant) are thus important

parts of a complete analysis. Drainage and erosion protection analysis also are vital for achiev-

ing strength and performance as per design.
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Figure 3.5: Final dimension of the abutment and spread footing by limit state design



Chapter 4

Numerical Modeling and Safety Analysis in

PLAXIS 2D

Limit equilibrium design performed, analyzes strength of the abutment based upon pullout and

tensile resistance of the reinforcement, abutment geometry and soil properties. Increased load

bearing capacity of the abutment however, results from mobilization of strength due to strain

in reinforcement and interaction of the reinforcement with soil. It is thus essential to study

these behaviour of ’soil-reinforcement’ interaction within numerical parameters that incorpo-

rate these behaviours. Soil considered in this design is ’gravelly sand’ and reinforcement is ’poly-

meric geosynthetic’, with ’cast in place concrete’ for facing and spread footing elements.

Figure 4.1: Characteristic stiffness-strain behaviour of soil (after Atkinson and Sallfors (1991)),PLAXIS (2019a)

Compression hardening and shear hardening behaviour of sand is most feasibly simulated

36
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by the ’hardening soil model’ in PLAXIS 2D. Moreover, stiffness behaviour during unloading and

reloading of soil with respect to strain is more reliably emulated by ’hardening soil small’ model

(PLAXIS (2019b), p. 160), which is the chosen soil model for this design. As shown in Figure

4.1, non-linear dependency of ’small-strain soil stiffness’ with strain magnitude is more distin-

guished in retaining walls. The design of abutment using reinforced soil is based upon princi-

ples of reinforced walls and hence the ’hardening soil small’ model most accurately depicts its

behaviour.

Results obtained from a numerical analysis is an outcome of interaction of the ’numerical

soil and material models’ with applied parametric conditions. Characteristics of the numerical

model is vital to mention before using it in the context of its application. Brief characterization

of the HS small model in context of static application and option of geogrid in PLAXIS 2D is

abridged in next two sections (section 4.1 and 4.2), continuing with plastic analysis and safety

analysis of the designed abutment (in section 3.3 and 3.4) respectively.

4.1 Hardening Soil small (in General/Static Application)

The HS small model builds upon strain dependency of HS model’s isotropic elastic stiffness. The

model principally conserves the material’s small strain stiffness by constricting plastic strains

under initial loads. Yield surface for a HS small model for a cohesionless soil is shown in Figure

4.2.

Figure 4.2: Cap and cone type yield surfaces in principal stress space for HS small model of sohesionless soil (Benz,
T. (2006), P. 80)

Accurate simulation of non-linear decay of shear stiffness with shear strain at small strain

section as shown in Figure 4.1 is the main reason for use of HS small soil model in this case.
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Parameters used in ’Hardening soil small’ model are similar to that of ’Hardening Soil’ model -

with additional stiffness parameters ’Gr e f
o ’ and ’γ0.7’, which represent reference shear modulus

at very small strain (ε < 10−6) and shear strain at which secant shear modulus ’Gs=0.72 Go ’ as

in (PLAXIS (2019b), p. 160). The relationship between ’Go ’ and ’γ0.7’ from a modified Hardin-

Drnevich relationship as proposed by (Santos and Correia (2001)) is stated in equation 4.1.

Gs

Go
= 1

1+a
∣∣∣ γ
γ0.7

∣∣∣ (4.1)

Where, a = 0.385 and using ’γ = γ0.7’ gives the aforementioned relationship of ’Gs = 0.72 Go ’.

In the function used to reduce the shear modulus with shear strain, the shear strain used is

dependent on loading history and can be generalised as mentioned in equation 4.2.

γ= 3

2
εq (4.2)

Where ’εq ’ is second deviatoric strain invariant and ’γ’ is scalar shear strain parameter used

in reduction function of shear modulus for HS small model according to Benz, T. (2006). Shear

modulus reduction curve used in HS small model is shown in Figure 4.3.

Figure 4.3: Secant and tangent shear modulus reduction curve (PLAXIS (2019a), P. 87)

Secant (Gs), tangent (Gt ) and unloading-reloading (Gur ) shear modulus reduction curves are

represented in Figure 4.3. Integration of secant modulus curve over the incremental shear strain

gives the quasi-elastic tangent shear modulus (PLAXIS (2019a) p. 87).
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The accumulation of strain in reinforcements after compaction is the mechanism of strength

gain for the considered reinforced soil bridge abutment. Since drained condition is assumed to

be applicable throughout all analysis and design in this case, the irrevocable strain lead to small

but constant ratcheting (Benz, T. (2006)). This behaviour is assumed essential for mobilization

of strain and consequently strength for the abutment considered in this case.

4.2 Geogrids in PLAXIS 2D

Another important component of reinforced soil bridge abutment is the soil reinforcement.

PLAXIS 2D has ’geogrid’ element, which simulates the orthotropic behaviour of soil reinforce-

ment under loading conditions. Parameters to be defined for the geogrid element are ’EA1’ and

’EA2’, where ’E’ defines material tension stiffness along cross sections ’A1’ and ’A2’ according to

local axes of the geogrids (PLAXIS (2019a), p. 216). Formulation of relationship between tensile

force and strain in geogrid, as described in (PLAXIS (2019a), p. 217) is evinced in equation 4.3.

N

H

=
E A1 0

0 E A2

 ε

εH

 (4.3)

’N’ and ’ε’ denotes tensile force and strain upon geogrid in equation 4.3. ’H’ and ’εH ’ are

hoop force and hoop strain respectively. Since plain strain condition is assumed to be applica-

ble in the limit equilibrium design portion , ’H = εH = 0’ in our case. Tensile force and strain

relationship for this case can then be written as in equation 4.4.

N

0

=
E A1 0

0 E A2

ε
0

 (4.4)

Cross sectional area along both axes of the geogrid (A1 and A2) are assumed to be the same.

It results to a singular value for ’EA’ governing the ’stress-strain’ behaviour in the geogrids. In-

terface properties are used to simulate the ’pullout resistance’ behaviour of the ’soil-geogrid’

interface in this case.



CHAPTER 4. NUMERICAL MODELING AND SAFETY ANALYSIS 40

4.3 Abutment Model and Plastic Analysis with PLAXIS 2D

Initial ground condition for the construction of abutment is assumed to be a slope of ’backfill

soil’, at an angle of ’β = 29.68o ’ with the horizontal. Top ground elevation of the slope is as-

sumed to be the same as top level of the connecting road, 5.70 meters above the lower ground.

Embedment depth of the abutment is assumed to be excavated from the toe of the initial slope.

Dimensions of the abutment is according to the limit state design performed previously (as per

Figure 3.5), according to which excavated slope commences after a horizontal excavation equal

to reinforcement length (Le =3.6m), at an angle of ’β
′ = 29.61o ’ to the top level.

Figure 4.4: Initial and excavated ground profile for abutment construction as per Table 3.14

As shown in Figure 4.4, slope of both initial ground profile and excavated soil profile are as-

sumed to be below 30 degrees with horizontal, so as to ensure stability in initial conditions (as

angle of friction for backfill soil is 30 degrees). Parameters according to ’Hardening Soil small’

model for reinforced soil and backfill soil are shown in Table 4.1 and Table 4.2 respectively.

Table 4.1: Parameters for reinforced soil (Hardening Soil small’ model)

γ φ′ c’ vur Er e f
50 Er e f

oed Er e f
ur m pr e f Knc

o R f Gr e f
o γ0.7

(kN/m3) (o) (kPa) - (MPa) (MPa) (MPa) - (kPa) - - (Mpa) -
17 33 5 0.2 12 16 60 0.75 100 0.46 0.9 168 0.0001

Table 4.2: Parameters for backfill soil (’Hardening Soil small’ model)

γ φ′ c’ vur Er e f
50 Er e f

oed Er e f
ur m pr e f Knc

o R f Gr e f
o γ0.7

(kN/m3) (o) (kPa) - (MPa) (MPa) (MPa) - (kPa) - - (Mpa) -
16 30 5 0.2 12 16 60 0.75 100 0.46 0.9 168 0.0001
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Concrete used for facing element is modelled as a linearly elastic material with modulus of

elasticity (E’=50 GPa assuming high strength concrete) and poisson’s ratio (v’= 0.15). Material

property of geogrid according to maximum tensile stress calculated in Table 3.13, and (Holtz

et al. (1997), p. 435) is taken as EA1 = EA2 = 1000 kN/m.

The model follows the dimensions obtained from the limit state design and starts with an ini-

tial stage of stable excavated slope, excavated as per dimensions in Figures 3.5 and 4.4. Working

principal behind the model is the use of ’Hardening Soil small model’, to simulate mobilization

of strength due to small strain. The fact that settlement inevitably occurs during construction

and compaction phase of such soil structure is represented in the model - by utilizing large

strain and small strain parameters during staged construction. Governing principle behind the

design is that, small strain is allowed to accumulate throughout all stages of construction as it

is essential for mobilization of strength in reinforcement. It is also noteworthy that the model

without small strain parameter (Hardening Soil model) was previously tried for the abutment

model, but the soil structure disintegrated before loading stage was reached. It emphasizes the

role of small strain behaviour in simulating strength mobilization in the designed abutment. It

is also important to state that settlement is inevitable and is in fact expected for construction of

this type of structure. Estimated settlement is then incorporated in the design and is achieved

by pre-loading the structure with equivalent loading, in field construction.

Figure 4.5: Equivalent ladings and model geometry as per limit state design (in PLAXIS 2D)

As shown in Figure 4.5, the ’abutment model’ follows the limit state design dimensions as

illustrated in Figure 3.5. Initial stage is a depiction of ’after excavation profile’ as per Figure 4.4,
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and all following phases from ’Phase 1’ to ’Phase 13’ represent addition of individual reinforced

layers as per limit state design. Spread footing and the soil layer behind the spread footing are

added sequentially from phases 14 to 16. All bridge loads are activated during ’Phase 17’, which

is the final calculation phase. Loads added are of same values as considered during limit state

design (as per Table 3.3) and action of live loads from bridge are ignored for this model. However,

equivalent live loads from connecting road portion are included.

Net dead load from the bridge superstructure is represented by a point dead load of 140 kN/m

and equivalent live load in connecting road is represented by a uniformly distributed load of 22

kPa, (as per loads considered in limit state design) in the model. The soil boundary for the

model is assumed as a rectangle extending 20 meters vertically and 35 meters horizontally, with

the abutment model lying at the top middle portion of the boundary as shown in Figure 4.5. Five

nodal points (three below the spread footing and two at the bottom corners of the abutment) are

considered for analysing stress-strain behaviour at critical points of the abutment.

Due to equivalent live loads at the connecting road portion of the abutment, additional de-

formation which was not anticipated in the limit equilibrium design; is observed with the finite

element analysis as shown in Figure 4.6. A complex failure geometry is seen to be developed and

the geogrids at the top portion show deformation due to this condition. It should also be noted

that safety calculations could not be conducted for all 17 phases with this condition as the soil

structure failed upon load activation in safety calculation of phase 17 (discussed in section 4.2).

Figure 4.6: Deformed mesh without ’added geogrids at the top’ for the final plastic phase (in PLAXIS 2D)

To solve this issue which did not surface in limit state design, additional geogrids at the por-
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tion behind the spread footing is added. The length of the lowermost of the three additional

geogrids behind the spread footing is same as the rest of the geogrids involved in abutment be-

low it. Uppermost two geogrids are added to equate the length of the added geogrids and are

added according to the geometrical shift of the rear portion of the spread footing (i.e. at the

corner points of the rear portion) as shown in Figure 4.7.

Figure 4.7: Deformed mesh with ’added geogrids at the top’ for final plastic phase (in PLAXIS 2D)

Phase parameters for all phases from ’Phase 1’ to ’Phase 17’ are same, with only difference

being activation of structures and loads. For each layer; lower geogrid, interfaces and soil por-

tion are activated before proceeding to the next layer. Undrained behaviour is ignored for all

these phases, as water table is considered to be sufficiently below the abutment base. Displace-

ment is reset to zero for each phase, as additional soil material is filled in practical construction

for adjusting settlement during construction and compaction. Small strain behaviour is how-

ever - not reset to zero and is allowed to accumulate throughout the phases, as it is essential

for mobilization of strength in the reinforcements. Similar values for general parameters and

deformation parameters as mentioned, is applied for all seventeen phases. Updated mesh and

accumulated small strain are important parameters for working mechanism of the model, and

are incorporated in deformation parameters for all phases.

Objective of the model from a practical perspective is to gain a value of settlement, so as to

use those values for attaining those settlements during pre-loading phase; thereby eliminating

difference in elevation between ’connecting road’ and ’bridge superstructure’ (during actual

operation). Stiffness parameters of geogrid (EA1 and EA2) controls the tensile failure mode and
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interface strength is used to represent ’pullout resistance’ behaviour of the geogrids. A rigid

interface strength of ’Ri nter =0.8’ is assumed for the model - with all geogrids embedded with

the facing (assuming total rigidity in ’geogrid-facing’ connection).

Deformed mesh after addition of top additional geogrids and activation of all structures and

loads in ’Phase 17 (load activation phase / final phase)’, is shown in Figure 4.7. It is observed that

the abutment has slightly tilted towards the lower ground. This concurs with the limiting eccen-

tricity calculation during limit state design, where limiting eccentricity had the lowest factor of

safety. This is due to the slope action of backfill, rigid connection with facing and force transfer

to some extent from reinforced soil layer to the facing. In principle however, facing element is

not supposed to resist any lateral load. In practical construction, a granular drainage enhancing

material is packed between facing and reinforced layer. Lateral displacements of reinforced soil

layer is adjusted with this granular fill during compaction, at each layer in live construction.

Deformation of the topmost geogrid under the spread footing, distinctively has the most de-

formation after load activation as shown in Figure 4.7. The extent of settlement anticipated

after loading, should however be achieved during ’pre-loading and compaction’ for attaining a

seamless transition between bridge and the connecting road.

While considering settlements occurring at different phases, ’construction completion phase’

(Phase 16) and ’load activation phase’ (Phase 17) are of higher significance. Maximum deforma-

tion at construction completion phase’ occurs along the ’rear fill’ of spread footing (additional

reinforcements are mobilized specifically to serve this purpose). Nodal point with maximum

deformation for ’load activation phase’ is invariably - ’the toe of spread footing’ (considering

material stiffness and loading geometry).

Figure 4.8: (a) Total displacement for construction completion phase ’Phase 16’ (b) Total displacement for load
activation phase ’Phase 17’ (in PLAXIS 2D)
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Figure 4.8 (a) and (b) show total displacements for final two stages of the abutment model

(construction completion and load activation). A maximum settlement of 0.01145 meters is

observed after construction is complete and 0.1018 meters is observed after all bridge loads are

activated.

Geogrids in this model are designed according to assumed ’critical failure plane’, where max-

imum tensile force is supposed to occur. Ideally for a geogrid with an infinite length, axial ten-

sion upon the geogrid at a certain reinforced layer should have its maximum at the point where

it intersects the ’critical failure plane’. In this case however, geogrid is rigidly attached to the

facing - which results in maximum tensile force at the connecting point between geogrid and

the facing.

Figure 4.9: Axial force at topmost geogrid in the abutment (in PLAXIS 2D)

Figure 4.9 is an axial force diagram for the geogrid which is 0.2 meters below the spread foot-

ing (topmost geogrid). It can be observed from the same diagram that the maximum axial force

of 27.60 kN/m occurs at the rigid connection between the geogrid and facing. A subsequent

rise is also observable at the rear portion of the geogrid (beyond back corner of spread footing).

Which is due to occurrence of maximum tensile zone (critical failure plane) at that region. Ten-

sile stress at each layer of geogrid is also calculated previously in limit state part of the design.

It is of peculiar significance that tensile stress at the first geogrid as calculated in Table 3.13 is

’Tn= 26.31 kN/m’ which is close to the value obtained from the axial force diagram ’Nmax = 27.6

kN/m’ in Figure 4.9.

Since ’Hardening Soil small’ model is used as soil model, it is specially advantageous to study

the ’cap hardening’ and ’shear hardening’ behaviour in the abutment model. Shear hardening

specifically indicates that shear failure is more prominent along that envelope. Shear hardening



CHAPTER 4. NUMERICAL MODELING AND SAFETY ANALYSIS 46

point along with ’failure points’ and ’tension cut-off points’ are shown in Figure 4.10.

Figure 4.10: Plastic points status in the static abutment model (in PLAXIS 2D)

In Figure 4.10, red squares represent ’failure points’, indicating surface failure at that point.

In this case, it represents ’pullout failure’ or slippage of the geogrid. It can be observed from

Figure 4.10 that the geogrid slips at almost every level to a certain extent , and that the mode

of failure for geogrids is slippage (and not tensile failure). In the same figure, ’tensile cut-off

points’ indicated by white squares are seen at the backfill soil surface (behind equivalent live

surcharge of the bridge). Tension cut-off points have practical significance during construction,

as additional compaction and soil strengthening will be needed in this region to avoid tension

cracks and related failures.

A hardening point in HS small model is a point where the stress state has reached the max-

imum mobilized friction angle (PLAXIS (2019b), p.356) Shear hardening points are shown by

green triangles in Figure 4.10. Four distinct groups for shear hardening can be seen in the figure.

Shear hardening points along the front face of the abutment and at lower ground level of the

abutment are direct results from the activation of bridge loads. Two inclined lines are seen to be

formed by the shear hardening points - one at the reinforced soil region (rear to geogrids) and

another at backfill soil region (below the accumulated tension cut-off points). It is interesting to

observe that geogrids have prevented the formation of shear hardening points in the reinforced

region. Shear hardening points have formed a line at an angle of almost 45 degrees with the

horizontal in the reinforced soil zone and about 60 degrees at the backfill soil zone. These lines
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indicate the weakness plane for a possible slope failure along reinforced and backfill soil zones.

Since abutment modeling was done without added reinforcements at the top in the begin-

ning, it is relevant to study the difference the added reinforcements make in the formation of

shear hardening points and other relevant plastic points. Relative depiction of plastic points for

cases with and without added reinforcements at the top is illustrated in Figure 4.11.

Figure 4.11: Relative depiction of plastic points with and without added reinforcements at the top (in PLAXIS 2D)

It is observed in Figure 4.11 that failure mode with added reinforcements at the top still re-

mains as - slippage, and no failure is observed along the length of the geogrids or in the rein-

forced block, as seen from both illustrations. It is however distinct that shear hardening points

behind the reinforced section has completely altered with added reinforcements at the top. In

case without added reinforcements at top, the shear hardening points accumulate at the back

corner of the spread footing and progresses downward at an angle less than 45 degrees with

the vertical (approximately). In contrary, when added reinforcements at the top, shear harden-

ing points generate at the back corner of the reinforced section of the abutment and develops

upwards at approximately 45 degrees. Number of shear hardening points are also significantly

reduced with added reinforcements at the top and it manifests the importance of the modified

design - altering from what was obtained with limit equilibrium design.

In addition, the tensile cutoff points behind the equivalent traffic loads in backfill soil region

shown in Figure 4.11, is significantly reduced with the use of added reinforcements at the top.

It asserts the importance of the added reinforcements for tension related failure mechanisms at
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the connecting road portion.

4.4 Safety Analysis with PLAXIS 2D

At each construction and loading stage, it is important to analyse the safety aspects of every

designed structure. Conventionally, safety analysis involves calculation and analysis of ’driving

forces’ and ’resisting forces’ against failure. How the failure is supposed to occur, and how the

forces and failure modes involved in these mechanisms will be approached, depends upon the

type of structure being analyzed. Limit equilibrium design performed in the previous chapter,

compared failing forces and stresses for each considered failure modes against its limiting values

- in differing states of criticality.

Janbu’s ’Slope Stability Charts’ and ’Generalized Procedure of Slices’ as described in (Janbu

(1968)), are widely used methods for analysis of slope stability. Force equilibrium and moment

equilibrium analyses are also used widely in numerous modified forms depending upon their

utility. While performing safety analysis using finite element method, there are two general

approaches of analysing safety. First one is by increasing the gravity loads and second one is

by reducing the strength parameters of the soil as explained in (Duncan (1996)). Reduction of

strength approach is pursued by PLAXIS 2D for safety analysis, which is used for the safety anal-

ysis of the designed abutment in this case.

For soil structures, definition of ’Factor of Safety’ is more appropriately defined as a ratio of

’maximum available shear strength’ to ’shear strength needed for equilibrium’. Using ’c’ and ’φ’

as strength parameters and ’σn ’ as actual normal stress component, factor of safety as defined

in (PLAXIS (2019c)) is obtained as mentioned in equation 4.5.

FoS = c −σn · tanφ

cr −σn · tanφr
(4.5)

As per equation 4.5, ’cr ’ and ’φr ’ are reduced strength parameters that suffice equilibrium

state. A total multiplier is introduced for this purpose in PLAXIS which is termed as ’ΣMs f ’ and

is a ratio of actual and reduced ’c’ and ’tanφ’ (ΣMs f = c/cr = tanφ/tanφr ).

For simulating safety analysis in the designed abutment model, a safety phase is added to

each of the seventeen phases shown in Figure 4.5. Loading type is set to ’incremental multipli-

ers’ with a value of ’0.1’. Deformation parameters are similar to that of plastic analysis phases.
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Undrained behaviour is ignored and strain is reset to zero at the end of each phase - with small

strain allowed to accumulate through all phases. It allows similar ’strength mobilization due to

small strain accumulation’ principle to remain valid as in plastic analysis. As a result, reduc-

tion of strength parameters (’c’ and ’tanφ’) is performed from a centralized perspective for both

plastic and safety analysis.

Since interfaces are used along the ’soil-geogrid’ boundaries, its strength is reduced in the

same way as the strength of soil (according to sequential increase of ’ΣMs f ’ multiplier). Purpose

of performing a ’φ-c reduction’ analysis such as this, is mainly to observe the value of ’Ms f ’

multiplier for each phase and to obtain the most applicable failure mechanism in the form of

’incremental displacement diagram’ for the most critical loading phase. A sufficiently fine mesh

is required for accurate depiction of safety factors in safety analysis, and ’very fine mesh’ is used

in this model (for both - plastic and safety analysis) for securing accuracy of the calculations.

In safety calculations done for the abutment model, ’Hardening Soil small’ model is used

as soil material. But, all advanced soil models behave as a standard ’Mohr-Coulomb’ model in

safety analysis. A constant stiffness calculated at the beginning of each phase remains unvaried

till the end of that phase. Stress dependent stiffness and hardening behaviour of the soil are

hence excluded from the calculations as described in (PLAXIS (2019b)).

An incremental displacement diagram ( |∆u| diagram) for the ’load activation phase’ of safety

analysis, shows the most applicable failure mechanism for the model. The ’incremental dis-

placement diagram’ is shown relative to the ’plastic points status’ diagram (during plastic anal-

ysis - Figure 4.10) in Figure 4.12. The two figures are shown relative to each other due to their

relevance in development of failure mechanism in the reinforced soil region.

Although ’Hardening Soil small’ model behaves as a standard ’Mohr-Coulomb’ model dur-

ing safety calculations, it is interesting to observe that the shear hardening points behind the

geogrids and at the toe of the abutment (represented by green triangles), matches exactly with

the critical failure mechanism presented by the ’incremental displacement diagram’ of the final

safety calculation phase.

Actual values of the incremental settlements in Figure 4.12 is unimportant and the failure

plane is the main object for examination in this case. It is observed that the critical failure

mechanism develops along the shear hardening points. A ’bearing capacity type failure’ is also

observed at the toe region. A somewhat less critical tensile failure mechanism is also deemed
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Figure 4.12: Relative depiction of ’most applicable failure mechanism’ with ’shear hardening points’ (in PLAXIS 2D)

possible along the lowermost four geogrids. From the relative comparison of the shear harden-

ing points and critical failure mechanism, it is however clearly discernible that a failure mecha-

nism along the shear hardening points is applicable, according to the performed calculations.

Determination of factor of safety is another main objective of the safety analysis performed.

A stable value of ’ΣMs f ’ is accepted as a factor of safety for a particular safety phase. A value of

factor of safety for each phase can also be acquired from the ’calculaion information’ option in

”Project’ tab of PLAXIS 2D - results window. Safety calculations involve additional steps and it

results to additional displacements. These displacements do not have any physical significance

and are only used to determine a stable value of ’ΣMs f ’.

Figure 4.13 shows a plot of displacements incurred during safety analysis and ’ΣMs f ’ mul-

tiplier. The lowermost red line denotes the ’load activation phase’ of the model, which is the

final computational phase. It is indicated by the ’red line’ that factor of safety for the final stage

of the model is ’1.3’. Calculation phases occurring before the load activation show a maximum

factor of safety up to ’2.2’. It is evident that the phase where all bridge loads are activated - is the

most critical phase for the structure. But it is also noticeable that construction of ’layer-6’ from

the top reinforced layer (as per Figure 3.5) is the most safe layer according to the analysis. The

’layer-6’ lies almost at the middle depth of the abutment and also implies that the reinforced

layers below it aids in stability up to this point in the abutment model.
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Figure 4.13: Diagram presenting ’Factor of Safety’ for all seventeen phases of the model (in PLAXIS 2D)

These values emphasize the importance of compaction up to design level and refilling the

settled depth at each layer, as strain is the mechanism by which the abutment gains strength

- but only to the designed extent. For case of this abutment model, a settlement of about 10

cm is anticipated during loading actions (as in Figure 4.8) in the abutment. Physical meaning

of this value is that, after construction phase is complete and all settlements involved in those

phases are rectified, a further pre-loading is necessary for settling the abutment 10 cm more, for

bringing its level down to the connecting road level.



Chapter 5

Analytical Seismic Design

Geosynthetically reinforced bridge abutments are deigned for use as sub-structures in a trans-

portation system, and are often used in seismically active areas. Behaviour of the abutment

in seismic conditions have vital physical and economic consequences, and are discussed and

analysed in this Chapter.

During a seismic activity, additional transient dynamic pressures are induced in addition

to the static pressures. Seismic response of a reinforced soil bridge abutment depends upon

numerous aspects such as soil properties, nature of input wave motions, inertial and flexural

response, interaction of structural components involved in the abutment and environmental

conditions around the abutment, among many other variables. Inherent variability and un-

certainty of these phenomena makes it a very complex process to analyse all seismic aspects

accurately (Kramer (1996)). Simplified analyses that make various assumptions about these pa-

rameters are often used for seismic analysis, and a similar combination of simplified approaches

is considered for the seismic analysis of the abutment designed in Chapter 3.

It is assumed that the abutment considered in this analysis behaves as a yielding structure

and can move sufficiently for developing active and passive conditions. In this specific case

however, the backfill soil region of the abutment is assumed to be in active state. A conventional

pseudo-static approach as explained in Seed and Whitman (1970) and Kramer (1996) suggest

that the total active pressure acting upon a structure in a seismic condition (PAE ), is a sum of

active static pressure (PA) and active dynamic pressure (∆PE ) as shown in equation 5.1.

P AE = P A +∆P AE (5.1)

52
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For a typical analytical seismic design, a maximum ground acceleration is applied to the cen-

tre of gravity of the structure, and the design ensures that the structure withstands additional

force of this vibration - within a specified factor of safety (Au-Yeung and Ho (1995)). Dynamic

forces are maximum near the natural frequency of the structural system (when there is no in-

fluence of external forces and wave damping). Increased residual pressures may remain in the

structural system after a strong seismic activity and a parameter of uncertainty has to be ac-

counted for in the seismic safety considerations as described in Steedman and Zeng (1990) and

Whitman (1990).

The seismic design of the abutment considered in this Chapter is based upon effective stress

approach from Geotechnical Division NTNU (2016) and pseudostatic approaches according

to Mononobe and Matsuo (1929), Okabe (1926), NS-EN 1998-5:2004+NA:2014 (1998), Kramer

(1996) and Christopher et al. (1990). Limit equilibrium design obtained from Chapter 3 and

failure criteria obtained from Chapter 4 are also integrated into the design.

5.1 Methods and Code used in the Design

The design is based upon the pseudo-static approach that accounts for inertial forces, dynamic

forces and static forces acting at different portions of the abutment. The method of analysing

internal and external stability of the abutment separately, is continued in this section. It is as-

sumed as mentioned in Kramer (1996) that the dynamic forces act at the back layer of the re-

inforced section and inertial forces act within the reinforced zone, in addition to static forces.

’Mononobe-Okabe’ method is used for calculating dynamic forces and inertial forces are calcu-

lated from Christopher et al. (1990). ’Eurocode 8’(NS-EN 1998-5:2004+NA:2014 (1998)) is fol-

lowed for parameters required for the design. Equations and parameters involved in the design

is discussed before their application.

5.1.1 Mononobe-Okabe Method

A pseudo-static approach developed from works of Okabe (1926) and Mononobe and Matsuo

(1929) is popularly known as Mononoke - Okabe (M-O) method. The method is an explicit ex-

pansion of static Coulomb theory to pseudo-static conditions Kramer (1996). The method was

originally developed for dry and cohesionless soil.
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The method assumes that soil involved is a dry and cohesionless material. Maximum shear

strength is assumed to be mobilized at the triangular soil wedge behind the wall at the point

of failure. It is also assumed that the wall and soil behave as a singular unit and shear waves

propagate at infinite speed resulting in uniform acceleration throughout the soil wedge (Au-

Yeung and Ho (1995)).

Figure 5.1: (a) Forces acting on active wedge in M-O analysis ,(b) Force polygon on active wedge (Kramer (1996))

As shown in Figure 5.1, acting forces and force polygon on an active wedge for M-O method

are depicted for case of a retaining wall. Effect of pseudo-static motion is represented by ’kh .W’

and ’kv .W’ as shown in Figure 5.1 (a) and by pseudo-static accelerations ’ah = kh .g’ and ’av =

kv .g’, where ’W’ is weight of active soil wedge, ’kh ’ and ’kv ’ are horizontal and vertical ground

acceleration coefficients respectively. Similarly, ’ah ’ and ’av ’ are horizontal and vertical ground

acceleration respectively. Total active thrust (including static thrust) is then expressed in equa-

tion 5.2

P AE = 1

2
·K AE ·γ ·H 2(1−kv ) (5.2)

Where ’KAE ’ is dynamic active earth pressure coefficient and is denoted as in equation 5.3.

K AE = cos2 (φ−θ−ψ)

cosψ ·cos2θ ·cos(δ+θ+ψ)
[

1+
√

sin(δ+φ)sin(φ−β−ψ)
cos(δ+θ+ψ)cos(β−θ)

]2 (5.3)

Where φ−βÊψ, γ = γd and ψ = arctan[kh/(1-kv )]. Other parameters of equation 5.3 are de-

picted in Figure 5.1.’αAE ’ is inclination of static critical failure surface and according to Zarrabi-
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Kashani, K. (1979) is according to equation 5.4.

αAE =φ−ψ+arctan

[− tan
(
φ−ψ−β)+C1E

C2E

]
(5.4)

Where ’C1E ’ and ’C2E ’ are as shown in equations 5.5 and 5.6 respectively.

C1E =
√

tan
(
φ−ψ−β)

[tan
(
φ−ψ−β)+cot

(
φ−ψ−θ)

][1+ tan
(
δ+ψ+θ)+cot

(
φ−ψ−θ)

]

(5.5)

C2E = 1+ tan
(
δ+ψ+θ) · [tan

(
φ−ψ−β)+cot

(
φ−ψ−θ)

] (5.6)

As shown in equation 5.1, total active dynamic thrust is a sum of its static and dynamic com-

ponent. Static component (PA) acts at ’H/3’ above the base and dynamic component (∆P AE )

acts at approximately ’0.6H’ above the base according to Seed and Whitman (1970). Height of

point of action of total thrust (PAE ) above the base according to these considerations is given by

equation 5.7, where ’h’ is height of acting ’PAE ’ above the base.

h = P A H/3+∆P AE (0.6H)

P AE
(5.7)

It is often observed that value of ’h’ is approximately near ’0.5 H’ for cases of retaining walls

(Kramer (1996)).

5.1.2 Eurocode 8

Parameters used in M-O method are estimated using Eurocode 8 (NS-EN 1998-5:2004+NA:2014

(1998)). ’Part 1’ of Eurocode 8 provides general aspects and rules for a seismic design of a struc-

ture and ’Part 5’ is based on geotechnical aspects of foundation and retaining structure design.

Horizontal and vertical ground acceleration coefficients (’kh ’ and ’kv ’) are estimated according

to (EC 8-5, 7.3.2.2, p.(4)) as in equations 5.8 and 5.9.

kh =α · S

r
= ag

g
· S

r
(5.8)

kv =±0.33kh (5.9)
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Where, ’ag ’ is design ground acceleration, ’S’ is amplification factor (depends upon soil con-

ditions) and ’r’ is a factor used for calculating ’kh ’. Design ground acceleration (ag ) is a product

of a seismic factor (γI ) and reference peak ground acceleration for ’Type A’ ground (ag R ).

Tables and figures extracted from Eurocode 8 (NS-EN 1998-5:2004+NA:2014 (1998)) required

for calculating parameters of ’M-O method’ are tabulated in Appendix C.

5.2 Seismic Design of the Abutment

Method followed for the seismic design in this section is a modification of seismic analysis of

geosynthetically reinforced retaining walls. As with static approach of reinforced soil retaining

structural analysis, internal and external stability are analysed separately. Seismic analysis per-

formed in this section also performs separate seismic analysis for external and internal stability,

under pseudo-static conditions.

According to Kramer (1996), pseudostatic dynamic thrust (∆P AE ) acts at the back layer of the

reinforced zone and inertial force (PI R ) acts inside the reinforced zone (for the case of reinforced

soil retaining wall), as shown in in Figure 5.2.

Figure 5.2: (a) Geometry and notation for reinforced soil walls, (b) Static and pseudostatic forces acting on rein-
forced zone (Kramer (1996))

Approach for reinforced soil wall explained in Figure 5.2 is modified in this case for represent-

ing an abutment. Dimensions of the abutment obtained from the limit state design in Figure 3.5

of Chapter 3 is used. The loading conditions are however, simplified for this case. Principle of

superimposition of loads is assumed and all loads are converted to uniformly distributed loads

(UDL). Assumptions made for the loading conditions are as follows:
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• Live loads are ignored and dead loads are assumed to be distributed uniformly along the

base of spread footing (loads from Table 3.11).

• The spread footing is assumed to extend throughout the entire reinforced region.

• The simplified loading is represented in Figure 5.3. Effective stress approach is used and

pore pressures continue to remain ineffective.

Figure 5.3: Simplified loading conditions for seismic analysis from Figure 3.5 (not to scale)

Interial force (PI R ) is calculated as in equation 5.10.

PI R = acγr HL

g
(5.10)

Where, ’γr ’ is unit weight of reinforced soil and ’ac ’ is calculated as in equation 5.11. ’amax ’

in equation 5.11 is peak horizontal ground acceleration and ’g’ represents acceleration due to

gravity.

ac =
(
1.45− amax

g

)
amax (5.11)

Eurocode 8 (NS-EN 1998-5:2004+NA:2014 (1998)) is used for estimating the seismic parame-

ters of the above mentioned equations.
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5.2.1 External Seismic Stability

Reference peak ground acceleration (ag R ) for Skedsmo, Trondheim (which is the assumed lo-

cation for the abutment) is calculated by interpolating from the seismic zonal maps as ’ag R =

0.44 m/s2’. Design ground acceleration ’ag ’ is then estimated as ’ag = ag R . γI = 0.44 m/s2’, as

’γI = 1’ for seismic class II from Table C.5. Amplification factor ’S’ is estimated as ’S = 1.4’ for

’Type C’ ground and factor ’r’ is estimated as ’r = 1’ for bridge abutments from Tables C.3 and C.1

respectively.

Horizontal and vertical ground accelerations are then calculated using equations 5.8 and 5.9

as ’kh = 0.062’ and ’kv = 0.02’. For estimating convention of angles as in Figure C.2(a), ’δ = 20o ’

from C.6, ’φ = 30o ’ from Table 3.2 and ’β = θ = 0’ since backfill is horizontal. These values are

tabulated in Table 5.1.

Table 5.1: Parameters fpr calculation using ’M-O ’ method from Eurocode 8 (NS-EN 1998-5:2004+NA:2014 (1998))

Parameters for calculation using ’M-O ’ method
ag R γI ag S r kh kv φ ψ δ

0.44 m/s2 1 0.44 m/s2 1.4 1 0.06 0.02 30o 3.62o 20o

Calculation of static active thrust ’PA’, dynamic active thrust ’∆P AE ’ and total seismic thrust

’PAE ’ are shown in results Table 5.2.

Table 5.2: Calculated results for the ’M-O’ method

Results table for ’M-O’ calculation
K A K AE γb H P A P AE ∆P AE h Mo

0.3 0.336 16 kN/m3 5 m 60 kN/m 66.4 kN/m 6.4 kN/m 1.8 m 119.52 kN-m/m

As shown in Table 5.2, ’h’ denotes point of action of seismic thrust calculated using equation

5.7. ’P AE ’ is calculated using equations 5.2 and 5.3. ’Mo ’ is total seismic moment acting at the

bottom of the abutment.

Inertial forces acting at the back of the reinforced zone are also considered for the external

stability. Inertial force ’PI R ’ for this case can be calculated as in equation 5.10 and 5.11.

Maximum value of ’∆PAE ’ and ’PI R ’ is unlikely to occur at the same time and hence total

force for checking safety against sliding and overturning is ’Fd yn = PAE + 0.5 PI R ’. Results for

these values are shown in Table 5.3.
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Table 5.3: Results for total force in seismic condition for external stability

Results for total force in seismic condition ’Fd yn ’
amax ac γr H L PI R Fd yn Mo

0.44 m/s2 0.62 m/s2 17 kN/m3 5 m 3.6 m 19.34 kN/m 76.07 kN/m 136.93 kN-m/m

Seismic action of lower magnitude is used for the calculation, and the loading is simplified.

Dynamic forces compared to limit equilibrium external stability for sliding and overturning (Ta-

bles 3.10 and 3.11), shows that this particular seismic action has a large factor of safety. Specific

statement of this specific design is that resisting sliding forces and moments should be at least

75 percent of obtained ’Fd yn ’ taking a factor of safety of 0.75 as mentioned in Kramer (1996).

5.2.2 Internal Seismic Stability

Tensile and pullout behaviour of reinforcements are vital in evaluating internal stability of a re-

inforced soil bridge abutment. Failure surface assumed for the internal failure in this seismic

analysis is same as mentioned in limit equilibrium internal design (FIgure 3.3). Static tensile

forces calculated are also extracted from Chapter 3, Tables 3.13 and 3.14. Pseudo-static inertial

force ’PI R ’ acting on the unstable wedge is considered for the internal instability of the abut-

ment. ’PI R ’ for this case is calculated from equation 5.12 (Kramer (1996)).

PI R = acWA

g
(5.12)

Where ’WA’ is the weight of the assumed internal failure wedge. Weight of the assumed fail-

ure wedge is calculated as per Figure 3.3, according to which ’PI R = 10.35 kN/m’.

Calculation results are shown in Table 5.4. The dynamic inertial force is distributed to each

reinforced layer according to their resistant area (area of reinforcement extending beyond the

failure plane) and added with static tensile force obtained from Tables 3.13 and 3.14. In Table

5.4, ’Par ea ’ is the percentage area of reinforcement that is beyond critical failure line. ’Tsei smi c ’

is sum of static tensile force ’Tn ’ and dynamic component of tensile force ’PI R(d yn)’.

According to this design, a higher value of tensile force is observed. In contrary, factor of

safety for seismic design is ’0.75’ in compared to ’1.5’ used in static condition (Kramer (1996)).

Due to this, it is not necessary to increase the length of reinforcement for this design. It is per-



CHAPTER 5. ANALYTICAL SEISMIC DESIGN 60

Table 5.4: Results for total force in seismic condition for external stability

Layer Parea Tn PIR(dyn) Tseismic

(n) (%) (kN/m) (kN/m) (kN/m)

1 3.85 26.31 0.40 26.71
2 7.7 52.46 0.80 53.26
3 15.4 52.21 1.59 53.80
4 23.1 51.90 2.39 54.28
5 30.8 51.52 3.19 54.71
6 38.5 51.09 3.98 55.07
7 46.2 50.60 4.78 55.38
8 53.9 50.05 5.57 55.63
9 61.6 49.44 6.37 55.82

10 69.3 48.78 7.17 55.94
11 77 48.05 7.96 56.02
12 84.7 47.27 8.76 56.03
13 92.4 46.43 9.56 55.98

tinent to observe the distribution of tensile force from layer 2 to layer 13 for seismic and static

conditions, as shown in Figure 5.4.

As shown in Figure 5.4, ’layer 1’ is ignored in the chart as it is located at half the vertical rein-

forcement spacing. For layers 2 to 13, distribution of tensile forces show higher values according

to depth for seismic condition, but approximately same when it comes to the surface.

Figure 5.4: Tensile forces in reinforced layers for static and seismic conditions

Acceleration is assumed to be acting at the centroid of the abutment. Higher tensile stress

at depth can be contributed to distribution of inertial forces according to depth, and failure

mechanism assumed for the calculations in Table 5.4.



Chapter 6

Seismic Modeling and Dynamic Analysis in

PLAXIS 2D

Modeling seismic behaviour of a soil structure can be surmised as defining numerical param-

eters for motion of seismic waves originated at the source of an earthquake, and its propaga-

tion to the location of the concerned soil structure. Equation of motion, earthquake excitation,

shear wave velocity, shear modulus and wave dampening are hence essential parameters for

understanding and defining the modal behaviour. Introductory portion of this Chapter gives

a brief mention of the relevant parameters and their interaction with soil, before using those

parameters in dynamic analysis of PLAXIS 2D. Equations involved in the introductory part are

essential components of the analysis, and are crucial for illustrating wave behaviour and seis-

mic phenomenon discussed in this chapter. The Chapter then proceeds to selection and use

of boundary conditions and finally analyzes the simplified version of previously designed abut-

ment model, with selected parameters.

6.1 Shear Waves and their Interaction with Soil

Differential equation describing lateral displacement of a structure with single degree of free-

dom and no external force or damping is shown in equation 6.1, where overdot denotes differ-

entiation with respect to time, where ’u’ is displacement in time. Which means, u̇ represents

velocity and ü denotes acceleration with time. ’m’ and ’k’ represent the mass and stiffness of the
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system respectively.

mü +ku = 0 (6.1)

Damping of a wave is described as a process by which amplitude of a vibration steadily di-

minishes (Chopra (2012), p.7). The transformed differential equation of motion, with introduc-

tion of damper is shown in equation 6.2, where ’c’ is damping coefficient and ’u’ is velocity

(Magar (2016)). For dynamic analyses, damping can be represented by ’Rayleigh damping pa-

rameters’ comprising of a damping matrix ’C’, constituting mass matrix ’M’ and stiffness matrix

’K’ (PLAXIS (2019b)); represented in equation 6.3.

mü +ku + cu = P (6.2)

C =αM +βK (6.3)

In equation 6.3, ’α’ and ’β’ are rayleigh coefficients representing influence of mass and stiff-

ness in damping of a system. Relaion between α, β and damping ratio ’ζ’ is shown in equation

6.4 as per PLAXIS (2019b).

α+βω2 = 2ωζ (6.4)

In equation 6.4, ’ω = 2 π f ’, where ’ω’ is circular frequency and ’f’ is ’eigen-frequency’. Also

as mentioned in Magar (2016) and described in PLAXIS (2019b), the damping coefficients can

be found by solving for different target frequencies and corresponding target damping ratios.

Eigen-frequency ’f’ with respect to shear wave velocity ’vs ’ and thickness of soil ’H’ is given in

equation 6.5.

f = vs

4H
(6.5)

Amplification is associated with wave energy and for a seismic wave, large amplitude can be

seen for seismic waves in soft soil. An amplitude factor is used to compare amplitude at top and

bottom of a layer. For a linearly elastic model, amplification factor can be calculated as shown

in equation 6.6
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A = 1√
cos2(ωH

vs
)+ (ζ(ωH

vs
))2

(6.6)

Seismic body waves exist mainly in two forms, primary waves ’p-waves’ and shear waves

’s-waves’. Surface waves result as interaction of these body waves with surface layers of earth

(Kramer (1996), p.20). The velocity of primary waves ’vp ’ and shear wave velocity ’vs ’ on an

unbound media depend upon stiffness of material and Poisson’s ratio ’ν’ as shown in equation

6.7.

vp

vs
=

√
2−2ν

1−2ν
(6.7)

In general, ’p-wave’ velocity is seen to exceed the shear wave velocity for geologic materials.

For a Poisson’s ratio of 0.3, ratio of ’vp /vs ’ is found to be 1.87 as per (Kramer (1996), p.156).

In real materials, a part of elastic wave energy is always converted to heat energy, resulting in

depletion of amplitude of the wave. When assuming the propagation of wave as visco-elastic,

Kelvin-Voight model is used as soil strip. Stress-strain loop of a Kelvin-Voight model is found to

be elliptical. The energy dissipated in a cycle for this case is given by the area of ellipse or by

equation 6.8, indicating the relationship between loading frequency and energy dissipation.

∆W =
∫ to+2π/ω

to

τ
δγ

δt
d t =πηωγ2

o (6.8)

Where, ’τ’, ’γ’ and ’η’ are shear stress, shear strain and viscosity of the material respectively.

In case of real soil however, dissipation of elastic energy occurs by slippage of soil grains hys-

teretically, and energy dissipation is independent of wave frequency. Peak energy and energy

dissipated in a cycle for a hysteresis loop is shown in Figure 6.1.

Damping ratio ’ζ’ is related to energy dissipated and peak energy as in equation 5.5.

ζ= 1

4π

∆W

W
(6.9)

The dynamic behavior of soil during earthquake is often related to its response to cyclic load-

ing. Soil properties under cyclic loading is dependent upon state of stress in soil before loading,

and stress created by the the loading (Kramer (1996), p.184). The hysteresis loop shown in Fig-

ure 6.1 depicts the behaviour of soil under cyclic loading, and can be described by the path
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Figure 6.1: Hysteresis loop for shear stress - strain behaviour of soil (after Kramer (1996))

followed by the loop or by parameters defining it as a shape. Mean value of shear modulus over

the whole loop can be estimated by secant modulus ’Gsec ’ as shown in Figure 6.1 and described

in equation 6.10.

Gsec = τc

γc
(6.10)

Where, ’τc ’ and ’γc ’ are amplitudes of shear stress and shear strain respectively. Like in the

case of Kelvin-Voight model, area of the hysteresis loop estimates the energy dissipation. Damp-

ing ratio for this case is given in equation 6.11.

ζ= WD

4πWS
= 1

2π

Aloop

Gsecγ
2
c

(6.11)

Where, ’WD ’ and ’WS ’ are dissipated energy and peak strain energy respectively, with ’Aloop ’

giving area of the hysteresis loop. The locus followed by the tip of the hysteresis loop for different

cyclic strain amplitude is called a ’backbone curve’ and is shown in Figure 6.2.

In Figure 6.2, slope of the curve at the origin gives maximum value of shear modulus as

’Gmax ’. A modulus ratio described as ’Gsec /Gmax ’ is a useful parameter in characterizing stiff-
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Figure 6.2: Variation of ’Gsec ’ with ’γ’ in a backbone curve (Kramer (1996), p.232)

ness of a soil element. For shear strains less than ’3 X 10−4 %’, ’Gmax ’ can be calculated in form

of shear wave velocity ’vs ’ as mentioned in equation 6.12.

Gmax = ρv2
s (6.12)

In situations where shear wave velocities are not available, ’Gmax ’ can be calculated in many

different ways including using laboratory data and emperical relationships. Since sand is used

as the material used for design of the considered abutment, ’Gmax ’ for sand is often calculated

by an emperical relationship as shown in equation 6.13.

Gmax = 1000K2,max(σ′
m)0.5 (6.13)

Where ’K2,max ’ is calculated from relative density or void ratio in Table 6.1. ’σ′
m ’ is mean

stress in lb/ft2 (Seed and Idriss (1970)).

Table 6.1: Estimaion of K2,max

(Seed and Whitman (1970))

e K2,max Dr K2,max

0.4 70 30 34
0.5 60 40 40
0.6 51 45 43
0.7 44 60 52
0.8 39 75 59
0.9 34 90 70
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Various environmental and load conditions play active role in increase or decrease of modu-

lus ratio at a particular strain level (Dobry and Vucetic (1987)).

6.2 Hardening Soil Small (in Dynamic Application)

Hardening soil small is chosen as soil material model for the dynamic analysis, like in the case

of static analysis. This is because the model incorporates strain dependent modulus of stiffness

resulting from vibrations (PLAXIS (2019b)). The model is also used for the dynamic analysis of

the abutment because of its capability of modeling hysteretic damping during cyclic loading

and dynamic applications. The formulation of small-strain is a result of degradation of shear

stiffness with shear strain. This property in combination with hysteretic behaviour in cyclic

loading, is capable of providing damping in dynamic applications (Brinkgreve et al. (2007)). The

additional information needed for small-strain stiffness is retrieved from modulus reduction

curves. Hysteretic behaviour of Hardening Soil small model under cyclic loading is shown in

Figure 6.3.

Figure 6.3: Hysteretic behaviour of HSsmall model (Brinkgreve et al. (2007))

In Figure 6.3, ’Go ’ is small-strain shear stiffness, ’Gs ’ is secant shear modulus and ’Gt ’ is tan-

gent shear modulus. It can be seen in the figure that the actual shear stiffness decreases with

increasing shear strain of the model and restarts upon load reversal. The additional parame-

ters used for the ’HS small’ model (i.e. γ0.7 and Gr e f
o ) play significant role in changing damping.
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A lower ’γ0.7’ is seen to give more more damping and and variation of ’Go/Gur ’gives different

maximum damping ratio (independent of γ0.7)(Benz, T. (2006)). The equation for calculating

hysteretic damping ratio (ζ) as per Brinkgreve et al. (2007) is shown in equation 6.14.

ζ= ED

4πEs
(6.14)

Where, ’ED ’ is dissipated energy in a load cycle and ’Es ’ is energy stored at maximum strain

respectively.

6.3 Selection of Boundary Condition

Interaction of seismic waves with its boundaries are one of the most important factors deter-

mining the behaviour of a numerical seismic model and also has its complexity in modeling.

Seismic waves from the source of an earthquake inevitably meets discontinuities and incon-

gruities while travelling towards earth surface. The seismic waves tend to reflect, refract and

form new paths due to these discontinuities and variabilities. It is therefore crucial to analyze

and understand the behaviour of boundary condition of a model, before applying it.

Relevant assembly of boundary conditions will be discussed and applied to a simplified model

of the abutment in consequent sub-sections. The simplified model of abutment for studying

boundary condition is an elongated version of original static model, with abutment represented

by a section of reinforced soil. Soil parameters are represented with a linearly elastic model. The

simplified model is shown in Figure 6.4.

Figure 6.4: Simplified model of abutment for boundary analysis (in PLAXIS 2D)

The simplified model shown in Figure 6.4 is for a medium coarse mesh, and is 130 m wide

and 25 m high. It constitutes of two types of linearly elastic material, which are reinforced soil
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representing the abutment and backfill soil representing the surrounding. Three points are se-

lected at the top and toe of the model represented by ’A’ and ’B’ and at the mid bottom of the

model represented by ’C’ respectively. Parameters used for them are listed in Table 6.2.

Table 6.2: Material parameters for the boundary analysis of simplified model

Parameters Reinforced Soil Backfill Soil

Material model Linear elastic (drained) Linear elastic (drained)
Unit Weight (γ) 17 kN /m3 16 kN /m3

Rayleigh coefficients (ζ) α = 0.2856 and β = 0.0029 α = 0.2856 and β = 0.0029
Modulus of elasticity (E) 46.10 MPa 43.38 MPa

Poisson’s ratio (ν) 0.33 0.33
Shear wave velocity (vs ) 100 m/s 100 m/s

A condition of resonance is reached when input vibration is of same frequency as eigen-

frequency of the system and this results in maximum amplitude (Magar (2016)). Amplitude

factor for a linearly elastic model can be calculated analytically from equation 6.6. From param-

eters of Table 6.2 and equation 6.5, eigen frequency of the model can be calculated as ’ f1 = vs
4H =

1 Hz’. The tests for boundary conditions are hence carried out using 1 Hz for meeting resonance

condition and 0.5 Hz for making comparisons.

A sinusoidal acceleration wave of ’0.05g’ amplitude and varying frequency (0.5 Hz and 1 Hz)

is prescribed at the base. The vibration is applied for 25 seconds with a prescribed displacement

of 0.5 meters in horizontal direction and vertical displacement is restrained. A point load of 10

kN/m is applied at the top of the abutment in the direction of prescribed displacement (right).

Figure 6.5: Used 0.5 Hz and 1 Hz frequented harmonic waves of amplitude 0.05g and duration 25 seconds

0.5 Hz and 1 Hz wave-forms used in the model are shown in Figure 6.5. The lateral bound-

aries at the sides are applied for different combination of boundary conditions for analyzing the
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resulting behaviour of the model . The water table is placed at the bottom of the boundary for

the simplified model, but undrained behaviour is ignored - similar to all design and analysis

involved in preceding Chapters.

For all three boundary analysis tests, the calculation stages in PLAXIS 2D were carried out

in three stages. An equilibrium stage in plastic calculation mode is added between initial stage

and dynamic stage to ensure that only dynamic acceleration is added during dynamic stage.

The base of the model is fixed in vertical direction and a fixed base is a completely reflective

boundary. A compliant base boundary can also be an option for studying boundary behaviour

of the base. But this section focuses on behaviour of lateral boundaries and the base is fixed

vertically for all considered lateral boundary combinations illustrated in subsequent analyses.

6.3.1 Viscous Lateral Boundaries

Viscous boundary was introduced by Lysmer and Kuhlemeyer (1969). The boundary condi-

tions represent viscous dampers applied in X and Y direction along the concerned boundary.

It absorbs the the wave energy of outgoing waves proportional to material near the boundary

(PLAXIS (2019b), p. 343). The boundary is usually considered for vibration source inside the

model. Relaxation coefficients ’C1’ and ’C2’ are set to default for this case.

Figure 6.6: (a) Horizontal acceleration of points ’A’ and ’C’ at 1 Hertz with viscous lateral boundaries
(b) Total displacement of points ’A’ and ’C’ at 1 Hertz with viscous lateral boundaries

Use of interfaces is not mandatory for viscous boundaries and is not applied for this case.

Acceleration and dynamic time graph shown in Figure 6.6 (a), shows that applied acceleration

of 0.05g (i.e. 0.49 m/s2) is amplified to an approximate average of 0.75 m/s2 for top point ’A’
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but is reduced to 0.2 m/s2 for point ’C’. This is attributed to resonance condition caused by

equivalent input vibration relative to eigen frequency and a vertically fixed base. Displacement

graph shown in Figure 6.6 (b) shows how the prescribed displacement of 0.5 meters escalates to

approximately 1.5 meters at the end of 25 seconds of applied vibration.

Horizontal acceleration at point ’C’ for 0.5 and 1 Hz as shown in Figure C.3 (a) of Appendix

C, shows that there is no difference in amplitude for the differed frequencies but change in

path from the initial path can be seen along with the diminished amplitude due to fixed ver-

tical movement. Figure C.3 (b) shows the dominance of resonant frequency.

6.3.2 Free Field Lateral Boundaries

Free field boundaries simulate the propagation of waves far beyond the boundary and is only

available for lateral boundaries. Equivalent shear forces and normal forces are applied to simu-

late transfer of free field motion to the main domain as shown in Figure 6.7.

Figure 6.7: Free field lateral boundary (PLAXIS (2019b), p. 144)

Interface inside the mesh is compulsory for using this lateral boundary condition and the

simplified model used is modeled in similar way. It can be seen in the horizontal acceleration

graph of Figure 6.8 (a), that acceleration at point ’A’ reaches almost 2 m/s2, while acceleration at

point ’C’ remains at about 0.2 m/s2. Use of interface element at the bottom has not significantly

changed the horizontal acceleration, but the free field condition has further amplified the reso-

nant acceleration of point ’A’. The effect seen in Figure 6.8 (a), can be compared closely to what

happens to similar soil structure in actual earthquake. In compared to the viscous boundary, the

open field boundaries are showing more than twice increase in amplitude of acceleration. 1 Hz
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horizontal acceleration wave also shows slight fluctuation in the first half of vibration, contrary

to uniform horizontal acceleration waves of viscous boundaries.

Figure 6.8: (a) Horizontal acceleration of points ’A’ and ’C’ at 1 Hertz with free field lateral boundaries
(b) Total displacement of points ’A’ and ’C’ at 1 Hertz with free field lateral boundaries

It is observed in Figure C.4 (a) of Appendix C, that a difference in amplitude between 0.5 and

1 Hz horizontal acceleration at point ’C’ is observed. A certain shift in phase can also be seen

in the resultant waves for point ’C’. Variation of displacement is observed to be same as with

viscous boundaries at point ’C’, since the base is still fixed in vertical direction like in the case of

viscous boundaries - as depicted in Figure C.4 (b).

6.3.3 Laterally Loaded - Open Boundaries

Prior to conducting test for laterally loaded - open boundaries, laterally loaded - free field bound-

aries were tested in the simplified model. The horizontal acceleration graphs obtained for later-

ally loaded - free field boundaries were exact match with the free field boundaries test conducted

above. It indicated that free field boundaries were not accepting the lateral loads that were being

added. It is therefore excluded from the analysis, but the acceleration and displacement graphs

for laterally loaded - free field boundaries can be found at Figure C.6.

The third boundary assembly considered for the test is laterally loaded - open boundaries.

Open boundaries do not have any additional property of reflection or absorption, and it simply

terminates. Laterally loaded - open boundaries are combination of lateral loads at both bound-

aries with a specific ’Ko ’ value in combination with no boundary condition. ’Ko ’ value used for

this case is ’Ko = 1’. Advantage of using such lateral coefficient is that it performs accurate depic-
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tion of an earthquake situation with source far from the boundaries. The lateral loads are crucial

while considering soil stresses involved at depths, and are often used for dynamic modeling of

soil. Interfaces with strength of 0.8 is used at the lateral boundaries and the fixed base, similar

to prior tests.

Figure 6.9: (a) Horizontal acceleration of points ’A’ and ’C’ at 1 Hertz with laterally loaded - open boundaries (b)
Total displacement of points ’A’ and ’C’ at 1 Hertz with laterally loaded - open field boundaries

As shown in Figure 6.9 (a), horizontal acceleration for the point ’C’ at the fixed base shows

no change since it is fixed vertically in this case too. Horizontal acceleration of point ’A’ how-

ever shows an amplitude of 1 Hz but with fluctuations reaching up to 1.5 Hz in the first five

seconds. In compared to the viscous boundaries and free field boundaries, amplitude of the

laterally loaded - open field boundaries lie between those two. The results are however closer

to the free field boundaries. As observed in Figure 6.9 (b), displacement and time graph shows

difference relative to the previous two tests. Displacement of point ’A’ and ’C’ with time shows

that displacement increment with time is not uniform in this case. This can be attributed to

difference in ground level at the left and right lateral boundaries. It can also substantiate a need

of specific boundary condition for soil structures with lateral boundaries involving different el-

evations.

It is observed in Figure C.5 (a) that 0.5 Hz waves show lower amplitude than 1 Hz waves at

point ’C’. It is opposite to what was observed for free field boundaries where 0.5 Hz acceleration

waves were dominant in point ’C’. The difference however is not very prominent and can be

attributed to the change in boundary situation. Similar phase shift of the acceleration waves is

observed, as with prior tests.
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6.3.4 Comparison of the Boundaries and Displacements

Comparing all the three performed tests of boundary conditions, it is observed that maximum

peak horizontal acceleration is produced with free field boundary conditions. Minimum peak

horizontal acceleration is observed with use of viscous boundaries and open boundaries with

lateral loads lie in between them. Since eigen frequency was used as the frequency of input

vibration, it can be derived from the tests that the free field boundaries were better at simulat-

ing real earthquake behaviour by giving maximum amplitude. It is also observed that laterally

loaded - open boundaries are a good option for soil structures at same elevation, but creates

variance in calculation when there is difference in elevation between the lateral boundaries.

Figure 6.10: Total displacements at points ’A’ and ’C’ with 0.5 and 1 Hertz

In Figure 6.10, variance in displacement with dynamic time for 0.5 and 1 Hz waves are shown

at top and bottom of the model. Higher frequency shows lower total displacement and this is

attributed to the nature of ground motion. Acceleration can be interpreted as product of dis-

placement and angular frequency and this makes displacement inversely proportional to angu-

lar frequency, for ground motion. From another perspective, the gradation of soil and eigen-

frequency also affects displacement for varying frequencies of same amplitudes.

From the tests conducted, free field lateral boundaries seem to be an appropriate lateral

boundary considering elevation changes and accurate simulation of earthquake source far from

the boundary. Free field lateral boundaries also show good correspondence with resonance con-

dition of input frequency and eigen-frequency in this case.
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6.4 Dynamic Analysis of the Abutment model

For this portion, an actual earthquake data is acquired and scaled to prescribed intensities, and

applied to the model of abutment with HS small soil model. It is discussed that HS small model

has capabilities to simulate shear modulus reduction behaviour along with shear strain incre-

ment. This behaviour is crucial for working mechanism of the discussed abutment and is the

main object of study in this section.

Earthquake selected for this section is known as ’Konya earthquake’ and it occurred near

Konya dam of Maharashtra, India in 1967. The earthquake is argued to be induced due to filling

of a dam reservoir in that area and is a peculiar example of Reservoir Induced Seismicity (RIS)

(Gupta and Rambabu (1993)). The cause of seismicity however is not discussed in this report

and the data is used only for studying the behaviour of the abutment model. The acceleration

time history acquired for this section is acquired from the national database and has a PGA of

0.3g. It is scaled before being used in PLAXIS 2D and the time step is 0.02 seconds for 20 seconds

total time. Which means that ’20/0,02 = 1000’ time steps would be needed in PLAXIS 2D for the

dynamic calculation part.

Figure 6.11: Used acceleration time history of 20 seconds scaled to 0.05g, 0.1g and 0.5g

(Note: It is mentioned here that the acceleration time history is not normalized and is only

scaled for the PGA. There are three calculation phases in all analyses involving this earthquake

time history. An equilibrium phase is added between the initial and dynamic calculation phase.

A prescribed displacement of 0.5 meters is applied in the X-direction for both equilibrium and

dynamic phase in addition to the acceleration at the base. Due to this, the acceleration applied is
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scaled by a factor of 0.5 (i.e. effective PGA applied is 0.025g, 0.05g and 0.25g respectively). This is

evident in displacement and time plot for the bottom point of the model as shown in Figure 6.16,

(b)).

Figure 6.11 shows the scaled acceleration - time history scaled to above mentioned PGAs.

Units used for acceleration is m/s2 for using in PLAXIS 2D. The magnitude of used earthquake is

6.5 in Richter scale and showed a PGA of 0.3g in its in-scaled original accelerogram. Observation

of the waveform shows that PGA is reached between 5 and 10 seconds.

Lateral boundary conditions are selected as free field boundaries. Free field boundaries

are selected for this case because according to tests conducted in preceding section, free field

boundaries simulate the resonance frequency more precisely. It is also chosen because tied de-

gree of freedoms are inapplicable for lateral boundaries at different elevations (Magar (2016))

and laterally loaded open boundaries showed discrepancies in displacement estimation at dif-

ferent elevations previously.

Hardening Soil small model is chosen for the analysis and the model involves interaction be-

tween two types of HS small soil models. Parameters for the backfill and reinforced soil section

are shown in Table 6.3.

Table 6.3: HS small soil parameters for dynamic model

Parameters Reinforced soil Backfill soil

Model Hardening Soil small Hardening Soil small
Drainage type Drained Drained

Rayleigh Coefficients (ζ) α= 0.2856,β= 0.0029 α= 0.2856,β= 0.0029
γ 17 kN /m3 16 kN /m3

Er e f
50 12 Mpa 12 Mpa

Er e f
oed 16 Mpa 16 Mpa

Er e f
ur 60 Mpa 60 Mpa
c 5 kPa 5 kPa

v’ur 0.2 0.2
φ 33o 30o

Gr e f
o 168000 kPa 168000 kPa
γ0.7 0.0001 0.0001
Knc

o 0.4554 0.5
Ri nter 0.8 0.8

As shown in Table 6.3, interfaces with relative strength of 0.8 is used along the inside of the lat-

eral and bottom boundary. For model geometry, assumptions are made that no load is incurred

upon the structure. A fixed boundary is used at the bottom of the model with a prescribed hor-

izontal displacement. The calculation phases involves an equilibrium plastic phase between
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the initial phase and dynamic calculation phase. A prescribed horizontal displacement of 0.5

meters is applied in the equilibrium phase for setting up the displacement multipliers. A dy-

namic acceleration time history of ’0.05g’ converted to ’m/s2’ is applied at the fixed base in the

dynamic phase. Interactive behaviour of the two HS small soil models in dynamic situation is

the specific objective of this case.

The analysis is divided into two sub sections for analysing interaction of HS soil model with-

out geogrids and then with geogrids. The geometry of the model is however the same and the

only difference is the ’added geogrids’ in the second sub-section. Length and properties added

are as per the limit state design performed in Chapter 3.

6.4.1 Dynamic Abutment Model without Geogrids

Figure 6.12: Curve points and model geometry for dynamic analysis without geogrids (in PLAXIS 2D)

Geometry of the model is shown in Figure 6.12. The geometry is 25 meters high up to the

top of the abutment and 20 meters high to the abutment toe. Width of the abutment is 133.5

meters. The coordinates of origin is shown in the bottom left corner of Figure 6.12 and three

points are selected for curves as A(60,25), B(60,20) and C(60,10). The groundwater level is shown

at the bottom but undrained behaviour and suction is avoided in the calculation to adhere with

calculations performed previously. Medium mesh is used for the calculations.

Two points of major interest for the performed analysis are Point ’A’ and Point ’B’ (abutment

top and toe respectively). Point ’C’ is chosen for comparison of abutment toe data. Since rein-

forcements are not added in this case, point ’A’ is bound to suffer the maximum displacement.

Observation for a particular PGA input is done in terms of horizontal acceleration against dy-

namic time and frequency spectrum representation, for the same amplitudes.

For an amplitude of 0.05g, horizontal acceleration variation between point A and B is shown

in Figure 6.13. For 0.05g amplitude, dominant frequency of vibration at Point A is observed as
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Figure 6.13: (a) Horizontal acceleration variation at abutment top and toe for 0.05g. (b) Frequency variation at
abutment top and toe for 0.05g

1 Hz and as approximately 1.7 Hz for Point B. Amplification of horizontal acceleration is ob-

served at Point A and dampening is observed at point B. Resonance behaviours depends upon

input frequency, eigen-frequency and height of the point in consideration. The frequency spec-

trum shown in Figure 6.13 (b) indicates occurrence of resonance condition for point A because

in this combination of input frequency and eigen frequency, analytical calculation of eigen fre-

quency with considered value of shear wave velocity is 1 Hz. Nature of the input wave shows

peak acceleration between 5 and 10 seconds and point B shows similar pattern. But point A

shows maximum acceleration values during first five seconds of vibration indicating significant

dynamic changes immediately after application of vibration. This behaviour is due to the ge-

ometry of the model and interaction between two types of HS small models, as the reinforced

section is placed in top of the backfill soil without any additional support.

Acceleration time history for 0.1g amplitude input vibration for point A and B is shown in

Figure 6.14. For 0.1g, dampening of horizontal acceleration at both points A and B is observed.

This is because frequency is relatively uniformly distributed across the time history for this am-

plitude. It is also observed that the high resonance condition in the first five seconds as noted

in 0.05g acceleration time history shown in Figure 6.13 (a), is non-existent for this amplitude.

The wave-forms shown in Figure 6.14 represent dampened form of the input wave without res-

onance. Point A is less affected by the input vibration in this case in comparison to 0.05g am-

plitude. Frequency spectrum shown in Figure 6.14 (b) indicates that there is no particular dom-
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Figure 6.14: (a) Horizontal acceleration variation at abutment top and toe for 0.1g. (b) Frequency variation at
abutment top and toe for 0.1g

inant frequency for the resulting curves and especially 1 Hz region is observed to have lower

dominance over the time history. This is the reason behind no resonance condition as 1 Hz is

the analytically calculated eigen-frequency.

Figure 6.15: (a) Horizontal acceleration variation at abutment top and toe for 0.5g. (b) Frequency variation at
abutment top and toe for 0.5g

Horizontal acceleration time history and frequency spectrum for 0.5g amplitude input vibra-

tion is shown in Figure 6.15. Most peculiar observation of the wave-form shown in Figure 6.15

(a) is that abutment top has lower resultant horizontal acceleration with time relative to point B

- which is opposite to what is observed in 0.05g and 0.1g amplitude cases shown in Figure 6.13

(a) and Figure 6.14 (a) respectively. Dampening of the original amplitude is observed for both



CHAPTER 6. SEISMIC MODELING AND DYNAMIC ANALYSIS 79

points A and B, but the reason behind higher dampening of resultant acceleration in point A

for this input amplitude is attributed to the frequency spectrum shown in Figure 6.15 (b). It is

seen that the eigen-frequency is poorly represented in the resultant frequency spectrum indi-

cating high energy loss at this point for this amplitude. Further can be seen in Figure 6.15 (b)

that 0.5 Hz and 1.7 Hz have higher dominance over the time series aiding in dampening of 1 Hz

resonance condition.

The acceleration time graphs for different input amplitudes show how resultant horizon-

tal acceleration resonates with the input vibration and also the input amplitudes where eigen-

frequency shows higher dominance. For the three amplitudes considered in this case, 0.05g am-

plitude vibration is seen to generate the maximum resonance at point A as depicted in Figure

6.13 (a) and (b).

Figure 6.16: (a) Displacements at Point A for various amplitudes. (b) Displacements at Point B for various ampli-
tudes

Displacement due to a vibration upon a structure is an indispensable part of a dynamic anal-

ysis. Displacements at Point A and B for all considered input amplitudes are shown in Figures

6.16 (a) and (b). It is known that displacements result from energy dissipation of waves. In-

teraction of eigen-frequency of a system with input vibration can cause either amplification or

dampening of the wave energy. Energy carried by the waves is directly proportional to the fre-

quency. This is the reason behind highest displacement occurring at the condition of highest

resonance of 0.05g input amplitude, as shown in Figure 6.13 (a) and Figure 6.16 (a).

It is noticeable from Figure 6.16 (a) that, point A shows maximum displacement at 0.05g am-

plitude input vibration and shows approximately equal displacements for 0.1g and 0.5g input

amplitudes. From Figure 6.16 (b), it is observed that Point B suffers more than ten times lower
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deformation in comparison to point A. Variation of displacement is not linear in this case but all

three input amplitudes show a displacement of 0.45 meters at ten seconds in the time series for

point B (Figure 6.16 (b)). Contrary to point A, point B shows maximum displacement with 0.5g

input but shows high fluctuations indicating the influence of depth and geometry along with in-

put and eigen-frequency in motion of ground under vibration. Further, it is reinstated that the

need of reinforcement or support for soil at point A is self evident according to the displacement

results and is incorporated in next sub-section with added geogrids.

All input frequencies for point A and B are shown in a Fourier power spectrum shown in

Figure 6.17 (a) and (b). One of the peculiar observations of the representation is the change of

dominant frequency from 1 Hz in Point A to 1.7 Hz in point B for same amplitude input vibra-

tion. It can be seen that all three input amplitudes dominate different sections of the time series

and the resonance or damping shows direct relevance in the respective displacement.

Figure 6.17: (a) Frequencies at Point A for various amplitudes. (b) Frequencies at Point B for various amplitudes

It is concluded from the analysis performed with the dynamic model without geogrids, that

behaviour of soil with applied vibration under the model conditions considered - behaves ac-

cording to its eigen-frequency and geometry. Point A is found to be of peculiar interest, con-

sidering its response to different input amplitudes. Behaviour of point A is hence chosen for

comparison for dynamic analysis with geogrids in the following sub-section.

6.4.2 Dynamic Abutment Model with Geogrids

Boundary conditions considered for this analysis is according to Figure 6.12 and soil models

are HS small model with parameters mentioned in Table 6.3. Behaviour of reinforced section
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of the model when geogrid is added and its interaction with HS soil model is the main area

of observation of this analysis. Comparison of data are made for point A with 0.5g PGA input

vibration used previously in the context without geogrids (see Figure 6.11), as it was found to be

critical in the preceding analysis.

Length of geogrid used for the analysis is according to the limit state design (i.e. 3.6 meters)

and no external loads are considered for this analysis assuming that the earthquake occurs at

the time when no traffic loads occur. The assumption is made for simplicity in calculation and

analysis by reducing the number and types of loads and elements involved in the finite element

analysis. The model consists of two types of HS small soil elements as mentioned in Table 6.3

and the same type of geogrid is used as in the static analysis with ’EA1 = EA2 = 1000 kN/m’.

Vertical spacing of the reinforcements is 0.4 meters as per Figure 3.5 and top vertical spacing

is 0.2 meters as per calculations made in limit equilibrium design Chapter 3. Since material

for embedding the geogrid is omitted from this model considering simplicity in calculation, an

extra length of 0.2 meters geogrid is protruded out from the abutment for resembling the facing

conditions. Interfaces are added along top and bottom of the geogrids as per the assumption

that it simulates pullout resistance property. Interface strength between the reinforced soil and

geogrid is ’Ri nter = 0.8’. A zoomed in selected view of the reinforced section with added geogrids

for the dynamic analysis is shown in Figure 6.18.

Figure 6.18: Selected view of the reinforced section with added geogrids for dynamic analysis (in PLAXIS 2D)

Stages involved in the calculation are similar to previously followed practice where an equi-

librium plastic phase with all elements activated is included between the initial and dynamic

phase. A medium mesh is chosen for the calculations. A vertically fixed base with free field lat-

eral boundaries are applied and a prescribed displacement of 0.5 meters is given at the base. A

dynamic acceleration time history of 0.5g PGA used previously, is applied along the base in the
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dynamic phase. Deformed mesh after calculation is shown in Figure 6.19.

Figure 6.19: Deformed mesh after dynamic calculation involving HS small model and geogrids (in PLAXIS 2D)

It should be noted that a prescribed static horizontal displacement of 0.5 meters is applied

at the equilibrium phase and the strain is not reset to zero for dynamic calculations. So the

uniform dislocation of the abutment up to 0.5 meters as observed in Figure 6.19 is not a con-

sequence of the 0.5 PGA acceleration applied at the base. It can however be stated from initial

observation that the bottom of the abutment suffers less displacement in compared to top of the

abutment. It should also be noted that facing element is excluded and layered construction is

not followed for this analysis. So, reduction of strain due to compaction at each layer is not cor-

rected in this case. It is also observed that additional length of geogrid that was added at the top

behind the spread footing after observation of the static numerical analysis in Chapter 4, is not

present in this case. Excessive settlement at the previously extra reinforced region emphasizes

the importance of the added reinforcements.

Response of the lateral free field boundaries in dynamic context can be observed in Figure

6.19. Left boundary shows excessive deformation as a result of combined static displacement

and dynamic acceleration. Right lateral boundary only bulges at the surface because the static

displacement is applied along positive X-axis direction. The displacement of the fixed base mat-

ters exceedingly for dynamic ground movement. It can be physically compared to movement of

the bed rock creating a crest/fault - where the upper soil sinks with further vibration.

The performance of the abutment model with geogrid is compared with results of abutment

without geogrid at point A, which is the top front corner of the abutment. Points selected for

calculations are same as for dynamic analysis without geogrid as shown in Figure 6.12. Accel-

eration time history, displacement and frequency power spectrum for point A is compared with

the case of dynamic model without geogrids, for analyzing material model and wave property
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interaction - in this dynamic assessment. Points B and C as mentioned in Figure 6.12 are omit-

ted from comparison in this case as they are less critical in terms of stability and much is already

compared about them in previous sub-sections.

Figure 6.20 compares horizontal acceleration time history for ’point A’ with and without ge-

ogrids for a PGA of 0.5g. An increase in amplitude of the waves for model with geogrids is ob-

served. The wave form resembles the original wave geometry of the input wave shown in Figure

6.11, which indicates that less dampening is observed when geogrids are used in the model. This

suggests that eigen-frequency of the system has changed and since the geometry remains un-

changed, it indicates that use of geogrids has altered the shear wave velocity of the system. From

a more general perspective, it can also be stated that a very high displacement is observed at

point A in case where geogrids weren’t used. When geogrids are used in this case, the amplitude

difference represents the energy difference in the system that is not converted to displacement

in this case.

Figure 6.20: Horizontal acceleration with dynamic time for models with and without geogrids under 0.5g PGA

Relationship between displacement and dynamic time is established in Figure 6.21. Dis-

placements with the use of geogrids are almost minuscule in comparison to the case without

geogrids, but still are significant from a practical perspective and can be reduced further with

the use of additional geogrids and layered construction.

It can be further observed in Figure 6.21 that contrary to the case without geogrid, displace-

ment does not increase with dynamic time when geogrids are used. This is a good substantiation

for significance of the reinforced soil structure in a dynamic situation. Nature of displacement



CHAPTER 6. SEISMIC MODELING AND DYNAMIC ANALYSIS 84

Figure 6.21: Total displacement with dynamic time for models with and without geogrids under 0.5g PGA

curve for the case with geogrid shows a decrease in displacement after 10 seconds which indi-

cates development of strain and grip during the time segment like in the case of static strength

gain due to small strain accumulation in geogrids.

Figure 6.22: Frequency power spectrum for models with and without geogrids under 0.5g PGA

Frequency and power spectrum is shown in Figure 6.22. Peculiar observation of figure 6.22

is that the dominant frequency has shifted in the incremental direction. The shift is attributed

to the incremental amplitude of horizontal acceleration previously observed and adheres with

the energy conservation principle (i.e. displacement is reduced with geogrids and the resulting

waves have less energy loss showing more amplitude and frequency respectively). Behaviour of

shear waves and eigen frequency with and without geogrids show peculiar difference in relation

to each other.



Chapter 7

Summary and Conclusions

Performance of a designed reinforced soil bridge abutment in static and dynamic conditions is

analyzed in this thesis.

The base of this thesis is the abutment design obtained from the limit state method in Chap-

ter 3. All successive analyses use the limit state design as a base, and studies behaviour of the

abutment under varying conditions. In limit equilibrium design part of the thesis, it is seen

that eccentricity of the abutment towards overturning has the minimum factor safety. This be-

haviour is substantiated by static numerical analysis in PLAXIS 2D, where tilt of the abutment

is the most critical deformation observed. In internal stability part of the limit equilibrium de-

sign, it is found that the mode of failure for the reinforcements is pullout failure and not tensile

failure. This mechanism is also substantiated in the plastic points diagram of PLAXIS 2D where

pullout failure points are indicated.

With static numerical calculations using PLAXIS 2D, it is concluded that additional reinforce-

ments are required behind the spread footing region for stability of the connecting road por-

tion, for anchoring of the reinforced section to the reinforced soil and for overall stability of the

bridge abutment. It is also seen that the maximum displacement after activation of bridge loads

is 0.1018 meters, which is an important parameter for reaching that level of settlement during

practical construction. It is also seen that the maximum tensile force is observed at the topmost

geogrid and the value is approximately equal to what was obtained from limit state method.

More importantly, shear hardening points were analysed for the modified and pre-modified de-

sign and a reversal of shear hardening pattern was observed, which is very significant in sub-

stantiating the modified design. Further, safety analysis provides a failure mechanism for the
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modified design and it is observed that the failure occurs along the shear hardening points.

In the pseudostatic design portion, internal and external stability are analysed again using

Mononobe-Okabe method and Eurocode 8. Variation of moment and tensile force for static

and pseudostatic conditions show incremental values proportional to depth but are within the

safety requirements.

In the dynamic modeling analysis using PLAXIS 2D, selection of boundary conditions were

done and free field boundaries were selected for the main analyses as it showed good correspon-

dence with resonance condition of input frequency and eigen-frequency.

The dynamic analysis is performed with a real time history of 20 seconds of an earthquake

in form of acceleration scaled to different PGAs (0.05g, 0.1g, 0.5g). A prescribed displacement of

0.5 m is applied in the X - direction for the dynamic calculation, and this scales the applied

acceleration by 0.5. Acceleration, displacement and frequency results obtained for the case

without geogrid are analysed for varying PGAs. Analysis including the geogrids show significant

improvement in displacement and stability of the simplified abutment model. Dominance of

frequency range and amplification/dampening of resultant waves at different conditions indi-

cate the change in overall eigen-frequency of the system and shear velocity with use of geogrids.

Variance of frequency dominance and its effect in stability of the reinforced soil bridge abut-

ment show direct relevance with resonance of eigen-frequency and input frequency.



Chapter 8

Recommendation and Further Works

Results from static analysis indicate that the shear hardening points change drastically with

additional reinforcements at connecting road section. It should be further studied how this

behaviour is promulgated in other soil and loading conditions. Since this thesis deals with a

particular case of a designed reinforced soil bridge abutment, different conditions of load and

material should be analysed for verifying the results.

Results from dynamic analysis indicate change in shear wave propagation behaviour of the

abutment system with the use of geogrids. Further research from the perspective of change in

shear wave propagation behaviour with use of geogrids is also recommended from the analyses

of this thesis.
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Appendix A

Acronyms

MC Mohr - Coulomb

GRS Geosynthetically Reinforced Soil

CRF Creep Reduction Factor

FoS Factor of Safety

HS small Hardening Soil (including small strain)

M-O Mononobe - Okabe

PGA Peak Ground Acceleration

TH Time History

DL Dead Load

LL Live Load

FL Frictional Load

NGI Norwegian Geotechnical Institute

HS Hardening Soil

FEM Finite Element Method
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Appendix B

Appendix B : Static Analysis

Table B.1: Equations used for calculating unfactored vertical forces as per Figure 3.1
and Figure 3.2

Vertical forces Equation used

V0 γr · Lr · Ht

V1 γr · Bb · ht

V2 γc · Bt · ht

V3 γc · hb · B
Vsa γb · (Bt + Bb) · hsa

Vsb γb · (Lr - B - C) · hsb

Table B.2: Equations used for calculating moment arns for vertical forces as per Figure 3.1
and Figure 3.2

Vertical Forces Moment arm about T Moment arm about B

V0 - Lr / 2
V1 Bt + B f + Bb/2 Bt + B f + Bb/2 + C
V2 Bt / 2 + B f Bt / 2 + B f + C
V3 B/2 B/2 + C

Vsa B f + (Bt + Bb)/2 B f + (Bt + Bb)/2 + C
Vsb (Lr - B - C )/2 + B (Lr - B - C )/2 + B + C
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Table B.3: Equations used for calculating unfactored horizontal forces as per Figure 3.1 and Figure 3.2

Hoizontal Forces Equation used

F0 0.5 · Kab · γb · Ht
2

F1 0.5 · Kar · γr · h · Vsb

F2 Kab · γr · Ht · h
F3 pre defined

Fsa Kar · γb · h · hsa

Fsb Kab · γb · Ht · hsb

Ft F1 + F3 + Fsa

Table B.4: Equations used for calculating moment arms for horizontal forces forces as per Figure 3.1 and Figure 3.2

Horizontal Forces Moment arm about T Moment arm about B

F0 - Ht / 3
F1 h/3 Ht + (h/3)
F2 - Ht /2
F3 hb hb + Ht

Fsa h/2 h/2 + Ht

Fsb - Ht /2
Ft case-wise case-wise
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Figure B.1: Earth Pressure coefficients for effective stress analysis (Geotechnical Division NTNU (2016))



Appendix C

Appendix C : Seismic Analysis

Figure C.1: Seismic zones for southern part of Norway (NA.3(901))
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Figure C.2: Convention of angles for pseudo-static earth pressure coefficients (NS-EN 1998-5:2004+NA:2014 (1998))

Table C.1: Factor for calculating horizontal seismic coefficient (Table 7.1 EC 8-5)
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Table C.2: Ground types for strati-graphic profiles (Table NA.3.1 EC 8-1)

Table C.3: Amplification factors for ground types in Table C.2 ( Table NA.3.3 EC 8-1)
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Table C.4: Classification of seismic classes (Table NA.4(902) EC 8-1)

Table C.5: Importance factors by seismic classes (Table NA.4(901) EC 8-1)
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Table C.6: Interface friction angles according to Kramer (1996)

Figure C.3: (a) Horizontal acceleration at point ’C’ with 0.5 and 1 Hertz using viscous lateral boundaries
(b)Frequency dominance representation at 0.5 and 1 Hertz
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Figure C.4: (a) Horizontal acceleration at point ’C’ with 0.5 and 1 Hertz using free field boundaries (b)Frequency
dominance representation at 0.5 and 1 Hertz

Figure C.5: (a) Horizontal acceleration at point ’C’ with 0.5 and 1 Hertz using laterally loaded - open boundaries
(b)Frequency dominance representation at 0.5 and 1 Hertz

Figure C.6: (a) Horizontal acceleration of points ’A’ and ’C’ at 1 Hertz with laterally loaded - free field boundaries
(b) Total displacement of points ’A’ and ’C’ at 1 Hertz with laterally loaded - free field boundaries
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