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ABSTRACT 

In this study, Reinforced Ea~th Structures are inv~stigated 

by using various techniques. Inltially the system is handled as 

a slope stability problem and multi-criterion analysis method is 

employed to find out the allowable tensile and shear forces for the 

reinforcing bars. A computer program, which evaluates the forces mo

bilized in the bars and estimates the safety factor, is prepared, 

In the second part of the study, reinforced earth systems 

are analyzed by the Finite Element Method. For this purpose, the 

system is considered as a composite material and necessary formu

lations are derived. In the analysis, the hyperbolic stress-strain 

parameters are utilized to take into account the real behaviour 

of the soil. 

A finite element computer program, having various capacities 

is also developed in this study. 



UZET 

Master tezi olarak hazlrlanan bu callsmada donatll~ zeminler 

cesitli yHntemler kullanllarak incelenmistir. Sistem Hnce bir yamac 

problemi olarak dUsUnUlmUs ve cok-kriterli analiz metodu kullanlla

rak donatllann ta~lyabilecegi maximum cekme ve kesme kuvvetleri 

hesaplanmlstlr. Ayrlca donatllarda olusan gerilmeleri hesaplayan 

ve bu kuvvetleri dikkate alarak emniyet katsaYlslnl bulan bir com

puter programl hazlrlanmlstlr. 

Callsmanln ikinci bH1UmUnde, donatlll zeminler sonlu eleman

lar yHntemi kullanllarak incelenmis ve bu sistemler hakklnda daha 

detayll bilgi elde edilmistir. Bu analizde donatlll zeminler kompo

sit malzeme olarak dUsUnUlmUs ve bu kabule gHre gerekli formUller 

Clkartllmlstlr. Zeminin gercek davranlSlnlda dikkate almak amaclyla, 

hiperbolik gerilme-sekildegistirme parametreleri kullanllmlstlr. 

Bu callsmada sonlu elemanlar yHntemi icin cesitli Hzelliklere 

sahip birde computer programl hazlrlanmlstlr. 
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CHAPTER-I 

AN ANALYTICAL PROCEDURE TO 

REINFORCED EARTH SYSTEM 

INTRODUCTION 

Soil is the most abundant and least expensive construction 

material. Many soils with a suitable water content and density 

can be strong enough to be structurally sound, especially when 

10adwon1y in compression. However, like concrete, soils are 

1 

very weak in tension. Therefore, in some cases it is not possible 

to use the soil without any supporting -system. As in the case of 

reinforced concrete, in soils the inclusion of reinforcements which 

are strong in tension can produce a composite material that combi

nes the best load carrying features of both components. Making use 

of these aspects of soil and reinforcement, recently a composite 

material which is named as "Reinforced Earth System" has been 

introduced . 

. As a definition, Reinforced Earth is a construction material 

consisting of a frictional backfill material and lin'ear reinforcing 
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strip. The reinforcements, which are capable of withstanding high 

tensile forces, have two main effects; namely, reducing the average 

shear stress carried by the soil and increasing the average normal 

stress on the failure surface. 

Reinforced earth retaining structures have three components: 

1. Backfill material 

2. Reinforcing Strips 

3. Facing, which has only a local ro12 preventing 

the backfill material from sloughing away from the wall face. These 

components are shown on a schematic view of a Reinforced Earth 

Wall on Figure 1.1. 

Reinforced earth structures possess several features that 

are attractive in many situations requiring retaining structure. 

In Reinforced Earth structures the in-situ ground is used as one 

of the main structural elements. The facing elements prevent the 

collapse of the soil at the face between the strips. The facings, 

therefore, are relatively thin and inexpensive. The low cost of 

the elements can provide significant savings in construction mate

rials relative to the conventional solutions. Light construction 

equipment, adaptability to site condition and easy operation in 

heterogeneous soils are the other advantages of the reinforced 

retaining structures. Moreover, these ~tructures are more flexible 

than classical cast-in-place reinforced concrete retaining structures. 
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Concrete Panel 

Backfill Mate i 

Fig. 1.1 Schematic view of a Reinforced Earth Wall 
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Consequently, the reinforced earth structures can conform to defor~ 

mation of syrrounding ground and withstand larger total and diffe

rential settlements. 

Some applications of reinforced erath system in Europe and 

in U.S.A. are indicated in Fig. 1.2 to 1.3.(Ref.8) 



.... , .. -'~ 
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Fig, 1.2. Application of Reinforced Earth System 
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CHAPTER-II 

PRINCIPLE OF SOIL-REINFORCEMENT 

INTERACTION AND DESIGN METHODS 

2.1. INTRODUCTION 

An essential aspect in the success of any soil reinforcement 

system is that the two materials sould be compatible,in terms of 

surface characteri~tics and geometry so that stre:;s can be trans

ferred from one to another. 

In Reinforced Earth, the mechanism of soil to reinforcement 

stress transfer is mainly the friction between the soil and rein

forcement surfaces when smooth reinforcement strips are used. When 

ribbed strips are used, stress transfer is also developed by passive 

resistance on the ribs. They together determine the bond strength 

which controls the maximum rate of change of axial force in the 

reinforcement along its length. 

7 
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Normal Pressure 

PullOut Force 

Frictional Force 

Normal pressure 

Fi~ 2.1 Frictional Load Transfer Between Soil and Reinforcement 
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2.2. FRICTIONAL LOAD TRANSFER 

Frictional stress transfer between soil 'and reinforcements 

is illustrated schematically in Fig. 2.1. The load that can be 

transferred per unit area of reinforcement depends on ·the interface 

characteristics of the soil to reinforcing material, and on the 

normal stress betw~en them. The latter depends on the stress

deformation behavior of the soil, which is itself stress-dependent. 

Consequently, it is not realiable to estimate the effective friction 

coefficient by analysis alone. The results of experiments; eg; 

pullout tests, direct shear tests between soil and reinforcement~ 

instrumented models and full scale structures, are often used as a 

basis for selection of appropriate values of effective frictional 

coefficient. 

Analysis of the local equilibrium of a section of reinfor

cement with the soil gives the stress transfe~ condition, shown 

in Fig. 2.2. as: 

where 

. 
dT = T2 - Tl = 2 b. s (dt) 

b = Reinforced width 

~ = Length along reinforcement 

T = Tensile force 

s = Shear stress along soil-reinforcement interface 

(2.1) 
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Fig. 2.2 Forces Acting on the Reinforcement 



If t is generated only by interface friction, then 

where 

. a v = The normal stress exerted on the rei nforcement 

~ = The coefficient of friction between the soil and 

reinforcement material. 

(2.2) 

The interface friction coefficient between different construction 

material surfaces in direct shear is known to be in the range 

of about 0.5 to 0.8 times the direct shearing resistance that 

can be mobilized within the soil. That is 

where 

~ = tan § =.- (0.5 - 0.8) tar,¢ 

§ = Friction angle between soil and smooth surface 

¢= Angle of internal friction of the soil. 

(2.3) 

Thus, if the value of 0 is known, it should be a simple mather 

to calculate the limiting value of reinforcement pullout resis

tance, in any case. Unfortunately, such a simple calculation can 

not reliably m~de, owing to the fact that the effective normal 

stress is altered by the soil to reinforcement interaction. 

11 
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Accordingly the most reliable values of friction coefficient are 

obtained by direct measurement. The value so determined is commonly 

referred to as the apparent or effective friction coefficient u* , 

and it is usually taken as the average mobilized shear stress 

along the reinforcement divided by the normal stress as given by 

the overburden pressure. It is known that the construction methods 

may influence ~*in reinforced soil construction. Therefore, it is 

necessary to evaluate the apparent friction coefficient. u* by 

taking into con~ideration the specific backfill characteristics 

and the method of construction. 

~.2. PASSIVE EARTH THRUST ON THE REINFORCEMENTS 

Although tensile forces constitute the dominant reinforcing 

mechanism, passive lateral earth resistance can develop against 

the strip on either side of a potential failure surface, when rein

forci ng e1 ements are ri gi d: To illustrate the effect of the ri gi dity 

of the reinforcement on the soil-inclusion interaction, the two 

limiting cases of flexible and completely rigid reinforcements can 

be considered. As shown in Fig. 2.3 a flexible reinforcement will 

deform until equilibrium is reached. However, the rigid reinforcement 

will resist the deformation, consequently passive lateral earth thrust 

will be mobilized at both si~es of the potential sliding surface, 

and shear stress will be developed on the cross section of the 



a) Flexible Reinforcement b) Rigid Reinforcement 

Fig. 2.3. Effect of the Rigidity of the Reinforcement 
-> 
w 
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reinforcement to maintain the eqUilibrium requirements. Rigit rein

forcements, dependent on ali gnment, may thus have to withstand 

shearing forces and bending moments as well as tensile forces. 

As schematically shown in Fig. 2.4 the overa'll shear resis

tance of the reinforced soil can be divided into three components. 

1. The apparent cohes.ion Co*,due to the shear force, Vo' mobilized 

in the bars. 

(2.4) 

where A is the area of the shear surface 

2. The frictional shear stress, lS' mobilized in the soil along 

the potential failure surface in the absance of the bars 

(2.5) 

3. The difference in frictional shear stresses between reinforced 

and non-reinforced soil, ~l, which is caused by the effect of 

the reinforcing bars on the stresses and displacements of the 

soil. 

Hence the total shearing resistance of the reinforced soil can be 

written as: 
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T = Co' + a' tan<t> +flT (2.6) 

The finite element analysis results show that the shear forces 
. ,.,", 

mobilized in the bars, Vo' and corresponding apparent cohesion, 

Co' are practically independent of the applied normal stress d. 

However, the effect of the reinforcing bars on flT is high depen

dent on the applied normal stress, In fact, flT varies from possi

tive to negative as the normal stress increases. Consequently the 

total apparent cohesino C*is greater than Co and the apparent 

internal friction angle of the reinforced soil is smaller than the 

internal friction angle of the soil. This can be easily seen in 

Fig. 2.4. 

The mobilization of both the apparent cohesion C* and the 

portion of cohesion due to shear forces in the reinforcement bars, 

Co' as functions of relative displacement, x, are shown in Fig. 

2.5. These results illustrate that the relative soil-inclusion 

displacement necessary to mobilize this apparent cohesion is 

generally much greater than that required to mobilize soil~reinfor

cement friction. This relative displacement is highly dependent 

on the relative rigidity and diameter of the inclusion. A simplifi

ed model of soil-reinforcement interaction has been proposed by 

Juran to simulate the mobilization of the lateral earth pressure 

on the inclusion. In this model, the bars are considered as late

rally loaded vertical piles supported by a lateral series of elastop

lastic springs with spring coefficients which may vary during the 

loading. In this 
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model, the relative rigidity of the bar is characterized by its 

transfer length: 

=~4EI 10 
. K d 

s 
(2.7) 

where 

EI bending stiffness of the reinforcement 

Ks subgrade modulus of the lateral soil reaction 

d diameter of the bar 

2.4. EFFECT OF THE INCLINATIbN OF THE REINFORCEMENTS 

WITH RESPECT TO THE FAILURE SURFACE 

The development of tensile forces in the reinforcements 

during a direct shearing of a reinforced soil mass depends mainly 

18 

on the orientation of the reinforcements with respect to the failure 

surface. As shown in Fig. 2.6 the maximum increase of the shear 

strength of a sand sample reinforced by bars is obtained when the 

reinforcement is oriented in the same direction as the principal 

tensile strain increment that would have occured in the unreinfor-

ced sand at failure. Orientation of reinforcements in a compressive 

strain direction can result in a decrease in shear strength of the 

soil, owing to a reduction of the average normal stress in the soil .. 
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on the failure surface. If the potential foi1ure surface in the 

reinforced soil mass is considered to be a zero extension plane, 

these results suggest that inclining the reinforcement vertically 

in an unstab1~ slope or excavation can significantly reduce the 

efficiency of the reinforcing system. 

The apparent friction angle of the reinforced soil mass 

along the failure plane can be written as: 

tancp* = tan cp' + (Cosetancp' + Sine) 

= tancp' + (2.8) 
a 

where T(max) is the lesser of P or RT, respectively the limit 

pullout resistance and rupture strength of the reinforcement. 

a and ~T are, respectively, the applied normal stress and 

20 

the increase of the overall shear resistance due to the reinforcement 

A = the cross section area of the failure surface cr 
cp' = the internal friction angle of the unreinforced sond 

e = the angle between the reinforcement and the normal 

to the failure plane 



Although it seems easy to optimize the effectiveness of 

reinforcements by changing the orientation, it is complicated by 

the fact that, in slopes and embankments and within earth walls, 

the principal stress directions and the failure plane orientation 

are not the same at all points. Thus, the optimal reinforcement 

orientation would complicate the construction process. Therefore, 

the optimization of reinforeement inclination would have its 

greatest applicability to soil nailing and root pile system. 

2.5. DESIGN METHOD 

2.5.1 Introduction 

Reinforced Earth Structures must be designed so that they 

21 

are stable both internally and externally. In order to be internally 

stable the reinforced soil structure must be coherent and se1f

supporting under the action of its own wei~ht and any externally 

applied forces. This is accomplished through stress transfer from 

the soil to the reinforcement. 

The reinforcements must be sized and spaced so that they 

are neither ruptured by the stress that they are required to carry 

nor taken out of the soil mass. 
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Reinforced soil structures should satisfy the same external 

. design criteria as conventional retaining walls, independent of 

reinforcing system chosen. The wall mu~t be stable against sliding 

due to the lateral pressure of the soil retained by the wall and 

resist.overturning about its. toe. It should be safe against founda

tion failure, and there must be overall slope stability. 

Classical methods of soil mechanics have been found satis

factory for analysis of the external stabil ity of reinforced soil 

structures. Therefore J this study is focused on internal stability 

analysis. 

2.5.2. Design Parameters 

The main design parameters of a Reinforced Earth System 

concern the mechanical properties of the soil and reinforcements, 

as well as the parameters characterizing the different mechanisms 

of soil-reinforcement interaction. These parameters can be classified 

in five main groups. 

1. Mechanical proparties of the backfill material, particulary 

internal friction angle and density 

2. Mechanical properties of the reinforcements including 

allowable tensile and shearirig resistance and bending 

stiffness. 
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3. Parameters related to lateral earth thrust on the rein

,forcemerit, particularly the limit J:'assive pressure of the 

soil and modulus of lateral soil reaction. 

4. Parameters related to the soil-reinforcements interaction, 

particularly the apparent friction coefficient. 

5. The geometric properties of the reinforcements area, 

length, horizontal and vertical spacing between the rein

forcements. 

2.5.3. Internal Stability Analysis 

In order to evaluate the internal stability of reinforced 

soil system, two analytical approaches have been developed. The 

first considers local internal stability of the active zone in 

the structure with respect to two failure modes namely: (1) Failure 

by pullout of'the reinforcements and (2) failure by rupture of the 

reinforcements. The second approach, on the other hand, considers 

the general stability of the structure and surroundings. In the 

proceeding section, Bishop's Method of Slices, which is one of the 
, 

classical slope stability anlysis methods, has been adapted to 

evalu'ate the factor of safety with respect to failure along circular 

potential sliding surfaces, taking into account the 'available tensile 

and pullout resistance of the reinforcements crossing the potential 

sliding surface. 



2.5.4. Calculation of the Forces in Reinforcement 

In order to calculate the load that can be transferred 

safely by the reinforcements, four failure criteria have been con

sidered. 

1. Shear"Resistance of the Soil 

The classical Mohr-Coulomb's Failure Criterion is used 

T • C + otan ~ (2.9) 

where 

c is cohesion 

~ is internal friction angle of the soil 

2. Soil-Reinforcement Friction 

The mobilized tensile fonce T must be balanced by the effec-

tive friction along the soil to reinforcement interface in the 

resistant zone behind the failure surface. 

For a circular inclusion with diameter D, assuming that the 

limit skin friction f x is constant all along the embedment length 
~ " 

Le' the mobilized pullout resistance Tm, can be evaluated as 
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(2.10) 

where 

TpI is the pullout force 

Although the limit unit skin friction, f ,is considered to be max 
constant, pullout tests on actual reinforcements are necessary 

to determine a reliable value of fmax to be used for design. 

3. Normal Interaction Between the Soil and the Reinforcements 

The normal interaction between the soil and a relatively 

rigid reinforcement results in a progressive mobilization of the 

passive lateral earth thrust on the reinforcement. This lateral 

earth pressure must be less than the maximum passive resistance 

that can be mobil ized in the soil. 

The shear forces mobilized in the inclusion are calculated 

considering the equation of elastic bending of the inclusion and 

assuming that the soil can be represented by a series of elostop

lastic springs. The response of the soil to loading is thus charac

terized by a lateral reaction modulus Rs and relative rigidity of 

the inclusion and soil termed lithe transfer length", as previously 

defined. 

The maximum shear force, Vo' mobilized at the point of inter

section with the failure surface is: 

RnGtl7ici UN\V£RS\1tS\ KU1UPHANESi 



where 

D 

2 

P = the passive pressure on the bar 

Lo= transfer length 

4. Strength of the Inclusion 

26 

(2.11) 

When the inclusion has to withstand both tensile and shearing 

forces, denoted respectively by T and V, the design criterion is 

derived from an analysis of the Mohr's Circle for the stresses in 

the inclusion considering that the metalic reinforcing element 

follows Tresca's failure criterion: 

where 

V2 
+--< 1 

RN = Tensile strength of the bar 

RC = Shearing strength of the bar 

(2.12) 

(2.13) 
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Figure 2.7.a shows the mohr's circle for the state of stresses 

in the inclusion. The tensile and she~r forces, Tf and Vf , respec-
.. . . ':. 

tively, mobi.lized in the bar at failure depend on the inclination 

of the reinforcement with respect to the tangent of the failure 

surface. The failure criterion and the actual total force T mobilized -ir the inclusion and displacement vector 6 can be represented on the 

same axes as shown in Fig. 2.7.b. 

The principle of maximum plastic work implies that at the 

point TT(T1V) corresponding to the failure state of stresses in 

the bar, the tangent to the ellipse, representing the failure 

surface, must be orthogonal to the direction of the displacement 

vector 6 . From this principle and the Tresca failure criterion it 
I 

can be shown.that the tensile and shear forces at failure of a bar 

can be computed as a function of the angle between displacement 

vector and the bar, as. 

(2.14) 

(2.15) 

It should be noted that for a=O only tensile force develops, 

while for a = ~ only shear force is mobilized as shown in Fig. 
2 

2.8. 
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2.5.5. General Slope Stability 

Bishop's Method of Slices has been utilized to evaluate 

the safety factor with respect to failure along ~tential sliding 

surface, taki ng into account the forces in the bars, ca 1 cul a ted in 

previous section. 

This method considers' the potential failure surface as a 

circular arc, and defines the factor of safety, F, as the ratio of 

the available shear strength of the soil to that required to maintain 

the equilibrium. 

Fig. 2.9 shows the assumed potential failure surface and 

the free body diagram of the forces. 

where 

The shear strength mobilized is 

s = C' + (on - u) tan~' 

C' is cohesion in terms of effective stress 

~' is angle of shearing resistance 

o is tota 1 normal stress 
n 

and u denotes pore pressure. 

(2.16) 
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In order to examine the equilibrium, it is necessary to 

know the value of normal stress, and pore pressure at each point 

on the slip surface, as well as the contribution of the reinforce

ments to whole equilibrium. 

If the sum of the moment around the center of the failure 

surface is taken, .one gets; 

(2.17) 

Shearing force can be written as: 
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S = s~ 

F 
(2.18) 

By substituting equation (2.18) into (2.17) factor of safety can 

be expressed as; 

F = 

. ~ S COSet 

b (2.19) 

Writing the sum of the forces in Y direction on free body diagram 

yields the following equation; 



-.;', 

(2.20) 

(2.21) 

PC W R C st S . R S· osa =. + rosa - -- 1 na - t 1 na (2. 22) 

F 

The normal stress on the slip surface is 

P P .Cosa 
= 

b 
(2.23) a --

By substituting Equation 2.22 into Equation 2.23 the normal' stress 

may be written as follows: 

r.< = W ~ -+ 
s b Sina (2.24) 

b F b Cosa 

Substituting equation 2.24 into equation 2.16, while considering 

equation 2.18 the shear strength of the soil may be wri~ten in the 

fo 11 ow; ng form: 

W RrCosa S RtSina 
s= C + ((-+--- - - tana - --- - ut)tan¢ 

b b F b 
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R/osa 
S{l + tan¢tana ) = C + ((~ +---

RtSina 
---)- u )tan¢ 

F b b . b 



RtSino. 
--- - u£ ) tan</> 

b 
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S :: ------------------------ (2.25) 

1 + tan</>tano. 
F 

If equation 2.25 is substituted into equation 4 one gets 

L: --------------------

1 + 
tan</>t:ano. Coso. 

F= _________ F ______ '--__ (2.26) 

Finally the equation for determining the factor of safety is determined 

-fut- as: 

F :. 

w b tan</> (C + -tan<j>-u£tan</» -- + (R/osa. - RtSino.) ---
b Coso. Coso. 

L: -----------------------------

1 tan<Ptana 

F 

(2.27) 



2.6. DEVELOPMENT OF THE COMPUTER PROGRAM FOR INTERNAL 

STABILITY ANALYSIS 

35 

A computer program (SLOPER) has been developed to estimate 

the factor 'of safety in slopes with or without reinforcing strips, 

using Bishop's ~thod of Slices. In the case of reinforcement, 

program also gives the strip forces, calculated according to 

multi-failure criteria which has been explained in detail,,-in previ

ous sections. 

The program listing and user's manual and typical program 

output are given in Appendix-C. 

2.7. SUMMARY 

The principle of soil reinforcement interaction and design 

methods have been covered in this chapter. The equations for deter

mining the frictional load transfer from soil to reinforcement were 

derived and the factors that effect on soil-reinforcement interac-

tion have been examined. Tensile and, if it is required, shear , 

forces were found out using multicriteria analysis method, for 

which an example is given in Fig. 2.8. For internal stability analysis 

of reinforced earth system, Bishop's Method of Slic~s was utilized 

and equation for evaluating the factor of safety has been derived. 

Finally a computer program which has capability of calculating the 

forces mobilized in reinforcing strips was developed. 
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CHAPTER-III 

SELECTION OF COMPONENTS 

AND 

CONSTRUCTION 

3.1. INTRODUCTION 

In general, placement of succesive1ayers of backfill mate

rial, reinforcements, and facing elements doesn't require specia1i-

. zed contractors, skilled labor, or specialized equipment. Many 

of the components of the available earth reinforcement systems are 

prefabri~ated, thus providing ease of forming and handling and 

allowing relatively quick construction. 

Generally, only minimal working space is required in front 

of the earth structure, which is specially advantageo~ when working 

along existing highways or in restricted areas. 

A fairly wide range of backfill materials has been used for 

reinforced soil structures. Suitable quality backfill material can 

frequently be found near the construction site. Therefore it is 

36 

not necessary to import the backfill material for construction purposes. 



3.2. REINFORCING STRIPS 

Ideally reinforcements should have the following characte

ristics. 

* High tensile strength 
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* High apparent friction coefficient with the backfill material 

* High durability 

* Low deformability under working loads 

* Flexibility 

* Low cost 

Recently ordinary mild galvanized steel is the most frequently used. 

The steel bars have a thickness of 3 rnm, and a width of 50, 60 

or 90 mm, and a yield strength of 3500 kg/cm2. 

These steel elements can be either driven into the ground 

or placed in prebored holes and fin ed with a suitable grout . After 

the boreholes have been drilled, the bars are placed and sealed 

with cement grout. Generally the boreho16are inclined slightly 

downwards from facing to enable gravity filling. In same cases, 

grouting is performed under small pressure using a packer, placed 

close to the facing. 
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, 
3.3. THE FACING 

The main role of facing is to prevent the backfill material . 
sloughing away from the wall face. This purpose can be achieved 

in many. ways. 

There are three kinds of facing commonly used in practice: 

* Welded wire mesh 

* Prefabricated panels 

* shotcrete facing 

Typical facing elements are illustrated on Fig 3.1 and Fig. 3.2.{Ref.8) 

Welded wire mesh is used with fragmented rock or intermediate soils, 

such as chalk marl or shales, to prevent block falls. Prefabricated 

panels are being developed for permanent structures. The third 

type of facing method, shoterete, is a concrete applied to soil 

using special equipment. The maximum aggregate size for shotcrete 

is usually limited to 10 to 15 mm. 

There are two methods for placin'g the shotcrete; dry and 

wet. In the dry method, water is introduced at the end of trans

portation of the dry cement and granular material by compressed 

air. In the wet method, on the other hand, the wetted mixture is 

trasported under pessure by means of a concrete pump. It is gene

rally necessary to reinforce the shotcrete. Typically, reinforcement 

consists of welded wire mesh with wire diameter varying from 5 to 
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Typical Facing Elements 
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Fig. ,3.2. Typical Facing Elements 



10 mm. The attachment of grouted reinforcements to the facing is 

generally made by bolting the bars to a square steel plate 15 to 

20 mm thick and 300 to 400 mm wide. 

For large spacings between the reinforcements, the facing 

must be desioned taking into account the maximum mobilized bending 

moment or tensile stress. 

3.4. BACKFILL 
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Backfill material for a Reinforced Earth Structure is selec~ 

ted to satisfy the following requirements: 

* Internal friction should be high enough to insure the 

necessary soil-reinforcement interaction. 

*.t~oisture content may have to be limited to avoid difficul

ties during compaction. 

* Should not c 3.use excessive corrosion in rein forcing 

elements. 

In addition, all backfill material should be free from 

organic and other compressible materials. 

Since a reinforced earth wall is constructed without external 

support framework, it must be inherently stable at all stages of 
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construction. Thus there must be an immediate transfer of effective 

normal stress between the backfill soil and the reinforcing strips 

with every added layer of soil. This requires the backfill material 

to be properly selected. The selection of the backfill material for 

all internally reinforred soil systems should be prepared -based 

on the following criteria: 

A. Gradation 

Sieve Size Percent Passing 

6" 100 

3" 100-75 

300 15-0 

B.Plasticity 

Plasticity Index Ip shall not exceed 6. 

Results of the laboratory and field pullout tests have indi

cated that all mateira1s having up to 25 precent passing the No.200 

steve will provide adequate pa110ut and frictional resistance. 

However, some materials having 15 to 25 percent passing the No. 

200 sieve may produce problems related to frost susceptibility, 

compaction and drainage. Backfill requirements therefore, should 

be determined on an individual project ?asis by taking into conside

ration of the specific backfill characteristics of the anticipated barrow 

source. 



3.5. CONSTRUCTION' 

In this section typical construction phases are briefly 

described in the cases of reinforced earth wall and soil nailing 

during excavation. 

3.5.1. Reinforced Earth Wall 
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The phases of construction in reinforced soil retainfng 

structures are illustrated on following diagram and are illustrated 

on Fig.ls 3.3, 3.4; 3.5 and 3.6 (Ref.B). 

Set Leveling Pads 

~ 

Set Facing Elements 

l 
Install Reinforcments 

1 
Place and Compact 

the backfill Soil 

.. J 
Repeat the same process 

for n times 

-
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! 
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Fig. 3.3. setting the Facings 
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Fig. 3.4. Installing the Reinforcements 



A. SettirigtheLeve1ing Pads 

The first step of reinforced earth wall is to locate the 

footing beneath the facing panels. It must be correctly levelled 

in order to ensure an appropriate al ignment for the first row of 

pane'!sand to facilitate the setting up to the whole facing. 

B. Setti ng the Fad ng [1 ements 
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The stability of the facing during the backfilling operation 

is ensured for the first row of panels by temporary struts placed 

on the external side of the wall, and for the succesive levels by 

temporarily securing faci ng panels by wooden wedges and screw c1 amps. 

Concrete facing panels are Joined as shown in Fig. 3.5 and 

vertical and horizontal joints are sealed by a geotextile called 

IIFi1ter Fabric ll
• 

C. Placement of Reinforcements 

The reinforcements should be laid flat on the compacted 

embankment and fixed to the tie-strips protruding from the panels, 

Fig. 3.4. Before backfilling, all of the reinforcements must be 

bolted to the tie-strips and corrosive protection if necessary, 

should be applied. 
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Fig. 3.5 f. --Ba.ckfilling 
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fi.fJ •. 3, 6~ Comp(:!'cting the Ba,ckfill 
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D. Placement and Compaction of Backfill Soil 

The placement of the backfill .material on a layer of rein

forcement should begin at the center of the first reinforcement 

reached by the equipment. Equipment should not run over exposed 

reinforcements. Care should be taken to insure that the reinforcing 

strips are properly aligned after dumping the backfill. Thickness 

of the backfill layer should be 30 cm in average for the case of 

concrete facing. 

Proper compaction of the backfill soil is required to minimize 

subsequent s'ettlements and to insure good soil-reinforcement 

stress transfer. Each fill layer must be levelled after compaction 

to ensure that all the reinforcements are in contactwith the soil 

over their entire bottom surface. This may require some manual 

filling and tamping, particularly near the connection of reinfor

cements to the facing and in zones of difficult access. 

3.5.2. Excavation 

.. 
Excavation and installation of the reinforcing members is 

done in sequential steps, like in the case of reinforced earth wall. 

These steps are shown in the following diagram and illustrated in 

Fig. 3.1. Excavation process is carried out using small conventional 

earth work equipment, starting at the· top and processing in incre

menta 1 steps towards the bottom. Generally the short-tenn cohes ion 
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of the soil is sUfficient to ensure local stability of each excava

ted step, which is commonly limited to 150 cm. 

Excavate First Layer of Soil 

! 
Install First layer of Reinforcements 

and Panel Facing 

1 

Excavate Second layer of Soil 

! 
Install Second layer of Reinforcements 

and Panel Facing 

l 
Excavate last Layer of Soil 

J 
Install last layer of Reinforcements , 

and Panel Facing 

3.6. SUMMARY 

In this chapter, selection of components of reinforced earth 

structures have been briefly explained and construction squences 

for the Cases of reinforced earth wall and excavation have been 

shortly described Aditi onally, specifications for a proper beckfi 11 

material are provided. 
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CHAPTER-IV 

THE FINITE ELEMENT METHOD 

4.1. INTRODUCTION 

The Finite Element Method (F.E.M) is a technique used for 

the analysis of the stresses, strains and displacements in a conti

nuous bodies. In an elastic halfspace the number of interconnection 

points is infinite, but in finite element idelization the real. conti

nuum is divided into finite number of smaller units. Instead of 

solving the problem for the entire body in one operation, the solu

tions are formulated for each unit or element and later combined 

to obtain the solution for whole body. The primary unknowns to be 

determined are generally the displacements at the nodal points. 

Then a set of functions called IIShape Functions" is chosen to define 

the state of displacement and strain within each element in terms 

of its nodal displacements. These strains with any initial strains 

and constitutive relationships define the state of the stress throug

hout the element. 



4.2. PRINCIPLE OF MINIMUM POTENTIAL ENERGY 

In order to make stress or strain analysis of continuous 

media by Finite Element method, a set of equilibrium equations 

for each element should be obtained to build up the equilibrium 

equations for the whole system. The equilibrium equations are ob

tained by utilizing the. principle of minimum potential energy. 
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The potential energy of a loaded elactic body is represented 

by the sum of internal strain energy stored as a result of defor

mations and the potenial energy of external loads, and can be charac-

terized by the following equation 

(4.1 ) 

where 

ITsystem = Total potential energy of the system 

Uint = Internal stra i n energy 

Uext = Potential energy of applied external loads, 

The potential ene~gy of the whole system should be equal to the 

sum of the potential energies of the elements assembling the whole 

body, that is 

N 

TIsystem = L: e;: 1 TIe 
(4.2) 



where e = Element number and N ~ the total number of elements used 

to represent the body. Potenti a 1 energy of externa 1 . 

load is: 

Uext = -W (4.3) 

Where W denotes work done by external forces. Due to the fact that 

nTotal potential energy of the system must be minimum in order the 

system to be in equilibrium state", the potential energy of each 

element must be mimimum. t1inirilization of the potential energy of 

each element will result in the minimization of the potential 

energy of the whole system. 

The necessary formulas for a single element can be derived 

as follows 

U. 
1n 

= --1 __ f {E}T {a} dv 
2 v 

(4.4 ) 

where {£} and {a} = the stress and strain vectors, respectively, 

V : the volume of the element. 
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U
nex 

: Hork donebybody forces + work done by distributed edge 

loads + work done by inertiaforces + Work done by con

centrated loads applied at the nodes 



p 

which is related to the nodal displacement by displa

cement functions as shown Fig. 4.1. 

is mass density 

4.3. INITIAL STRESSES AND STRAINS 
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Stress-strain relationship with initial stresses and strains 

may be written as 

{a} = [D] ({d - {do) + {o}o- allHDr } (4.6 ) 

where 

{do initial strains 

[0] material properties matrix 

{a}o initial streses 

a coefficient of thermal expansion 

{D} T tempera ture-ma teri a 1 rna ~ri x 

liT change in temperature 
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Hence, equation (4.4) takes the following form, 

Uin = _1_ J {e:}T [oj {t:}dv ~ ·_·1_ J {d T [0] {Eo}dv 
2 v 2 v 

(4.7) 

2 
J {E}T{cro}dv - _1_ J {E}Ta~T {OT}dv 
v . 2 v 

+ 

4.4. FINITE ELEMENT FORMULATION 

The strain-displacement relations can be written in the matrix 

form as 

{d = [~] {U} (4.8) 

in which 

[~] : a matrix operator which relates strains to deriva

tives of displacements 

The displacement vector, {U}, can be written as 

where 

{U} = [N] {d} (4.9 ) 

[N] is the shape matrix, relating displacements at any pOint 

on the element to the nodal displacements. 



Substituting equation 4.9 into equation 4.8 the expression for 

strain becomes 

{d = [6J [N] {d} (4.'0) 

{d = [G] {d} (4.11) 

Total potential energy given by equation 4.1 for a Unique finite 

element takes the following form 
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IT = _1_ f {d}T [G]T[OJ [G] {d}dV - -'- f {d}T[G]T [01 {Eo}dV 
e 2 2 v , 

1 
+ -

2 

(4.12) 

f{d}T[N]T{X}dV + f d T [Nf {p}ds 
v s 

The potential energy has to be minimized for the condition 

of equilibrium to be satisfied. 

aITe 

ad. 
1 

= 0 (I:l,2, n) 



where 

i : row number in the displacement vector 

n = Degree of freedom in one element, 

When IGI and INI matrices are appropriately substituted, and deri

vation prodcedure is completed, the following expression is obta

i ned. 

.. 
[k ]{ d } + [ mJ { d } = {P } - L:{ f} 

where 

Stiffness Matrix [1<] =' f [GJ T [D1 [GJ dV 
v 

Mass Matrix [m] = f [N] T [N] dV 

Initial strains {f} = 
e:o 

v 

2 

l' T 
Initial stresses {f} =-- ( f[G] dv){a}o 

e:o 2 . 

Tempera ture 

forces 

Body forces 

(4.13) 
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Edge forces {f}s - - f[NJT {P}s ds. 
s 

4.5. PROCEDURE OF THE FINITE ELEMENT ANALYSIS 

The Equation 13 derived for the most general case takes the 

following form for steady state condition 

[KJ {d} = {P} (4.14) 

In this equation, the element stiffness matrix, IKI, varies 

accordi ng to the type of el ement selected to represent the medi a. 

The content of this matrix, therefore, can be determined using the 

geometrical properties of chosen element. 
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Evaluation of the right hand side of Equation 5 gives a 

simultaneous linear equation which may be solved by various techni

ques, ego Gauss-Jourdan Method. Solution of these equations give the 

magnitude of displacements at nodal points. By utilizing these 

values, stresses and strains for each element can be determined from 

the following equations. 

{d = [G] {d} (4.15) 

{a} - [DJ [G] {d} (4.16) 
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101 and IGI contain physical properties of material under conside

ration and geometrical pecularities of the ele~ent chosen to rep

resent the structure. It means, by altering the content of these 

two matrices, various materials and different types of elements 

can be employed in the finite element analysis. 

For the case of plane stress condit jon, ie. there is no 

stress in one of the three axes, the content of material property 

matrix, 0, is as follows. 

where 

and 

v 0 

[0] = _E--=
l-} 

v 

o o 

E is elasticity modulus 

v is poisson's ratio 

o 

l-v --
2 

(4.17) 

In soil structures, e.g. earth dams, the system may be 

,loaded in all three directions. But it is the case that, in these 

structures, the extention of the system in a particular direction 

is restrained. In other words, it is assumed that there is no strain, 

say, in 'axial direction of an earth dam. This is called plane strain 
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condition and at this condition soil problem can possibly be converted 

from three dimensions into two dimensions by setting the amount of 

movement in this particular direction to zero. 

The material propety matrix for plane strain condition will 

be di fferent than it was for plane stress case. If the neccessary 

derivation is accomplished, IDI matrix for plane strain. condition 

will be as follows. 

l-v v 0 

[DJ = E l-v 0 (4.18) v 

( 1 +v)( l-2v ) 

0 0 1 --v 
2 

A similiar procedure will be employed to derive appropriate material 

property matrix for reinforced earth structure, which will be con

sidered as a composite material. 

4.6. SOLUTION OF SYSTEMS EQUATIONS 

After computing the element stiffness matrix for each element, 

the system stiffness matrix is assembled by superimposing the element 

stiffness matrices, using "code number technigue". Calculating the 

load vector, {P}' gives simultaneou~ linear equation as follows. 

[K]{D} = {P} 
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since the element stiffness matrices are symmetric only one 

half of the matrix needs to be generated. Moreover, all of the non

zero coefficients i~ the system are confined within a band in stiff~ 

ness matrix as shown below. 

""aanth Width . , 
Zero 

Svrnmetric 

- -

The band width depends on the largest difference between the code 

numbers for a single element. In the computer program, only the 

storage of the elements within the upper half of the band is 

sufficient. This assures significant amount of memory to be saved. 

4.7. FLOW-CHART OF THE FINITE ELEMENTCOMPUTERPROGRAM 

The finite element technique, infact, is a technique deve

loped for analyzing a media by subdividing it into finite number of 

smaller units, which yields hundreds of unknowns to be determined. 

This technique, therefore, definitely requires computers to be 

employed. 



In reality, the memory of a micro-computer may not be enough 

to solve a medium-size finite element problem requiring more than 

100 elements. Special techniques for appropriate usage of computer 

memory have to be utilized. One of the most efficient method of 

this purpose is to convert the system stiffness matrix into banded 

form~ as previously described, and to solve the equation using 

IIFrontal Technique". 

OJ 

In a typical finite element computer program, first of all, 

input data should be entered to describe the problem and the mate

rial under consideration. Input data may possibly be handled in 

three parts; element-data, nodal-point data and data,··for material 

properties. After reading these inputs, the program branches to 

a subroutine to evaluate the element stiffness matrix, then returns 

to the main program and again goes to another subroutine to add the 

effect of this element for system stiffness, by utilizing "Code 

Number Technique". It repeats the same steps as many times as 

number of elements. The program, then, determines the load vector 

which may contain concentrated or distributed edge load, gravity 

force, initial stresses or strains, and/or forces due to thermal 

expansion. 

After evaluating the load vector, program ramifies to dissolve 

the set of equation and estimate the 'magnitude of di spl acements at 

nodal points, then it determines the stresses and strains for 

each element by back substituting process~ 
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1 2 

Solve the Equations 

Evaluate Stresses for each 
Element 

Evaluate Strains for each 
Element 

F F 

Print the Results 

STOP 
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The flow chart for a typical finite element program may be 
. efi; 

written as shown on previous pages. 

4.8. THE PROCEDURE FOR NONLINEAR STRESS ANALYSES 

Nonlinear, stress-dependent stress-strain behavior may be 

~p roximated in finite element analyses by assigning different 

modulus values to each of the elements into which the soil is 

subdivided for purposes of analysis. The modulus values assigned 

bb 

to each element is selected on the basis of the stresses or strains 

in each element since the modulus values depend on the stresses 

and the stresses inturn depend on the modulus values, it is neces

sary to make repeated analyses to insure that the modulus values 

and the stress conditions correspond for each element in the system. 

Two techniques for approximate nonlinear stress analyses 

are illustrated in Fig. 4.1. By the iterative procedure, the same 

change in external 1 oadi ng is ana 1yzedrepeated1y. After each 

analysis the values of stress and strain within each element are 

examined to determine if they satisfy the appropriate nonlinear 

relationship between stress and strain. If the values of stress 

and strain don't correspond, a new value of modulus is selected 

for that element for the next analysis. 

By the incremental procedure the change in loading is analy-
..... 

zed in a series of steps, or increments~ At ~he begi~ing of each 
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new increment of leading an appropriate modulus value is selected 

for each element on the basis of the values of stress or strain 

in that element. Thus the nonlinear stress-strain relationship is 

approximated, by a series of straight lines. 

Both of these methods has advantages and shortcomings. The 
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'principal advantage of the iterative procedure is the fact that it 

is possible, by means of this procedure, to represent stress-strain 

relationships in which the stress decreases with increasing strain 

after reaching a peak value. This capability may be very important 

because the occurrence of progressive failure of soils is believed 

to be associated with this type of stress-strain behavior. The 

shortcoming of the iterative procedure is that it is very difficult 

to take into account nonzero initial stresses, which has an impor

tant role in many soil problems. 

The principal advantages of the incremental procedure is 

that initial stresses maybe readily accounted for. It also has the 

advantage that, in the process of analyzing the effects of a given 

loading, stresses and strains are calculated for smaller loads as 

well. For example, if the application of a 50 ton load to a footing 

was analyzed using 10 steps, or increments, the settlement of the 

footing ~ and the stresses and strains in the soil, would be calcu,:" 

lated for footing loads in increments of 5 tons up to 50 tons 

the shortcoming of the incremental procedure is that it is not 

possible to simulate by this technique a stress-strain relationship 



in which the stress decreases beyond the peak', In order to do so, 

the use of a negative value of modulus would be required, which 

is not possible in the finite element method. The accuracy of the 

incremental procedure may be improved if each load increment is 

analyzed more than once. 

4-·.9. SUMMARY 

At the begining of this chapter, the principle of minimum 

potential energy was explained, then by using this concept, Finite 

element formulations for the most general case have been derived. 

Aditionally these formulations were adapted for steady state condi

tion so as to use them' in soil problems. More over, plane strain 
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and plane stress conditions were revealed. Additionally, some tech

niques, employed in computer programs to decrease the amount of 

memory needed in an operation, have been described. Furthermore, 

flow chart for a finite element program, capable of making linear 

and nonlinear analysis, have also been explained. Finally, the tech

niques for making nonlinear stress analysis and their advantageous 

and shortcomings were described in this chapter. 



CHAPTER-V 

HYBERBOlIC .STRESS STRAIN PARAMETEBi 

5.1. INTRODUCTION 

The Finite Element Method provides a powerful technique 

for analysis of stresses and movements in earth masses, and it 

has already been applied to a number of practical porb1ems inc

luding embankment dams, open excavation, braced excavation, and 
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a variety of soil structure interaction problems including reinfor

ced earth soils. 

'Que to the availability of high-speed computers and these 

powerful numerical analytical techniques, it is possible to appro

ximate nonlinear, inelastic soil behavior in stress analyses. Ho

wever, in order to perform nonlinear stress analyses of soils, 

it is necessary to be able to describe the stress-strain behavior 

of the soil in quantative terms, and todevel op techniques for 

incorporati~g this behavior in the analyses. This is difficult, 

because the stress~strain characteristics of soils are extremely 

*Ref.2.9 



complex, and the behavior of soil is highly dependent on the mag

ni tudes of the streses in the soil. 

The hyperbolic stress-strain relationships described ~ive 

referenc~ in this chapter have been developed by to provide a 

simple framework encompassing the most important characteristics 
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of soil stress-strain behavior, using the data available from 

conventional laboratory tests. These relationships have been used 

in Finite Element Analyses of a number of different types of static 

soil mechanics problems and values of the hyperbolic parameters 

have been determined for over hundred different soils, which are 

summarized in Appendix A. 

5.2. HYPERBOLIC STRESS~STRAIN RELATIONSHIPS 

. The hyperbolic stress-strain relationships are developed 

for use in nonlinear incremental analyses of soil deformations. In 

each increment of such analyses the stress-strain behavior of the 

soil is treated as being linear and the relationship between stress 

and strain is assumed to be governed by the generalized Hpoke's 

Law of elastic deformations, which may be expressed as follows 

for conditions of plane strain 



where 

l:J.crx 1-\1 t \It 0 M:.x 

Et l:J.cry - \It (1-\1 i) 0 M:.y -
(l +\1 t)( 1-2\1t) 

1-2\1 
Mxy 0 0 t l:J.'fi'xy 

2 

l:J.crx, l:J.cry, l:J.TXy denote increments of stress during a step 

of analysis. 

1 

Et denotes tangent value of deformation modulus 
".,', 

\It denotes tangent value of poisson's.ratio 
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By reevaluating the Young's Modulus and Poisson's Ratio in each 

element corresponding to the computed strees values in that element, 

it is possible to model three important characteristics of the stress-

strain behavior of soils, namely, nonlinearity, stress dependency, 

and inelasticity. The procedures used to account for these charac

teristics are described in the following sections. 

5.2.1. Nonlinear Stress-Strain Curves Represented By Hyperbola 

It has been shown that the stress-strain curves for a number 

of soils could be approximated by reasonable accuracy by hyperbolas 

like the one shown in Fig. 5.1. This hyperbola can be represented 
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Fig. 5.1. Hyperbolic Representation of Stress-Strain Curve 

(Konder,1963) 



by an equation of the form. 

(5. 1 ) 
1 

in which 

°1 ' °3 are major and minor principal streses 

E: is axial strain 

(01-03)u1t is ultimate deviator stress 

E. 
1 

is initial tangent modulus 

when data from actual tests are plotted on the transformed plot, 

the points frequen1y are found to deviate from the ideal linear 

relationship. Experience indicates that a good match is usually 

achieved by selecting the straight line so that it passes through 

the points where 70% and 95% of the strength are mobilized 

5.2.2. Effect of Confining Pressure on (a,-03)u1t and E~ 
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For a.l1 soils except fully saturated tested under unconsoli

dated undrained conditions, an increase in confining pressure will 

result in a steeper stress_-strain curve. It shows that the values 



of Ei and (01-03)ult increase with increasing confining pressw'e. 

This stress-dependency is taken into account by using empi

rical equations suggested by Janbu 

0: 
E. = K P ("_3_ ) n 

1 a P 
a 

(5.2) 

" The variation of Ei with 03 corresponding to this equation 

is shown in Fig. 5~2. 

The parameter K in equation (5.2) is the modulus number, 

and n is the modulus exponent. Pa is atmospheric pressure, intro

duced to equation to make conversion from one system of units to 

another. Both K and n are dimensionless while the units of Ei are 

the same as the un; ts of P a' 

The variation of (01-03)ult with 03 is accounted for as 
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shown in Fig. 5.3 by rel~ting (01-03}ult to the compressive strength 

or stress difference at failure, {01-03)f' and then using the Mohr

Coulomb strength equati on to rel ate (01-03)f to °3 , 

(5.3) 
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Confining Pressure (Duncan,Wong,l974) 

Fig. 5.3. Variation of , strength with Confining Pressure 

(Duncan, wong,l974) 
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in which Rf is the failure ratio. 'Since (ol-03)f is always smaller 

than (0l -03)ult the value of Rf is always smaller than unity, and 

varies from 0.5 to 0.9 for most soils. 

The variation of (ol-03)f with 03 is represented by the 

fami1ia;r Mohr-CoulonD Strength relationship, which can be expressed 

as fo 11 ows. 

2 C Cos~ + 203Sin~ 
1 - Si n~ 

(5.4 ) 

in which C and ~ are the cohesion intercept and friction angle res-

pectively. 

5.2.3. Relationsip Between Et and Stresses 

The tangent neformation modulus Et can be defined as the 

slope of the stress-strain curve at any point. By differentiating 

equation Fig. 5.1 with respect to E and substituting the expression 

of equation Fig. 5.2~ through 5.4 into the reSUlting expression for 

Et 3 the following equation can be derived 

[ 

Rf(l-Sin~)(01-03)]2 
Et = 1 ---------------

2C Cos~ +203S i n~ 
(5.5 ) 
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Fig. 5.4. Unloading-Reloading Modulus 



This equation can be used to calculate the appropriate value of 

tangent modulus for any stress conditions, if the values of the 

parameters K, n, c, and Rf are known. 

5.2.4. Inelastic Behavior of Soil 
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If a triaxial specimen is unloaded at some stage during a 

test, the stress-strain curve followed during unloading is steeper 

than the curve followed during primary loading, as shown in Fig. 

5.4. If specimen is subsequently reloaded, ·the stress-strain 

curve followed is also steeper than the curve for primary loading 

and is quite similar in slope to the unloading curve. The ~oil 

behavior is inelastic since the strains occured during the primary 

loading are. only partially recoverable on unloading . 

. In the hyperbolic stress-strain relationships, the same 

value of unloading-reloading modulus, Eur ' is used for both cases. 

The value of E is related to the confining pressure by an equation ur 
of the sameform as equation (5.2) 

Eur = K P (°3 ) n 
ur a P 

a 
(5.6) 

In this equation Kur is the unloading-reloading modulus number. The 

value of K is always larger than the value of K. Generally Kur is 
ur 

20% greater than {for stiff soils while it may be three times as 
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large as K for soft soils {Puncan and Wong, 1984} . 

. 5.2.5. Nonlinear Volume Change· 

,Many soils exhibit nonlinear and stress-dependent volume· 

chan·ge Characteri sti cs, as ill ustrated by the vol ume change curves 

shown in Fig. 5.5~ 

According to the theory of elasticity, the volume bulk 

modulus is defined by 

B = (5.7) 

in which 

B donetes the bulk modulus 

~01,~02' ~03 are the changes in the values of the pirincipal 

stresses 

~Ov is the corresponding change in volumetric strain 

For a conventional triaxial test, in which the deviator stress 

(u
l
-0

3
) increases while the confining pressure is held constant, 

equation 5.7 may be expressed as 
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And volume Change Curves 
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B - (5.8 ) 

The value of bulk modulus for a conventional triaxial comp

ression test may be calculated using the value of (01-03) corres

ponding to any point on the stress-strain curve, such as point 

A in Fig. 5.5 and the corresponding point on the volume change 

curve (AI) when values of B are calculated for tests on the same 

soil at various confining pressures, the bulk modulus willusulally 

be found to increase with increasing confining pressure. As shown 

in Fig. 5.6 the variation of bulk modulus with confining pressure 

can be approximated by an equation of the·form 

where 

Kb is the bulk modulus number 

m is the bulk modulus exponent 

(5.9) 

P
a 

is atmospheric pressure, expressed in the same units 

and B. For most soils the values of m vary between 0.0 and 1.0. 



m 
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10 

Fig. 5.6. Variation of Bulk Modulus with Confining Pressure 

100 



5.3. SUMMARY 

Up to here, nine parameters are employed in the hyperbolic 

stress-strain relationships described in this chapter. These para

meters and their functions within the relationships are listed in 

Table 5.1. 
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The hyperbolic relationships outlined previously have proven 

quite useful for a wide variety of practical problems for the follo

wi ng reasons, 

1. The parameter values can be determined from the results 

of conventional triaxial compression tests . 

. 2. The same relationships can be used for effective stress 

analyse~ (using data from drained tests) and total 

stress analyses (using data from unconsolidated-undrained 

te~ts) . 

3. Values of the parameters have been calculated for many 

different types of soils and this information can be used 

to estimate reasonable values of the parameters in cases 

where the available data are in sufficient to define the 

parameters for all of the soils involved in a particular 

problem. The information is also quite useful for assesing 

the reliability of parameter values derived'from laboratory 

test results. 
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However, the simple hyperbolic relationships have some significant 

limitations. 

1. The relationships are most ~uitab1e for analysis of 

stresses and movement prior to failure. It is not reliable 

to continue the analyses after the stage where there is 

local failure in some elements. These relationship are not 

useful, therefore, for analyses extending upto, the 

stage of instability of a soil mass. They are useful for 

predicting movements in stable earth masses. 

2. The hyperbolic relationships do not include volume changes 

due to changes in shear stress, or "shear di1atancy". 

They may therefore be limited in the accuracy with which 

they can be used to predict deformations in di1atant 

soils, such as dense sands under low confining pressures. 

3. The values of the parameters depend on the density of the 

soil, its water content, the range of pressures used, in 

tenting, and the drainage conditions. In order that the 

parameters will be representative of the behavior of 

the soil, in the field condition, the laboratory test 

conditions must be correspond to the field conditions 

with regard to these factors. 

, , 



// Parameters 

K, Kur 

n 

c 

4> , Ll¢ 

Kb 

m 

Rf 

TABLE 5.1 SUMMARY OF THE HYBERBOLIC PARAMETERS 

Name Function 

Modulus Number 

Modulus Exponent 
Relate Ei and Eur to 0 3 

Cohesion Intercept 

Friction Angle parameters 
Re 1 ate (01 -03 ) f to °3 

Bulk modulus number Value of B/Pa at °3 = Pa 

Bulk modulus exp~nent Chanae in B/P for ten-fold - a 
..... 

increase in 03 

Failure Ratio Relates (ol-03)ult to (ol-03)f 

, 

co m 



CHAPTER-VI 

FINITE ELEMENT ANALYSIS 

OF 

REINFORCED EARTH SYSTEMS 

6.1. INTRODUCTION 

* 

There a re two ways to analyze the Rei nforced Earth Sys terns 

by Finite Element Method. The first is known as Soil Structure 

Interaction analysis. In this method reinforcing strip is repre

sented by the bar element, while the soil is defined by a two 

dimensional finite element, and the interaction between the two 

is taken int'o consideration by choosing another type of element 

which is known as "Interface Element". 

. .. ;'. 

In the second method, The Reinforced Earth System is consi

dered as composite material consisting of reinforcement and soil. 

In this study the second type of analyses, which is explained 

in following sections, is utilized. 

* Ref. 1 
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6 • 2. FIN I TEE L EM EN T REP RES E N TAT ION 0 F -R. E. S AS COM PO SIT E 

MATERIAL 

The theory of composite material behovior may be derived 

from several different points of view. The approach followed herein 

is to recognize that if reinforcing pattern is repeated a sufficiently 

large number of times, the material can be considered homogeneous. 

The consideration of the reinforced material as homogeneous at the 

structural level is analogous to the consideration of a microscro

pically crystalline material as macroscopically homogeneous. The rein

forced material when viewed at the composite level will, in general, 

exhibit orthotropic behavior. Once the appropriate composite proper

ties are determined, it is an easy matter to utilize the finite 

element procedure to analize complicated structures of reinforced 

material. 

Thus, for reinforced earth structures the required step is 

to establish the appropriate composite properties. These relations

hips are defined by the concept of the "Unit Cell". 

6.2.1. UNIT CELL CONCEPT 

For a material that has a regular reinforcing pattern, one 

can, in general, isolate a small unit of material which compeletly 

, exhibits the composite characteristics of the material. This funda

mental building block is called the "Unit Cell II , shown in Fig. _6.l. 

The average values of the stresses distributed over the cell faces 
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Fig. 6.1. Unit Cell Representation of Reinforced Earth 



1. All unit cells will exhibit identical deformation and 

stress states. 

2. The averages of the unit cell stresses and strains are 

equal to the phenomenological stresses and strains of 

the com~osite. 

3. There must be continuity of the displacement and 

traction vectors across cell interfaces. 

6.2.2. COMPOSITE STRESS-STRAIN RELATIONSHIPS 
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The most significant characteristic of the reinforced earth 

unit cell is that the percentage of reinforcement is extremely 

small. This characteristic leads to the assumption of the strains 

in the composite being equal to the strains in thesoil. 

The other most significant assumptions utilized in the 

analysis of the unit cell are the use of an idealized nonlinear 

characteriza~ion for the soil, and that no· slippage occurs between 

the soil and the steel. This latter assumption yields the assumption 

that the displacement of all points in the unit cellon any 2-3 

plane are equal for both soil'and strip. ' 

For the determation of the compositepropertis of reinforced 

earth, first the composite stress state is considered. 



93 

E1 C" C12 C13 
a 

1 

E2 C12 C22 C23 
a 

2 

E3 C13 C23 C33 
a 

3 
= 

£5"12 C44 
a 

12 (6.1 ) 

~13 C55 
a 

13 

11"23 C66 
a 

23 

(6.2) 

equation (6.1) yields 

C" 
El 

(6.3) --
a 

C12 
E2 -

(6.3) = 
a 

C13 
E3 

(6.5) = 
a 

The app1 ied composite stress, a, acti ng over t he composite 

area, AC
, must equal the sum of the strip stress, ast , acting over 

the strip area, Ast , and the soil"stress, aS~ acting over the soil 

area, ASo . Fi g. 6.1. The soi 1 area and the composite area are 

essentially equal for the reinforced earth system under considera

tion (bd D AC ; ASo ): 



oAC so C = alA + 01 
st Ast 

so = 0 02 = 02 

so 
: 0 03 = 03 

It follows from the previous assumptions that 

Due to the assumption made before; 

a so 
1 

-.;-. (6.6) 

(6.7) 

(6.8) 

(6.9) 

(6.10) 

(6.11) 

(6.12) 

(6.13) 

Substitution of Equations (6.12) and (6.13) into (Eq.69) gives 

a so = 
1 

a st 
1 (6.14) 
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which may be substituted into equation (6.6) to yi e1d the relationship 

st O'AcEst 
(6.15) 0'1 = 

ACEso+AstEst 

or 

so O'AcEso 
(6.16 ) 0'1 • 

ACEso+AstEst . 

Using Equations 6.3, &.4 and 6.5, the composite material properties 

may then be solved as 

so so 

ell 
£1 £1 O'r AC 

(6.17) :- = = = 
a cr O'Eso ACEso+AstEst -

so so so 
sOAc 

e12 
£2 £2 -v 0'1 -\I (6.18) -- : .. = 

a a O'Eso ACEso+AstEst 

£3 
so _\lsoO'1so _vsoAc 

e13 
£3 

(6.19) = - =--'- = = 
a a O'Eso ACEso+AstEst -

The other properties relating the composite normal streses and 

stra i ns can be obtained in a simil ar manner and the fi na 1 cons ti-

tutive relationship for the composite becomes 



96 

£1 1 -\) 
so 

-\) 
so 

°1 
. 1 50 502 so 1 so 

£2 = -\) 1 +a (l-\) ) -\) l+a{l a ) °2 
ESO (l+a) 

s02 so _\)so 11 +a( 1 \)so) 1 £3 -\) l+a(l-\) ) °3 

12 GSo 
°12 

13 = GSo 
°13 , a = 

. AstEst 
(6.20) 

ACEsO 

23 GSo 
°23 

This matrix is inverted to obtain the stress-strain relationship 

to be utilized in the Finite Element formulations i.e 101 = 101 lEI. 

Under certain conditions reinforced earth structures may be 

assumed to exhibit plane strain response where the strains, £3' 

1'13' and '6'23 are approximately zero. In the finite element study 

to be analyzed, these strains are assumed to be zero and the resul

. tingincremental stress-strain relationship utilized is of the form. 

°1 
o 

= o (6.21) 

o o 12 
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in which a. coefficients are directly obtained from the inversion 
lZ 

of the C matrix, while considering the plane strain case. 

6.3. SUMMARY 

In th i s chapter, si mul a ti on of Re i nforced Earth Structures 

by Finite Element Method has been studied~ As it was'explained in 

Chapter IV different type of elements and various material can be 

employed in Finite Element Analysis by selecting the content of the 

material poperty matrix 'and shape function appropriately. By utili

zing this concept, Reinf6rced Earth Systems have been considered 

as composite material and the content of the material property 

matrix for the composite have been developed. 



CHAPTER-VII 

RESULTS OF FINITE ELEMENT 

ANALYSES 

. 7.1. INTRODUCTION 

For design purposes, distribution of stresses and deforma

tions mobilized in reinforced earth structures must be predicted. 

In this chapter, therefore, attention is given to the evaluation 

of stresses and movements occuring in unreinforced and reinforced 

soi 1 sin order to. determi ne the effect of reinforcement on stress 

and deformation. This was done by employing the Finite Element 

Method of analysis described previously, and the computer program 

developed, (FRSOIL) for this purpose. 

The finite element computer program, FRSOIL, has the capabi

lity of making linear or nonlinear ,analysis considering plane strain 

and plane stress condition in homogeneous or nonhomogeneous, i.e. 

composite, media. Cross check of the program has been done in three 

ways. First it was checked by the Finite Element Computer program, 

-,';', 

98 



99 

M701, developed by S. Tezcan. In that way the part of the program 

whj ch makes 11 near ana lyses has been tested. In order to verify 

whether or not the program makes a correct nonlinear analysis, the 

soil-structure interaction computer program, Soil-STRUCT, prepared 

by Clough and Duncan was utilized and a typical soil problem was 

solved oy thjs program and FRSOIL, then the results were compared. 

Finally, the last part of the program which was developed 

to analyze Reinforced Earth System was checked by solving a problem 

in Ref.l which had been already solved and the results obtained by 

FRSOIL were almost exactly the same as the resilts in the reference. 

The comput~r program FRSOIL was developed on CDC Cyber 170/ 

815 system operating at Computer Center, Bogazjci University, Istan

bul. Program listing and User's manual are given in Appendix C. 

7.2. DESCRIPTION OF THE PROBLEM 

For the purpose of analyses, a typical excavation problem 

has been chosen. Since the system is symmetric, only the half of 

the structure is considered and cross section of this part is shown 

in Fig. 7.1. Although the main stduy is concentrated on the reinfor

ced region, the structure is extended toward both dire~tions in 

order to prevent the boundary effect on reinforced area, 
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The propertjes of the sojl ahd that of the reinforcement are 

chos·en accordi ng to soi 1 whi ch j s frequently encountered in practi ce, 

and the reinforcement which can be easjly provided in the market. 

The parameters for both components have been given in Table 7.1. 

7.3. FINITE ELEMENT IOEAlIZAJION OF THE STRUCTURE 

The finite element grids for the simple reinforced earth wall 

subjected to its own weight is illustrated in Fig. 7.2 .. As seen in 

this figure, the discretization of the medium was represented by 

160 rectangular elements with a total of 190 nodal points. The 

reinforcing strips are horizontally located throughout the mid

point of the grid elempnts. The mesh was chosen to give rather 

detailed infonnation near the wan face, and at the back edge of 

the reinforced earth wall. The system was analyzed assuming one 

increment of construction and rollers along the back edge of the 

backfill and at the bottom of the system. Infact, this is not a 

realistic problem for simulating either the construction sequence 

or the boundary conditions. The purpose of the analysis is to in

vestigate how the reinforcements change stresses, displacements 

and stress level developed in the structure during or after the 

construction and, to find out jf the usage of reinforcement in soil 

medium is economical and advisable. 



Table 7.1. Properties of the Soil and Reinforcement 

Soil Pro~erties Reinforcement Properties 

cP, in degrees :30 E, in tons per square meters 

c, in tons per square meters 2 Horizontal Spacing, in meters 

~, in tons per square meters 2 Vertical Spacing, in meter 

v 0.3 Yield strength, in kilogram per square 

centimeter 

E, in tons per square meters 5000 
-~ -- ------ ---

. ~., 

2.0 107 

1 

1 

3500 

I 

I 
I 

I 

! 

a 
N 



103 

i i i i ; ; I ! I ; 
I I I I I T I I I I 

i i I i i i I i i I . 
! . 

I I 
. 

I I I I I 
. 
I 

. 
I I 

i ; . i i i i i ; : 

! I I I ! I' I 1 l T 
• I i I 

. 
i 



104 

The problem preyjously descrjbed js, therefore, first consi

dered as a plane strajn problem jn homogeneous media, then the same 

problem is lnvest3gatedtakinglnto account effect of the reinfor

cements. The results obtained in two analyses and comparison of 

them are gjven in followjng sections. 

7.4. THE EFFECT OF REINFORCEMENT ON HORIZONTAL STRESS 

The contours of horizontal stresses developed in unreinforced 

soil is indicated in Fig. 7.3. As it is seen in the figure, there 

exists tension stresses causing tension crack at some points at. the 

top of the wall. The maximum amount of horizontal stress reaches 20 

t/m2, and it' occurs at the bottom of the structure. As Fig. 7.3 

shows, the horizontal stresses developed in unreinforced soil con

verge toward the toe of the wall, which result in a',stress concent

rati on at thi s pO,i nt. 

The contours of horizontal stresses developed in reinforced 
( 

soil is illustrated in Fig. 7.4. Comparison of Fig.7.3 and Fig.7.4 

indicates that reinforcement causes the horizontal stresses to be 

distributed homogeneously and the contours of them to be seperated 

from each other., This means, there is no or a small amount of hori

zontal stress concentration. Infact, majority of these horiiontal 

stresses are carried by the reinfordng strips, proportionally 

to the ratjo of the elasticity modulus of rejnforcement and soil. 



105 

'" 
... .. g = = ~ 

....... 
~ 

E: 
'-.. 
.u 
'-

U) 
QJ 
U) 
U) 
QJ 
I-l 
.u 
tI) 

'"-I 
Iil 
.u 
t:: 
0 
N 

.""1 

I-l' 
0 ::r: 

Ii-l 
0 
U) 
I-l 
:::s 
0 
.u 
t:: 

8 
.... . 
I'-. . 
tTl 

.""1 
t:.. 

. '.~". 



106 



107 

In reinforced case, the horizontal stresses behind the rein-

forced part sharply decrease and are leveled at a constant value, 

as shown in Fig. 7.4. 

7.5. THE EFFECT OF REINFORCEMENT ON VERTICAL STRESS 

The contours of vertical stresses in the case of unreinforced 

soil are illustrated in Fig. 7.5. As it is expected, except the toe 

of the wall, the contours of vertical stresses are levelled at a 

constant magnitude on a certain horizontal section. Due to discon

tinuity of the geometry, there is a stress concentration near the 

vicinity of the toe. The maximum value of vertical stresses develo

ped in unreinforced case reaches the value of 47 t/m2. 

The contours of vertical stresses in the case of reinforced 

soil are indicated in Fig. 7.6. After comparing Fig. 7.5 and Fig. 

7.6, it is clear that the influence of reinforcement on vertical 

st~ess is quite small. 

7.6. THE EFFECT OF REINFORCEMENT ON MAXIMUM SHEAR STRESS 

One of the main effects of the reinforcement on soil stability 

is confronted on contours of maximum shear stresses, which are shown 

in Fig. 7.7 and Fig. 7.8, for unreinfqrced and reinforced soil cases 

respectively. If these figures are overlaid on each other, it is 

easily noticed thatrei~forcement significantly decreases the shear 
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stresses, which has an important role in the ·fai1ure of the soil. 

7.7. THE EFFECT OF REINFORCEMENT ON STRESS LEVEL 

Fig. 7.9 and Fig. 7.10 indicate the contours of the stress 

level for unreinforcedand reinforced soil, respectively., In the, 

case of unreinforced Soil, stress level increases upto 283 percent, 

and the zone where the stress level is more than hundred percent 

is very large. After taking into account the influence of the 

reinforcement', stress level on reinforced zone sharply decreases, 

although there are some points where stress level is still more 

than hundred percent, wh ich shows that the rei nforcement pl aced 

in this area is not sufficient. 

7.8. THE HORIZONTAL DISPLACEMENTS 

The con tou rs for hori zon tal dis p 1 a cements a re drawn on 1 y 

in the reinforced case and illustrated in Fig. 7.11. As this. figure' 

indicates, the maximum horizontal movement is about 1.6 cm and 

takes place near the vicinity of the middle of the bottom line. As 

horizontal distance behind the wall face increases, the horizontal 

displacement. steadily decreases, while it shqrply drops near the 

back line, which is reasonable owing to the fact that horizontal 

movement is restrained on this line. For the aim of investigating 
~. . ".,:', 

the effect of the reinforcements on horizontal displacement, depth 
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below th.e ground surface versus horizontal movements toward the wa 11 

face in reinforced and unreinforced soil are plotted in Fig. 7.12. 

As this figure shows, reinforcements reduce the horizontal disp1a-
, 

cement on vertical section. In order to find out the effect of the 

rei nforcement in hori zonta 1 movements on hori zonta 1 secti on, di s

tance behind tfiewall face in both rei nforced and unrei nforced 

cases for two ho~izonta1 sections are plotted in Fig. 7.13. It is 

interesting to notice that although reinforcements cause the reduc

tionof horizontal movement in reinforced part, they slightly inc

rease it behind this region, as it is seen in Fig. 7.13. 

I 

7.9. VERTICAL DISPLACEMENT 

As it was done for horizontal displacement, the contours of 

settlements are drawn only for the case of reinforced soil, and 

illustrated in Fig. 7.14. It is easy to notice that the maximum 

settlement is about 10 cm and occurs at the ground level. It is 

a fact that, contrary to the horizontal displacement, the vertical 

displacement steadily increases as the distance behind the wall 

face increases and is leveled ata constant value near the back 

line. In order to investiqate the influence of reinforcement on 

vertical displacement on vertical section, depth below the ground 

surface versus, settlement in reinforced and unreinforced soil are 

plotted in Fig. 7.15. This fjgure shows that, reinforcement has 

no considerable effect on vertical di~p1acement. 
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·7.10 TENSILE FORCE IN REINFORCING STRIPS 

- The tensile force distribution along the reinforcements are 

illustrated in Fig. 7.16. As this figure shows, the maximum tensile 

force developed in this analysis is not more than 8.5t. This force 

causes the stress as much as 

P -8.500 
a :: - = :: 1700 kg/cm2 

A 5 

which is about half of the stress that a steel strip can carry. It 

means, it is more beneficial to decrease the spacing of reinforce

ents, instead of increasing tensile strength or area of them. 

Fig. 7.16 also shows that tensile forces mobilized in rein

forcements are infl uenced by th.e boundary conditions. If sl i ppage 

was allowed near the ends of the stri ps, the edge effect wou1 d 

probably be more significant with a probable ircrease in strip 

forces due to the decreased stiffness near the wall boundaries. 

However, detailed knowledge of edge effects and strip slippage is 

probably most important in determining required strip lengths and 

these effects, therefore, need to be understood more completely. 

Fig. 7.17, on the other hand, indicates tensile force dist

ribution with respect to depth from the ground surface. It is clear 

that tensile force increases as the depth from the ground surface 

increases. This force distribution recommends that the vertical 
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spacing of reinforcing strips should be decreased as the depth 

increases. 

7.11 SUMMARY AND CONCLUSIONS 

124 

The studies presented in this chapter have demostrated dist

riDution of stresses, movements and stress levels developed in 

unre;nforced and reinforced so;l. By comparing the results for 

unre;nforced and reinforced cases, the influence of reinfor~ement 

on soil stability has been found out.' Besides, tensile stress dist

ribution on vertical sect jon and along the reinforcing strips and 

corresponding design approach have been explained. 

It has been revealed that reinforcing strips have following 

effects 

- Reducing the shear stresses carried by the soil 

- Redistrib~ting the horizontal stresses and~bearing the 

majority-of them 

-Releasing stress concentration" 

- Decreasing horizontal displacement. 



CHAPTER-VIII 

~ SUMMARY .AND CONCLUSIONS 

In this study, Reinforced Earth , which is rather diffe-

rent than conventional soil retaining structures has been investi

gated by various techni1ues. Infact the study can be divided into 

two parts. In the. first part, principle of soil reinforcement in-

teraction and design metodology were studied and selection of 

the components of the reinforced earth structures and construction 

method were briefly explained. In design method, the system was 

handled as a slope stability problem and multi-criterion analysis 

methods were employed to find out the allowable normal and shear 
\. 

forces for reinforcing bars. A computer program (SLOPER) which 

evaluates the forces'mobilized in the bars, and estimates. the safety 

factor,was prepared. 

In the second part of this study, reinforced earth systems 

were analyzed by the finite element method, which gives more accurate 

anddetailed prediction about the stresses and strains mobilized 

in the system. For this purpose, the finite element technique was 

125 
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explained in detail and necessary formulations were derived. Since, 

reinforced earth system is a soil structure, it doesn't behave 

·elastic. The hyperbolic stress-strain parameters, therefore, were 

utilized to .take into account nonlinearity of soil. 

A finite element com~uter program (FRSOIL) having various 

capacities was also developed in this study. For the aim of analy

zing reinforced earth system by finite element method, this system 

was considered as composite material by using "Unit Cell Concept". 

Then, a typical excavation problem in unreinforced and reinforced 

soil 'were investigated by this technique. In order to find out the 

.effect of reinforcement on soil stability, stresses, strains and 

stress levels mobilized in reinforced and unresforced soil were 

compared. 

From the analysis of this study, following results have been 

obta i ned. 

* Reinforcement carries the majority of hori zonta 1 Stresses 

* Reinforcement decreases shear stresses 

* Rei flforcement Releases stress concentra ti ons 

* Reinforcement reduces stress level 

* Reinforcement decreases horizontal displacements 

/ 
On the contrary, reinforced earth structures have following short-

comings: 
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* Reinforcement has no considerable effect on vertical 

stresses. 

* Effect of reinforcement depends very much on the orienta

tion of reinforcing strips. But it is difficult to install 

the bars in appropriate direction in all cases. 

% Reinforcing strips don't noticebly change the amount of 

settlement. 

From the study conducted for the thesis the following recommendations 

are derived for the reinforced earth systems: 

* Special attention should be given to the selection of 

rei nforci n9 stri ps and backfill rna teri a 1. 

* It is more beneficial to decrease the spacing of reinfo

reements instead of increasing tensile strength or area of 

them. 

* Vertical spacing of reinforcing strips should be decreased 

as the depth from the ground surface increases. 

* If it is possible, reinforcements should be oriented in 

the same direction as the principal tensile strain occuring 

in. the unreintorced soil. 

~hevalidity of the.developed analytical procedure and recommendations 
, 

for further Investigation are given ai: 



* The finite element method doesn't give any idea about the 

effect of decreased stiffness near the wall . boundary. 

* The validity of Unit Cell Concept and assumptions made in 

this concept should he investigated. 

128 

* In composite material concept, it is not possible to take 

into account neither the surface characteristics of reinfor

cing bars nor the intcraction between soil and the bars. In 

this caseitis necessary to analyze this system by utilizing 

"Soil-structure interaction Method" where the bars are 

simulated by one dimensional elements and provide the 

magnitude of these effects. 
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STRESS-STRAIN AND STRENGTH PARAMETERS FOR SOILS TESTED UNDER UNCONSOLIDATED-UNDRAINED CONDITIONS 
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11.2 

23.3 
23.3 
15.0 

109.3 
104.1 
10).6 

131.0 
122.0 
12'.2 

126.0 
116.2 
110.0 

108.7 
109.3 
104.0 

104.0 
104.0 
·10S.7 

107.0 
107.1 
104.0 

102.0 
105.4 
109.1 

10'.0 
112.' 
114.' 

lOS.' 
119.3 
105.0 

105.0 
107.9 
107.2 

91.7 
90.,S 

111.S 

13.4 
13.2 
16.7 

I.' 
12.0 
'.6 
8.) 

U.' 
11.0 

15.6 
12.' 
11.6 

U.6 
16.6 
16.' 

19.5 
1'.1 
21.2 

21.' 
11.5 

14.' 
16.1 
11.5 
14.5 

1.71 
11.' 
12.5 

14.5 
11.2 
11.0 

23.3 
26.' 
15.1 

a. 
CL 
CL 

CL-I01 
a.-llA 
CL-lli 

S.ndy Cl.y ISollervil1 .. 0.0., CO£, FOl't North Q~.tric:t 1151 O.OSS 0.004 - 29 16 St.d.AASHO 110.' IS.0 106.5 15.0 
Sandy Clay ISoooerviU .. 0..) C'O£, rort Wort.h Dbtdet USI 0.06 0.002 - 25 12 StrS.AASHO 107.5 16.8 100.3 13.5 

70 
60 
7S 

Il 
as 
13 

70 
90 
'S 

17 
63 
5) 

62 
74 
.1 

19 
17 
19 

'2 
52 
11 

I' 
63 
N 

43 
77 
5' 

66 
87 
74 

77 
87 
86 

74 
SS 
66 

•• 
•• 
•• 
•• 
•• 
•• 
• 
• 
• 
••• 
••• 
••• 
••• 
••• 
••• 
• 
• 
•• 
• 
•• 
•• 
•• 
•• 
•• 
•• 
•• 
•• 
••• 
•• 
•• 
•• 
•• 
•• 

•• 
•• 
•• ... .. .. 

.5- 6.0 

.5- 6.0 

.5- 6.0 

1.0- 6.0 
l 1.1- 4.3 

5.4-21.6 

.5- 1.5 
6.0-10.0 
6.0-10;0 

, 6.0-10.0 
6.0-10..0 

.5- e;.io 

1.5- 6.0 
1.5- 6.0 
1.0-12.3 

1.D- S.2 
.,- 2.9 
.7- 2.' 

.7- 2.' 
1.0- ,.0 
1.0- 6.0 

1.0-6.0 
1.0- 6.-0 
1.0- '.0 

1.0- 6.0 
: 1.0- 6.0 

1.S- 6.0 

.5- 6.0 

.5- 6.0 
•• S- 6.0 

.'1- 6.0 

.S- 6.0 

.5- 6.0 

1.S- 6.0 
; .5- 6.0 
j .5- 6.0 

4 
4 
4 

, , 
) 

2 
2 
2 

3 
3 
4 

3 
3 
4 

4 
2 , 
2 
2 , 
2 , 
2 

3 
3 , 
3 
4 
4 

4 
4 
3 

3 
3 
4 

O. 
o. 
O. 

.9S 

.'2 
2.60 

1.10 
1.30 
1.10 

1.10 

.'9 

.42 

.19 

.54 

.53 

1.20 

.'5 

.42 

1.00 
.'2 

1.50 

l.lD 
1.10 
1.90 

1.50 
'.30 
.64 

.50 
1.00 
1.00 

.4S 

.5" 
1.S0 

40 (21 
40 161 
" (41 

II 
IS 
26 

4 
o 
o 

19 
30 
31 

31 
2' 
2'1 

14 
o 
o 

o 
31 
11 

6 
24 
U 

l2 
IS 
29 

25 
2 
1 

1 
is 

4 

:150 
420 
'40 

320 
19 

'900 

510 
52 

no 

200 
27 

240 

270 
100 
260 

19 
66 
10 

.91 ... 
.64 

.'5 
.61 

- .08 

.37 
O. 
O. 

.5' 
1.41 

.31 

.38 

.N 

.60 

.48 
O. 

.OJ 

.69 

.'5 

.72 

.K 

.55 

." 

.64 

.76 

.17 

.M 
• '2 
.1' 

.12 

.17 

.17 

.5' 

.15 

.52 

16 O. .57 
650' - .6' .to 
760 - .14 ." 

430 
2400 
2000 

1900 
!t>OOO 

320 

1'10 
'4 
68 

27 
320 
21)() 

.10 "" - .'4 .'2 
-.30 .97 

-1.10" .'4 
- .21 .'5 
- .21 .10 

.02 

.23 
- .05 

.1' 

.29 

.29 

.Sl 

.1' 
•• 4 

.SS 
.8t; 
.89 

12000 -." 
250 O. 

190 - .11 
240 -.21 

US 
'40 
460 

1900 
1400 

.10 
- .16 - .'4 
-1.1' 
- .n 

---------- .- "-' -------------------
.5- 6.0 
.S· 6.0 

J .s- ".0 
4 
4 
4 

.SS 
• 71:1 

1.50 

.27 
- • V • 

.111 

.'11 

.R4 

.r.R Sandy Clay ISo_rviU., 0.0., COE, Fort IIorth Obtric:t USI 0.06 ,0.002 - 25 12 Std.AASHO 107.5 16.S 106.!> 13.3 
~ ______________________________________________________ ~.~----------------------------------------------____________________________________________ ~ ________ . __ . ________________________ . _._ . _______ • ________ -J 
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(CONTINUED) 

Grain Size, - Co~ction 
D<-gree Max. Dry Dry Particle Str ... ss IIlmIbrr, SoU Groq> Soil o.acription lie flO reneea Opt. Satura- Rating C rriction LL PI Type Unit 'It. U. 'It. wlc Ran9P of It n Rf '), 060 D30 D10 vIc, tion Shape ITSr) An91e • IPCFl IPC"l ITSr) Teata 

a. a.-llC Sandy Clay (S~rville D .... ) COE, "ort Worth District (15) 0.06 0.002 ~ 25 12 Std.AASHO 107.5 16.8 102.6 19.3 87 • .5- 6.0 4 .74 6 23 .32 .61 a.' a.-llD Sandy Clay (SollIe rvi 1110 Dam) COE, Fort Worth District (15) 0.06 0.002 - 25 12 Std.AASHO 107.5 16.8 106.7 "16.7, 85 • .5- 6.0 4 .91 18 280 .60 .93 a. a.-lIE Sandy Clay (SoIIIervi 1110 Dam) COE, Fort Worth District (15) 0.06 0.002 - 25 12 Std.AASHO 107.5 16.8 101.5 16.3 72 • .5- 6.0 " .66 20 220 .23 .90 
a. a.-In Sandy Clay (Sc.ervill. Daa) COE, Fort Worth Diatrict (15) 0.065 0.0055 0.001 38 25 Std.AASHO 106.1 17.2 105.0 18.6 89 • .5- 6.0 4 1.30 8 140 .20 .84 -a. a.-12C Sandy Clay (So_rville D .... ) CDE, Fort Worth District, (15) 0.065 0.0055 0.001 38 25 Std.AASHO 106.1 17.2 101.9 17.1 75 •• .5- 6.0 4 1.00 13 120 .09 .83 a. a.-l2D Sandy Clay (Soaervil1e Dami COE, Fort Worth District (15) 0.065 0.0055 0.001 38 25 Std.AASIIO 106.1 17.2 103.0 19.7 89 • .5- 6.0 4 .80 2 47 .33 .82 

a. CL-l2Z Sandy Clay (Somerville Dam) CDE, Fort Worth District (15) 0.065 0.0055 0..001 38 25 Std.AASHO 106.1 17.2 106.5 13.9 70 •• .5- 6.0 4 1.50 24 950 - .15 .90 a. a.-UF Sandy Clay (Somerville Daa) COE, Fort Worth District (15) 0.065 0.0055 0.001 38 25 Std.AASHO 106.1 17.2 108.3 16.9 89 • .5- 6.0 4 1.50 8 470 O. .95 a. CL-1lA Sandy Clay (Somerville Dull CCE, rort worth District (15) 0.046 0.0045 - 36 23 Std.AASHO 104.9 17.6 98.7 20.8 86 •• .5- 6.0 4 .67 4 75 ... .B8 
CL CL-1311 Sandy Clay (So_rvill. Dud COE, Fort Worth District (IS) 0.046 0.0045 - 36 23 Std.AASHO 104.9 17.6 104.9 14.8 72 • .5- 6.0 4 1.80 23 840 - ~19 .B4 a. CL-13C Sandy Clay (SoIIIerville D_) COE, Fort Worth District (15) 0.046 0.0045 - 36 23 Std.AASHO 104.9 17.6 101.2 17.4 76 • .5- 6.0 4 1.20 12 270 .06 .87 a. a.-l3D Sandy Clay (Soaervi lle Dam) , CDE, Fort Worth District (15) 0.046 0.0045 - 36 23 Std.AASHO 104.9 17.6 100.5 14.2 62 • .5- 6.0 4 1.40 29 1100 - .36 .83 

a. a.-Ill: Sandy' Clay (So_rv111. Daa) COE, Fort Worth District (15) 0.046 0.0045 - 36 23 Std.,AASoo 104.9 17.6 104.4 17.5 84 • .5- 6.0 3 1.40 13 410 .15 .B7 a. a.-14 Lean Clay (Clinton Dam) CDE, Jeans .. Ci ty District (17) - - - 46 27 Std.AASHO 103.0 21.2 98.0 24.0 92 •• 1.0- 5.0 3 .77 2 57 .43 .86 a. a.-16C X.an Clay (Clinton Dam) COE, x.ns .. City District '.(17) - - - 37 18 Std.AASHO 105.0 20.2 99.7 22.9 91 •• 1.0- 3.0 2 .97 1 110 .43 .90 

a. CL-174 . X.an Clay (Clinton Daa) cor:, 1C.ans .. City District )17) - - - 43 24 Std.AASHO 101.0 20.1 99.1 22.7 90 •• 2.0- 6.0 3 1.10 2 100 .27 .89 a. a.-I" X.an Clay (Clinton Dalal COE, x.ns .. City District,(17) - - - 43 24 Std.AASHO 101.0 20.1 98.1 23.9 90 •• 2.0- 6.0 3 .99 1 160 .54 .97 a. CL-17C Lean Clay (Clinton Daa) CDE, x.n.a. City Di.trict: (17) - - - 43 24 Std.AASHO 101.Q 20.1 98.9 22.7 90 •• 2.0- 6.0 3 1.10 3 130 .46 .91 .. 
a. CL-1M ' Lean Clay (Clinton Daa) cor:, x.ns .. City District: (17) - - - 42 26 Std.AASIIO 102.0 19.9 96.8 22.7 83 •• 2.0- 6.0 3 .78 2 53 .41 .85 a. CL-24A Sandy Clay (Q)atfie1d Dull COE, 0Uha Dbtrict (19) 0.016 - - 43 24 Std.AASHO 104.0 19.) 97.6 23.4 90 • 6.0;'10.0 2 1.20 0 240 O. .95 a. CL-25a Sandy Clay (Q)atfield Daa) COE, 0Uha District (19) 0.09 0.007 - 34 18 Std.AASIIO U).O 15.1 107.4 18.1 86 • 6.0-10.0 2 .95 0 160 O. .93 

a. a,.21 lan~ Clay (Proctor ,0..) . COE. Fort Worth District (15) 0.033 0.002 - 31 20 Std.AASHO 115.0 14.6 114.8 12.2 72 •• 1.5- 6.0 2 1.60 12 150 .16 .79 a. a,.:z. Silty Clay (c-yon nul) C .. airanda 5 Biradhfeld (8) 0.0)7 0.008 - 34 19 Harvard 116.2 15.2 110.9 13.0 67 • 1.0-14.3 5 2.00 20 440 .17 .85 
a. a,.29S Silty ClA)' (Canyon Daa) Ca"ljJ%'ande 5 Hirschfeld (8) 0.037 0.008 - 34 19 Harvard 116.2 15.2 115.8 13.1, 77 • 1.0-14.3 4 2.50 20 440 .34 .86 

a. CL-lOA Silty Clay (Canyoa Dull C .. aljJ%'ande 5 Hiradhfeld (8) 0.037 '0.008 - 34 19 Ilarvard' 112.8 16.7 111.0 16.2 84 • 1.0- 6.3 4 1.00 16 110 .94 .91 a. a,. 3011 .Silty Clay (Canyon 0..) CasaljJ%'ande 5 Sirachfald (I) 0.037 0.008 - 34 19 Ilarvard 112.8 16.7 112.2 16.6 88 • 1.0- 4.1 3 1.40 11 67 .71 .77 . 
a. a,.3OD • Silty Clay (Canyon Daa) C .. aljJ%'ande 5 Hir.chfeld (8) 0.037 0.008 - 34 19 Harvard 112.8 16.7 110.3 17.3 88 • 1.1- 4.1 3 1.00 9, 37 .37 .65 

cL-3311 111 ty Clay (Canyon 0..) C .. aljJ%'Glde 5 Hirschfald (7) ~ 0.037 0.008 - 34 19 Harvard 108.8 18.0 106.3 16.2 75 •• .-
4.1-13.5 2.20 3 71 1.06 a. 4 .98 

CD CII-1· rat Clay (Clinton Daa) COE, Itanaa. City Dbtrict' (17) - - - 60 38 Std.AASHO 94.0 26.5 90.0 28.8 90 . •• 1.0-3.0 2 .61 4 92 .21 .89 
CII CB-. rat Clay (~ Daa) COE. Lo~Yil1e District :(18) 0.0067 - - 61 36 Std.AASHO 95.5 26.5 89.3 31.1 93 • .7-'2.9 2 .37 0 21 O. .65 

CD CB-. rat Clay (Monroe DUI) CCE. Louisville District (18) 0.0067 - - 61 36 Std.AASHO 95.5 26.5 92.6 28.6 93 •• .7- 2.9 3 .51 1 67 .02 .79 
CD CB-4 rat Clay (Monroe Dam) CCI'!, Louisville District (18) 0.018 - - 69 45 Std.AASHO 100.0 22.7 9&.4 26.5 94 •• 1.1- 2.9 2 .63 1 65 .14 .77 
CII CB-SA rat Clay (01aUield Dam) . COE, Omaha District (19) 0.0095 - - 54 - 36 Std.AASHO 95.0 24.4 90.3 27.4 84 • 6~0-10.0 3 1.20 0 36 .72 .91 

at CB-58 rat: ~lay (01atfield Dam) COE, Omaha District (19) 0.0095 - - 54 36 Std.AASHO 95.0 .24.4 90.7 24.4 76 ••• 6.0-10.0 3 1.50 2 52 .66 .89 . 
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STRESS-STRAIN AND STRENGTH PARAMETERS FOR SOILS TESTED UNDER DRAINED CONDITIONS 

Crain Siz.e-. - CO=i!a:-tion 
Jnu. Dtoqrr. Str" •• NuM~"r Soil Cro", Soil o.rscrlf.tlon Rt" h: nonce's LL PI HAx. Dry 

Opt. Dry IlL let1 .... .. anicl" C FrIction K n /If 

"" 
• 

Type Una lit. U. lit. w/<: 
\'clld 

Prllai ty 
Satur ... /laling 

$hal" 
~CJe of ITSF) Angl. 0&0 030 010 II'CF) v/<:, 

IPeT) 
k..tJO Uon ITSr) T~.t. -

GIl GII-1 Congloarrat. ~ckfill IN.tzal,u. 0 .... ) Mar.at .t 41 (8) 47 .• 7.5 0.9· 11B.9 r·. )9 70 .. Sub- an9ular 1.9- 25.5 ) O • 50 (lO) 540 .U .• 64 135 .34 
GIl G11-2 Cranitic enei •• ~ckf.ll 11\1<:& DUl) Casaqrandt> UO)/Harul 139) 79. 24. 4. 123.7 Il. )1 95 .. Sub-a'H~ul.r 5.1- 25.6 3 O. .. (9) 210 .51 .64 100 .)4 
GIl G11-3 Quarun. ~ckf111 'Furnas o.. .. Sh.,lll C.s.grand" (l0) 10. - - ... Sub- rounded 4.1- 36.9 4 O. 49 16) 560 .4B .65 330 .ll 

GIl G11-4 Quartdt. /Iockfill Irum .. Dam Tran51lJ ' C·s.·9ran~ (l0) 25. ... Sub- ."unded 4.1- 36.9 4 O. 53 ") 950 .52 .59 470 .52 
GIl G11-5 rum •• 0 .. Tran.1t1on Casagrande (l0) 10. ... Sub-ro..,ded 4.1- 36.9 4 O. 50 I" 690 .57 .51 360 .57 
GIl GIl .... Piru:andapAn Crawl Mar •• l .. t ,.1 (38) 21. 2.7 0.25 1l2.1 O. )4 65 .. Sub· rounded .4- 26.5 6 O. 51 (9) 690 .C5 .59 170 .22 

GIl Glf-7 Diorite /Iockfil1 IEl Infiern.llo 0..) HArNl et .1 (38) 93. U. 17. 105.7 0.51> 50 .. Angular . .4- 17.0 7 O. 46 (9) 340 .2B .71 52 .11 
GP GP-2 Sandy Crawl lltica 0... Shell) C ••• grande noi 22. 1.2 0.23 50 .. Sub-angular 7.2- 32.5 3 O • 4l Il) C20 .50 .7B 125 .46 
GP CP-3 h .. ll /lock fill Cas. grande UO)/HAraal (39) 19. 3.6 1. 1l).B 0.3 95 ... 'AnVUJar 5.1- 25.6 3 O. 52 nO) 450 .37 .61 255 .11 

GP CP-6 Silty Sandy Cr.w1 lOrovUlr 0..) llall ~ Cordon (25) lB. C.II 0.4 .21 .) 141.0 0.21 100 ... /Io""ded 9.0- 46.B 4 O. 53 (8) 1300 .40 .72 900 .22 
cr GP-7 Aaphibolite Cu ... 1 (Oroville O&a Shell) llar.chi (37) 13.2 4.6 0.36 152.0 0.2 100 •• aounded 2.2- 28.6 4 O • 51 (6) 1780 .39 .67 llOO .16 
cr cr-11 Cru&hed ..... 1 t.ic /lock (/Io..,d lutte Daa) Shannon ~ IIU."" (41) IS. 12. 6. 91.6 99.0 ).2 99 •• Anvular 2.0- 14.1 ) o. 51 (14) CIO .21 .71 195 0 

cr cr-u S&n4y Cravel (_.llan 0...) "'U9h~ (5) 10. ). 0.6 1)5.0 0.2)) 100 •• ; /Io ... ded 1.1- 10.1 4 O. SB (10i 2500 .21 .7S 1400 0 
CC OC-l C1ay.y er.w1 (_ Iio9&n 0.. Con) lird (3) 12. 0.6 - Sl 30 1U.O. 10.1 107.0 10.1 51 •• 1.1- C.) ) .28 19 99 .70 .16 C5 0 .. 111-1 Ar9Ulita ... ckf.i11 (PyralOid. Dul Shell) Karachi (37) 4.1 1.1 0.6 111.6 0.46 100 • AnVU1ar 3.2- 46.1 4 O • S) (9) 1600 .08 .72 1>00 0 

SW ... 2 CNllbed oli ¥inc ..... 1 t Kar.chi (37) 4.1 1.11 0.6 US.4 O.C) 100 • Anvular 2.2- 46.11 4 O. 55 (10) 1000 .22 .70 )90 .14 
III IW-) SUty Sand. "- Cr.ve1 (/Io;':'d ~te o.l Shannon ~ Wilaon (41) • 1.7 0.09 0.009 lIP lIP 11>.450 120.0 U.2 101.7 U.S • Iub- roundod 2.0- 14.0 3 O. 311 (3) 260 .50 .76 100 .5 

III 1W-5 v .... to Sandatone (0.5 in. ..... ·.i ... ) aecll.r. Clan ~ Se.d (2) 0.17 0.07 0.025 lIP lIP 111.3 117.5 0.47 93 · Anvular 2.2- 211:6 C O. u (C) 3)0 .46 .51 110 .46 
SP 51'';3 Cl.dal Cutwuh Sand Hirachfeld ~ Poulae (26) 0.0) 0.4 0.14 112.3 0.5 10 ••• Iub- rounded 1.0- C1.1 6 O. U (4) 190 .70 .57 190 .35 
IP sp-u S.cr_nto River sand I.e. (34) 0.22 0.17 0.15 19.5 0.17 )8 · ... un4e4 1.0- 41.1 8 O. )5 (2) 430 .27 .84 2)0 .02 

., 11'-0 Sac:r .. nto Ri ... r Sand I.e • (34) 0.22 0.17 0.15 94.0 0.71 60 • ... undod 1.0- 13.0 4 O. )7 (2) CIO .69 .90 260 .15 
SP D-C Sacr_nto liwr land I.e. (34) 0.22 0.17 0.15 97.1 0.71 71 • ...... do4 1.0- 41.1 I O. 41 lSI 1100 .36 .8S 900 0 
IP 1I'-4D I.c:r_nto River Sand 1.ee I3C) 0.22 0.17 0.15 103.9 0.61 100 • ...... 604. '~O- 41.1 6 O. CS (7) 1200 .CB .BS 1500 0 .. liP-SA ... Ri ... r Sand llahop (4) 0.25 0.17 0.15 0.12 1.00&. •• aoundo4 '.2-217.9 4 O. 31 (2) B90 .26 .78 360 .11 .. .. -sa ... Ri .. r III1Dr1 Biahop (4) 0.25 0.17 0.15 0.64 De .... .. aounde4 '.2- 71.) ) O • 47 (9) 1100 .57 .16 2250 0 .. 1P-7A Poorly eraded Sand (Port All.n J.ocll) Sh.raan ~ Trahan (U) 0.2 0.17 0.12 lIP lIP 100.0 !J.O 95.5 0.73 49 •• ~ .9- ).9 ) O. )9 (0) 410 .65 .84 

IP 1P-78 Poorly Crad.d land (Port All ... ' LocIt) She .... n ~ Trahan (U) 0.2 0.17 0.12 lIP lIP 100.0 13.0 100.0 0.65 73 .. ao ... td .9- 3.9 ) O. co (1) COO .49 .77 ., II'-~ Poorly erad.d land (Port Al1.n J.odl) Sheraan ~ Trahan (U) 0.2 0.17 0.12 lIP lIP 100.0 U.O 105.1 0.57 98 •• ao""do4 .9- ).9 ) O. 44 (3) 750 .77 .8) .. 11'-12 c:oar.. to riDe SIIDrI (Ao ... d Butte Duo) . Shannon ~ Wilaon (41) ain ...... 4.i .... lIP lIP '4.1 1.22 70 •• AnVUhr 2.0- U.O ) O. 39 (6) .280 .37 .71 95 .21 

., D-U P.-1 .. cua Sand (ao""d lutta 0..) lhannon ~ Wi1.on (41) 0.15 0.41 0.24 17.4 14.2 111.0 77 • Anv~ar 2.0- 14.1 3 O. CII (10) 340 .• 4S .70 230 .06 ., D-1C P.-1c:e<:ua Sand ( ...... d Butte Duo) Ihannon ~ Wi1.on (C3) 1.0 0.5 0.2. BO.7 76.9 25.0 71 • AnVU1ar 2.0- 14.1 ) O. C9 (12) 650 .38 .77 3110 .05 .. D-1'" riDe IUica l.uS (Looaa) Duncan ~ Clan9 (22) 0.27 0.2 0.165 0.65 311 ••• ... ... ""4 1.0- 5.1 ) O. 30 (0) 280 .65 .93 110 .65 .. D-l18 riDe l111ca Sand (Dena.) Duncan , Clang (22) 0.27 0.2 0.165 0.54 100 ... ... ""dtd •• 0- 5.1 ) O • 37 (0) 1400. .74 .90 lOBO .15 
D 1I'-17A ..... tany 110. 0 Ian" ,CyU'!d. aped_n) Lade (U) - 0.43 .0.37 0.29 lIP lIP 0.711 27 ... "'undt4 ! .3- 1.2 3 O. )S (0) 920 .79 .96 465 .32 ., D-l78 ..... blrey 110. 0 San" (Cli>ical apod_n) l.tde IU) 0.43 0.37 0.29 lIP lIP 0.78 27 •• ...... da4 '.3- 1.2 " 3 O • 39 (0) 510 .51 .97 )70 .22 

III' D-l~ ..... tarey 110. o San" (Cyl1nd. aped_n) Lade 'U) O.U 0.37 0.2.- lIP lIP 0.57 98 ••• ao""da4 ! .3- 1.2 ) O. 45 ()) 3200 .78 .92 1COO .45. .. 1I'-17D ..... tarey 110. 0 Sand (Cubical apet:1_n) Lad. (33) 0.43 0.37 0.29 lIP lIP 0.57 98 •• "'''',6e4 .3- 1.2 ) O. 47 (5) 1500 .76 .91 1100 .S2 
D D-l1 .... lUc land ( ....... d Butta 0..) Shannon ~ lIi1son (42) 3. 9. O.ll 120.1 9.5 120.0 9.5 .. Angular ::Z.O- 14.0 3 O. )9 (13) 1600 .OB .63 750 0 

1M . 111-4 lilty Sand (Chatfield Duo) COE. 0Mh. District (191 0.62 0,.16 0.026 20 0 5td.AASHO 12).0 9.5 116.7 9.C .. Sub-rounded 6.0- 11l·. ) O. 37 (0) 100 1.07 .62 
lilt 

__ 5 
IUty Cr .... lly Sand (Chatfield 0..) COE. Oaah. Diatrict (19) 1.15 0.2B 0.05 lIP lIP Std.AASIIO 132.0 1.1 12C.5 7.53 ~- Sub-:rounded 6.0- 10.'; ) O. 41 \0) 530 .51 .62 640 0 .. IIt-6 lilty San.! lI/Pebb1 •• (/Iound BU,tt. 0..) Shannon ~ IIl1aon (41) 0.31 0.1 O.OC lIP lIP 111.450 110.' 17.5 10B.1· 17.5 ••• AnVUlar 2.0- U.O 3 ~ O. 46 (8) 700 .)5 .75 .. --, Silty Sand v/p.-1.,. (/Io..,d luttot D .. ,) Shannon ~ Wilaon (41) 0.15 0.05C O.Oll lIP lIP 16.450 91.7 19.5 18.C 19.0 .. ""Clular .2.0- 13.7 3 O. ., (8) 670 .25 .72 500 0 

1M 
__ U 

lilty Sand (/Io..,d lutta D .. ) Shannon ~ lIi1.on lui 0.27 0.027 0.0022 1?5.6 16.4 104.5 15. • : ,.!'-&Ilgular '2.0- 1c.i ) o. 36 (5) 530 .28 .74 470 0 
l1li 111-16 111 ty Sand ~ Cr.ve 1 (/Iound aut te 0..) Shannon ~ Wllaon (42) 0.C5 0.052 0.012 10;).) 12.9 109. 12. •• 1; ub-&Ilgul ar 2.0- 14.0 3 O • 36 (11) 800 .20 .67 '00 0 

IIt-Ie: ~SC-lA Silty Cl.yey Sand (Mica D .. Core) C.s.qrande (lOI/Insley ~ H11118 (271 0.34 0.0) 0.002 21 C S\d.AASHO 136.0 9.1 ll1.1 7.7 .. 3.6- )2.C 6 .31 )) 700 .)7 .80 2110 .19 
_Ie: I.SC-la Silty C1&yaJJ. Sand lltica DaII Core) C.sagrande (l0)/In.1ey .. Hi11b (27) O.)C 0.0) 0.002 21 4 Std.A;\SHO 136.0 9.11 134.0 9.7 ... 3.6- 1B.0 C .85 . 3C 425 .5B .70 205 .U 
Slt-Ie ~SC-1C Silty Clayey Sand (Mica 0.. Core) C ••• qrande (l0I/In.1oty .. H111b (27) 0.)4 0.0) 0.0002 21 4 Std.AASHO 136.0 9.1 12B.2 11.9 ... 3.6- )2.C 6 .CO 34 160 .B1 .63 65 .81 : 

IlL IIL-1 c:annOnavi11~ Sl1 t I\»disturbedl Hirachfeld' ~ Poulos (26) 0.033 0.018 0.005 10B.0 0.57 · 1.5- 7.4 C O. C5 (6) 200 1.07 .57 200 .89 
IlL 111.-4 'Sandy Silty w/Puaic. IRound Butte 0.. .. ) Shannon £ Willon (4l) 0.078 0.032 0.0064 NP NP 16.450 97.0 19.0 92.B 17.7 • 2.0- 13.9 2 o. C2 (7) 500 .C5 .82 400 0 

II!. IIL-5 Sandy Sl1 ty v/P\O!Ii <:e l/Ioun<l But tot Daml Shannon " Willon 1411 0.1 0.025 0.0052 NP NP 16.C~0 102.5 16.5 99.2 17.0 .. 2.0- 13.9 1 O • 36 (1) 530 .35 .71 520 .23 
a. a.-29C Silty Clay (Canyon Dam) CasairanCleo ~ Hi rac:hfeld (.8) 0.0)7 O.OOB - 3C 19 Harvard 116.2 15.2 111.2 13.1 69 .. 1.0- 8.2 C .17 30 550 -.05 .B2 
a. CL-29D Silty Clay ICanyon 0 .... 1 Casagrande ~ Hi rs<:hfeld (81 0.037 0.008 - 34 19 H.rvard 116.2 15.2 116.2 13.) 79 .. 1.0- 8.2 4 .59 29 690 .10 .71 

a. CL-)OE Sl1ty Clay (Canyon Dam) Casagrande r. Hira<:hfeld (8) 0.0)7 0.008 - )4 19 llarvard 112.8 16.7 115.1 1~.2 88 .. 1.0- 8.2 4, .51 33 150 .62 .61 360 0 
a. a.-lOr Silty C1.y (Canyon 0 .. ) Casaqran:S. ~ Hirschfeld (8) 0.037 0.008 - )4 19 Harvard 112.8 16.7 110.0 17.4 88 .. 1.0- 4.0 4 .39 )0 160 .50 .63 210 0 
a. CL-lCE Silty Clay (C.nyon DUll CasaqrancSeo ~ Hi rschfot1d (7) 0.037 0.008 - 34 19 Harvard 105.6 19.8 106.) 19.0 87 · .5- B.O 5 .26 31 no .59 .72 45 .59 

-
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RECTANGULAR ELEMENTS IN PLANE STRESS 

In this study, rectangular elements are utilized to make 

stress and strain analysis of various structures, including any 

homogeneous media and reinforced earth systems. In this section, 

therefore, Finite Element matrices for rectangular elements are 

given in detail. 

The sign convention and djrnensions are as follows: 

Material Properties Matrix : 

[oJ = E 

1_"v2 
v 
o 

u 0 

1 

o 
o 

1- u 
~ 

2 
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Shape Function 

[ :1 N2 N3 N4 0 0 0 :J [N] = 
0 0 ·0 N1 N2 N3 

b (l-n) -b (1 +n) 0 0 (I 0 

1 0 0' a(1.,.p) -a(l+p) a (1 -p) -a ( 1 -f)) LG], = 
4ab 

[ b(~+n) 
a(l+p) -a (1 +p) -a(l-p) b(l+n) b(l-n) -b(l+n) -b(l-n) 

stiffness Matrix [K] = ! [6J T [oj [GJ dv 
v 

Kll 

K21 Kll 

K31 K41 Kll 

K4·1 K31 K21 Kn 

[KJ = KS1 :-K61 -K7l K81 KsS 

K61 . -KS1 -Kal K71 K6S 

K7l -K81 -KS1 K61 K7S 

KSl -K71 K71 KS1 . Kas 

where 

KSS 

KSS KSS 

K7S K6S KSS 

0 

-a(l-p) 

-b (1 -n) 
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. ta b . 
KSS = -3- (°22 b ~ °33 -) 

a 

K21 t (0 b . a 
=-.11- - °33 -) 

3 2a b 

K31 
t 0l1b °33a 

= - (- + ) 
3 a 2b. 

K41 
t .°11 b a 033 

= - - ( + 
2 a b 

KS1 
t· ( 

+ °33) = - °12 
4 . 

K61 
t 

(-012 + 033) =-
4 

t 
K71 = ~ (012 - °33) 

. . 

a 

. ta . b 
!<as = - (-°11 - - °33 -a- ) . 

2 b 
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INITIAL STRAINS· {f} = - -'- ( r [G]T[O]dv) {EO} 
. . EO V 

2 

011 b EX + 0'2bE . + 033a Cf' xy 
0 YO 0 

011 bE + 0'2bEy - °33atx.y 0 ~O 0 

-O"bEX 
0 

-:- 0, 2bEyO+ °33aoxyO 

-O"bE Xo - 0'2bE - °33atxyo YO 

{f}E 
t 

= --
0 2 

0'2aEx + °22aEy + °33bfxyo 
0 

-0'2aE 
Xo - °22aE + Yo °33b6'xyo 

0'2aE + Xo °22a Yo - 033~xyo 

-0'2a Yo - 022a Yo - 033bOxyo 

INITIAL STRESSES {flo = _.'-- (f[G]TdV){oo} 
o 2 



1 
{f} - - t a -o 2· 

bax - aTxy 

-ba - any x 

aa + bTXY 
Y 

-aa + bTXY 
Y 

aoy - b T xy 

-aay - bTXY 

Body Forces {f}x = - f[N]T{x}dv 
v 

1 

1 

1 

1 

{Ox 
w -1 =. --
4 

-1 

-1 

-1 
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A P P END I X C 

COMPUTER PROGRAM , SLOPER 



USER'S MANUAL FOR PROGRAM, SLOPER 

INPUT DATA INFORMATION* 

1. TITLE 

TITLE - Title card for program identification 

2. Definition of Slope 

NSPTS, NCIRC, - NSPTS Number of slope 

NCIRC Number of Circle 

3. Slope Point Coordinates 

B(N), C{N), B{N} - X - Coordinate of slope points 

C(N) - Y ~ Coordinate of slope points 

repeat this card as many as NSPTS 

4. Definition of different material zones . 

GY,'GAMMAD, GAMMAF - GY - Elavation of boundary between 

material zones 

* All data are in free format 
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GAMMAD - Unit Weight in Upper Zone 

GAMMAF - Unit Weight in lower zone· 

5. Properties of the soil for upper zone 

CO, PHIDAM - CD - Cohesion intercept 

PHIDAM - Friction angle for upper zone 

6. Properties of the soil for lower zone 

CF, CFGAMH, PHI~ND - CF - Cohesion intercept 

. 7. C i rc 1 e Da ta 

CFGAMH - Rate of increase of cohesion 

intercept with depth 

PHIFND - Friction angle for lower zone 

KCIRCL, Zl, Z2,CRU, KCIRCL = 1, Radius of circle Zl 

KCIRCL = 2, Circle passes through 

x = Zl , Y = Z2 

8. Reinforcement 

KCIRCL = 3, circle is tangent to 

Y = Zl 

IRF - IRF = 1, reinforcement exists 

IRF ~ 1, no-reinforcement 
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9. Properties of the reinforcement 

This card is required when IRF = 1 

OPT, OPT = 1, Only tensile force is allow~d 

OPT = 2, Tensile and Shearing Force are allowed 

FMAX, PMAX, LO - FMAX= Limit Skin friction 

Pmax = Ma~imum passive pressure 

Lo = Transfer 1 ength 

NR, SH, RD, RN - NR = Number of reinforcement 

SH - Horizontal spacing of reinforcement 

RD = Diameter of Reinforcement 

RN = Rupture strength of reinforcement 

RNX(I,J), RNY(I,J) , I = Reinforcement Number 

J .. 1, fi rst end 

J = 2, other end 

RNX(I,J) - x - Coordi na tes of bar ends 

KNY(I,J) - Y - Coo~di na tes of bar ends 
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~ 

~ 

~ 

~ 

~ 

c 

~MU~Kft~ ~LU~tK '1~PLT,SCUI,VUT,TAPt2=I~PU1,lAPEb.SCLl) 

¥~~.~*.+.* ••• **.***~ •• *.*~* •••••• **.* ••• * ••• ~ •• + •• * •••••• * ••• * ••• * 
CCMNON lGENERAI ,A(lO),B(10),C(lO),1(10C),YS(lCO),R~DCO~ 
,CCri~ON IGENERBI N~FTS,XC,YC,R,ARCLEhtG"hS,CRU ' 
CCH~ON IngSGI SFORCE(100),BETA(10n),ALP~A(lnO),WT(lCC) 
CC~~ON IMeS~ NSPl,FS,IlER,ACC,ITERL ' 
C (}. /I 0 NIH G B I X ( 1 (j a ), NEG E a ,S n /1,cJ ) 
CCH~ON ID~~I en~CCG~"~,PhIO,",P~IO~C 

,CCr\,..ON IFNOI CF,CFGAl'1hPhIFt-;O,Pt-IFCC , ""i',' 
CCh~ON/B8/RNX(20,2),khY(2C,2J,RD,F"~X,NRtRh,SH,PMAX,LC,CPT 

[J r ". r N S ION ARE A ( 1 C 0 J ,T CPS L F ( 1 v 0 ) 

, 1 NT F G ER G PT 
~;:i\L LO 

RAUCO~=~CoS(-1.)/18c.n 
~.¥~*~*~ ••••••• ~*.~~*~ •• *.*****.*+ •••• * ••• * •••• +** •••• +.**** ••• * •• 
REA[ TITLE , 
¥~¥ ••• q •• ~**** •• *'*.~* •• *1.*.+ •• ~ ••••• ** •••••• * •• ** ••••••••••••••• 
I eN =J 

1 KFAC(2,lu40,END=9q9~) TITLE 

1\.1 

4~¥ ••• ~.~.~~**4*~.*~~+.*¥+.*q*~~.* •• 4.*.*+ •••• *****+* •• ~++* •• ****. 
;{':ilC f~I1HBi::R' OF SLCFE peHTS, I\LrlHR CF 'CII<CLES 
¥~~***.***.*.4*.9*9.$ •••• ** •• + •••• * ••• *.** ••• * •• *~ •• **.~.9.~.**~.* 
~FA[(2,*J ~SPTS,l\eI~C 

A (H S,P T S ) ~". 0 
~~~*.* •• *.~ .. *.+~**4 •• ******.* ••• * •••• * •••• ** •• ****4 ••• + •• ~*.**~** 
REAC SLOPE POINT tCORD.I~A1ES ' 
~~~.**~*¥***.***~.*+**.*~** •• + ••• * •••• *.*+ •• ~ •• + •• *+*+.+.~ •••• *~+* 
;~2=2.NSPTS 
R r: J\ C ( ? , ", ) (f!( N ) , C (1\ ), h = 1 , t. S F T S J, 
DC hi I=l,~SPTS 
Cl=ElTJ-8(I-ll 
IF(Cl.tC.0.) TbEN 

A (1-.1. ) .. <;999. 
cLSF. 
A(I-U~(C(l)-C(I-l) )/(1 

Et.OIF· 
C eN T INU t 
~ ••••• *~ •••••• ** •• * •••• **.**.*.** ••• * •• +* ••••••• *.* •• + ••• +.~ ••• *.* 
KtAC EL~vA1IO~ OF EC~~CARY BFTk~E~~ATERIAL ZGNES, 
UhlT WEIGhT Ih UPPE~ ZOh~, LhIT ~EIGHT IN LCkER ZO~E 
~t •• ¥.* ••• * ••• * ••• ~.Y .... *.* ••• +.+ •• ~ •••••••• 4 ••••• 4 •••• *** •• **.*~ 
REAC(2,*) Gy"GAHHAD,GAK~AF 
¥.¥* ••••• *.~.*.*~ •• 1* ••• *.*.~*~.* ••••••• * ••• * •••• **.*.* •• ~~** ••• *. 
RFAC COHESION I~TERCFPT, FRICTIO~ ANGLE FCR ~PPER ZC~E 
¥.¥*.***¥~.~.**.*.¥.~*¥*.+**~.*+** ••• * •• * ••••••• ** ••• + ••• ** •• *** •• 
KFAC(2,~) CC,PHICAM 
Pl-lC~O~PHIDAH 

Pl-l~A"=PHlDA".RAC(O~ 
~ ••• *9***~***.~.* •••• *****.* •••••• * •• * ••••• *.~.+**** ••••••••••••••• 
C R~':'C COHi:SION INTC~CEPT, RATE CF HCREASE Cf'COhESIOt; 
~ HT;:RCEPT wITH DEPTh FRICTIOt. ANGLE FOR' LCkER. ZO~E 
~ ¥~.*¥*.**.* •• * •••• ~.¥ ... *~* •• *.~* ••••• * ••••••••• ** •••• *.*** •• **~.* 

REAC(Z,t) CF~CFGA~I-,PI-IF~C 

Pl-IFOO=PHIF~D 
PI-IF~G=PHtFND*RAoeo~ 

c •• ~ •• +.+***.**.***~1*.* •••• +*'~ ••••••• *.* •••••••• *~.* ••••••••••••• 
C j{1="c CIRCLE DATA tHD PCRE FRESSUR COEFFCHH 
C 94.** •• *.**.**.** ••• **.~ •• * ••• ~.* ....... * ••••• ** •••••••• *.~ ••••• ~* 

~EHC(2,.) KCIRCL,Zl,Z2,CRL 
REAC(Z,*) Iep . 
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lJLT PUT 

\IRllf.:(o,lCO) llTLE 
liRlTt:(o,113) 
N R IT i: (6 ,111 ) 
\/RITt: (6 ,113)' 
DC 27 IK=l,t-;SPTS 
,j Q I T E ( 6 , 1 22) It<, B (I 1<) ,C (lIO 

?7CCNllNUF 
.;,.~l TE (6,113) 
~, Q IT t (6,1 1'1 ) . 
;',RITE(b,J.31) 
.a IT t: ( 0, 1 50 ) 
.liHlt::(c,J.31) 
1 L:a 1 
Cl=r. 
~~11t(0,1~0) IL,GAh~AC,PhID~O,CC,Cl 

1L 3 2 
~Rll~(6,1~D) IL,GAM~AF,PhIFCG,CF,CFGA~~ 
"R1 1i: (6 ,1.31) 
,-j R 1 1 i: (b ,l,l't ) 
\1 ~ 1 1 t: (6 ,1 7u ) 
~1 R 1 Tf: (6,180·) 
~ .. R 1 H (b ,1 7u ) 
kRr1E(6,lg~J GY,GY 
~I R! Tt: (0,1 7G ) 
it R lIt.: (0 , 1 t't ) 
;; ~ 1 T t:< 0 , 2 rl ) 
;4 R 1 Tt: (0 ,2 10) Zl, Z 2 , I< G IRe L 
.1 R I T 1: ( b ,.1. \Ii ) 
qt.~~*.* •• * ••••• **.4*4*~.~.*.* •• q 
~FII\FORCEllc"T 
~t.4.*.·q* ••• * •• ** •• ¥~** •• *~.~.*9 
t{J:AC(Z,*) IRF 
LF(IRf.fu.l) THEN 
K.I=AC(2,~) OPT 
kEAC(2,~) F~AX,PHAX,LC 

~FRCt2,.) NR,SH,RO,~N 

JC 7 IJ=l,NR 
~~;.C(2,*) (kNX(IJ,J),lH.Y(IJ,J),J=1,2) 

7 C Ci~ TlNU!: 
R c.= R 1"1 *'J • 5 

OLTFuT 

;·Il~ 11 C ( 6 ,1 14 ) 
I-j RITE (0 ,2 50 ) 
(/ ~Ilf: (6,2 cU) 
.,iH 1E (0,250) 
Or. <; IK:al,NR 
XX=hBS(RNX(lK,2)-R~)(!K,1» 
YY=~~S(R~Y(IK,2)-RhY(lK,l» 

TL=SuRT(XX*~X?YY*YY) 
;, R 1 T E: (6 ,2 70) I K , ( R N )I ( It<, J ) , R" Y ( I K , J ) , J .. 1 , 2 ) , T L 

<) CCriTliWF 
;; R 1 T!: (6 ,2 51) ) 
:.UTdo,llJi) 
~R11~(6,~eo) RO,R~,~C,F~AX,Sh 
... RITE (t"ll't) 
~RL1E(6,281) LO,P~A~ 
ii U 1 C ( 6 , 1 H ) 
,/UTE(o,l82) OPT 
C ~u IF 

-,_ .. '---
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I~lTIALIZF. VARIABLES 

DC! INn -1, 1 CO 
xeHI,T> =n. 
yell'dTl = o. 
i'I T( r NIT) :00. 
"RE.A(!NIT) ·'0. 
SFORCE(INTTJ.· o. 
s e 1 ~ IT)" o. 
TCPSLP(INTT)~ o. 
dF.T~(INn) ;. o. 
YS(HdT):o o. 
ALPI-A(lNIT> .. o. 

3 CC/'iTlNUE 
?l-lrNT=".~ 
X C=/'1. 
Y c=r.. 
R. =v • 

KILLG=u 

f 

«EAC X ANC V COORCH-ATES CF CIRCLE ·CE~TER 

;{EAC(2;+) XC,YC 

CALCULATE RADIUS AhC PRINT CE~TER CCCRDIhAIES AhD R'DIU~ , 

IF(KC'IRCL.E~.1) R,.Zl 
IF(~CIRCL,Et.2) RuStRT«XC-Zl)~.2+(YC-Z2) •• 2) -CaC~l 
IF(t<CTRCL.Et.3) RaVC-ZI 
IF(R.EQ.u.O) STOP1 

CALL GENER TO CALCULATE loll-ERE C1RCLE H.lERSEClS'StOFf;, 
ANC COORDINATES CF !LICE eOUNCARIES ALC~G CIRCLE 

C~LL G~~ER(t<ILLG) 

IF(KILLG.EU.U) GO Te 2~ 

GO TO 2 
Z u C Ci .. TI NU F 

C~LCULAT~ SLICE CI~ENSIC~S A~D kEIGI-1S,'NC ~TRENGTh FCR EACH SLICE 

,~SPl ::: NS ... 1 
DC 99 J" 1, NS?1 
J"L .. J - l' 
IF(J aEC. 1) GO Te :3 
U~LTA~ ~ X(J) - X(J~1j 
UELlAY = Y(J) - V(J~l) 

35 AL?I-A(J) ,. ATAN(-l •• (CELTftY/DELTAX » 
33 OC 4~ K~l,NSPTS 

IF eXeJ) - 8(K» 41,41,4G 
U K)Cl. :I K - 1 

Y S ( J) aA e K ~ 1 ). (X ( J )- E ( KM 1) )+ C ( K H 1 ) 
TCPSLi'(J)aATAN(A(Kl'Il) ) 
GC TO 43 

1~ CCNT!NUF. 
yS(J) ::: GV 
K)4j.a/'lSPTS 

i3 C C;.elI NUE 
IF(J .~C. 1) GO TO ~g 

BftSF ~ X(J) - X(JH1) 
CrURD~8ASF./COS(ALPh~(J» 

y~ .. (Y ( J -1 ) ... Y ( J ) ) 12 a r. 
Y SA:I (YS (J-l J+YS (J) J 12.0 
r.TD=A~I~l(eYSA-YA),(VSA-GY» 
HTF~A~AX1«GY-YA),~~) 

,. - -.... ~- - - - --- - .~ .. - .":;' 

148 



'<. • 

IF(~TF .GT. 0.) .GO 10 75 149 
7v C!N1ER=CD 

Prl TNT:aPHIDAH 
GC1D Be 

75 CINTERsCF+HTF.CFGAK~ 
PHI JiH=PH IF~D 

81.1 CCNllNuE· 
33 S(J)"CINTER 

5FORCE( J) 2PhIINT 
<14 CCIH I NU F. 

IF(JOP.Ea.·Y·) THE~ 
ARllt(6,ll't) 
,fRl TI:: (0 ,2n) 
\1RIH(6,Z92) 
',I R 1 1 E (0 ,2 n ) . 
DC 17 IJ=2,NSPl 
d8=X(IJ)-X(IJ-l) 
ALP·ALP~A(IJ)·180.IACOS(-1.) 
SF:aSFORCE (l J).18C.'1 ~CGS (-1.) 
1'1 R 1 T E (0 ,2 q 3) (I J-l) ,X ( I J-ll ,x (l J) , e 8 , \liT (I J ) ,Ja L P , S ( 1 J ) ,SF 

17 CO,. Tl Nu F. 
lliiHTcttl;2q}). 

·r:"DTF 
••• ~.+****.* •• **~ •• 4.**** •• *** •••• ~ ••••• * •••• * •• ***.* •• 4 •••••••••• 
CALCULATe A~O PKI"T ORDIN~RY ~E1HCD CF SLICES FACTOR OF SAFETY 
**.*.*.*.* ••••••• ~ ••••••• * ••• * ••• * ••••••••••••••••• 4.4.~ •• * ••••••• 
CALL CrlS(KILOM) 
FSO"FS .. 
9 •• *.+ •• * ••• * ••• ** ••••• * •• ***** •• * ••••• *.+ ••••••• *.~ ••• 4 •• ** ••• *.~ 
caLCULATE A"O PRI"TBISrOPS hCCTFTEC MElhCC F~CTOR (F S~FETY 
~.~ •••• * •• ~ •• *** •• ~ •••• *~~*.* •• ~ ••• **.* ••••••••• ** ••••••••••••••• * 
CALL BISHCp· (KILL8,lRF,IOP) 
IF(~ILLe.~Q.O) GO T( 2an 
GO TO OO'J 

>L lCH"lCN+l 
.~ R 1 T 1: (b , 1 lit ) 
'1 R 1 T c (b ,2 2u ) 
,~ R.l. 1 t: (b ,2 :!u ) 
tiRITt(b,22u) 
~RITc(o,2~0) ICN,XC,y(,~,FS 

,~RITe (6,2 2u ) 
nRITE(0,221) FSO 

0~TFR~IN~ Ahb PRINT TT"f ~ECulkED FeR CIRCLE 

JI'I.) CCl'4llNuE 
CALL S~(ONO(TI~E2) 
TTnE=TIWE2-TIMEl 

i C Or~Tl NUF 
~RIT~(6,222) TI~E 

IF(RADCGN.GT.C.O) GC TO ! 
;9i.J S TO P 

~*.+~ •• +~ •••••• ~q.~4~.~ .. +.+ •• * •• *¥+~* •• * •• * •• ~$* •• ~.4 .~ ... *.~.+.~ 
I~PUl FC~r-AT STATE~c~TS 

••• ~.t •• *+ ••• q* •••• 4*4.+*.* •• + ••• *q.* ••• * •• + ••• +.* ••••• 4 •• ~ •• +.4.* 
J ,,,., F C R ~ A T ( 21 1 U ) 
.Iv FGk~AT(?FI0.0) 
.1~ FCR~hT(lF1Q.C) ~ 

"2~ FCKMAT(3FI0.C,IIU) 
.3,; FCfd'AHIl!'J) 
~'tl~ FCi<."AT (J\'j2) 

.5~ FCKNAT(311~,2Fla.O) 

ubv FCK~AT(5FI0.0) 
~7\J FCRf'lAT(!lI) . ___ . ..: 
• eli,; FOk1"AT(5Fltl.U) -----~..--- ---- . 

•• * ••••••••••••• ***+**** ••• * ••••• * ••••••••••••••• ** ••• *4~ •••••••• + 
OUTPUT FORM~T SlATEME~TS . • * ••• ~ •• *~ •• + ••••• * ••••••••••• * •••••••••••••••••••• 4 ••• ~.* ••••••• * 

ln u FOk~AT(lHl"I)II,15),'t~(·-·),1,15X,·: SLCPE STABILITY ~~ALYSIS OJ 
, .~l;' INPUT EChO :',/15X,46("_' ·'1,15X,72(1-.,,/15X,·: PROJE.CT TI 

.'i<TLE: ',A52,':',/15),72( . 
113 FOR~AT(15X,~5('-'» 



UU1~Ul FU~M~T STATE~E~TS 
.~ •• q.*.* •••••• * •• 9 •• ** ••••• ' ••••••••••••••••••••••• ~ •• 4 •• * •••••• ~ 150 

lOu FOk~AT(lHl,'1111,15),4t('-'),',1~~,·: SLCPE STABILITY ~hALYSIS 01 
:~TA INPUT EChO :·,/15x,46(·-'''1I1,15X,72('·'),1l5X,': PROJE.CT TI 
'l< T L E : " A 52 , , : • , 115 ) , 7 2( , -' ) , II n 

113 FOR~AT(1~x,45('-'J' 
J.l'i F CJ{ I'A T( II II ) 
j,11 FCKIIAT(l5X,':',' PCHT x·CCOROIt\ATE Y-COOrHHAlE :') 
J.2L FCR"AH15X,':·,'tX,12,~x,·:·,2(F12.2,4X,·:·,) 
13.1. .FGK"AT(15~,63('-·)) 
~5u FCR~AT(15X,': SOIL U~lT WEIGbT P~I CObESJC~ INCR. 

"':rOF.COH : ') 
~ 6 v. F CR 1/ A T ( 15 X, ' : ' , I 5 , 3 )I., • : ' , F 11'1. 1 , 5 X , ' :' ,F 4. 1 , • : ' , F i • 1 , ~ X ~ , : • ,F 8 • 7. 

~,7X,':') 

~7v FCR~AT(15X,36(~-')) 
J.d~ FCR~AT(15X,': SOIL FRO~ LPIC· :') 
~9~ FCk~~T(15X,': 1 e01TOH Y·',Ft.l,· :',/15),': 2 

.: Y··,F5.1,' TCP :') 
~ll FORIIAHIII,I5x,5.,;('·'),n.5X,·: TYPE CF CIRCLE',28X,':',/t.l5X, 

-lr;C('~'''/15X,': 1- RA[}IUS CF CIRCLE IS Zl',20x,'':',I1~~,': 2- C 
~lRCLt PASSES THROUGr X2 11, yaI2',~x,':',/l~X,': ~- CIRCLE IS Tt 
-11 j, Gl t.. T TO. Y ·ll ' , 1 ~ X, , : _. , 115 ~, % ( '- , ) ) 

~1~ FCk~~T(/30X,'Zl~·,FE.2,/3CX,'12·',F8.2,'115X,'GPTIO~ 2 ••• » ',11) 
~~0 FCk~AT(15~,83('-')) 

~3~ FCK~AT(15~,': CIRCLE X-COCRCI~ATE Y-CCCRDlhAlE R~OJ 
~uS FACTOR OF S~FFTY :') 

.i: it " F CK !II A T( 15 X, , : • , :5 X , 1 2, :3 X , • : • ,2 ( F 1 (,; .2 , (; X, ' : ' ) ,F 1 C .2 , It )I , 

,0.1: ,. .... ») ',Fit.!,:3x,' :1) 

l2J. FGk~AT(flll,15X,'FACTCR OF SAFETY OETAlhEC EY CRDIhARY SLICE ~EThO 
<'t] ,."' .. "'»> ',F8.2) 

~5u FOR~AT(15X,e7('-") 

,6~ FaR~AT(15~,': FIR S TEN 0 S ~ C o. 
* I'i D f: I~ 0: lOT A L :' , " 15 )I , , : ' , t: X, b C; ( '- , , ,1 ex, ' : 1 

*,I,]5X,': NO X·CCOROIhATE Y-COCRCI~AIE X~C(CRDI~ATE 

*: '1- COCR 01 I\A Tf: L !:NGT r. : ') 
,;'.7 u F Jj{ N i\ T( 15 X, , : • , I ~ , , :' ,4 ( F 1 (; .2 , , : ' ) , F 7 .2 , , : ' ) 
~8'J FCR./"AH15X,31t('-'"/l'.:X,': R f: I " Fe" C E Ii E N 1 :',/lSX 

>:r, 34 ( '-' ), 115 X, , : eTA f' E 11: R , : • ,F e. 2, ' : ' , 11 ~ x , ' : 1 F h S I L 
'>l: STRENGTH :',F8.2,· :',/1SX,': ShE~R STREI\GTIi :·,F8.2,' 
*: ',/15X,': COEF.GF FRICTIOt\ :' ,F8.2,' :', 
!.r/b)l,': ~ORIIONTAL SPACHG :·,F8.2,· :"/15X,34(' ... ·)) 

.:: a i FeR IJ j, T ( 1 5 x , 3 5 ( '-' ) , 11 5 X , , : SOL L : • , /1 5 X 
·,35(·-'),/15x·,': E:FFECTl~E Lr:NGTH :·,F7.2,· :',/l~X,I: Mf.X. 
*PASSIFF PRESSURE :',F7.2,' :·,/15X,3S(··'» 

~ d ~ F OR itA T ( 15 X, 38 ( • -' ) , 115 ~ ,. : ASS L ,.. P 1 ret.. : ' , I 
715X,jiH'-'),/15.x,': 1 CNLY TE~SlU: SlRHGT~ . :',/15~, 
., 1 : ? TEN S I LE c S r L~ R II. G S T R E 1\ G 1 h : ' , 11 5 X , 3 8 ( • - • ) ,I J 1 5 x , 
~'GPTION ---» ',13) 

L9i FCK wATlI5x,lUO('-'» 
~~2 FOk~~T(15X,': SLICE: ~-~EGI" X-ENC "JDlr WEI 

)GrT ALPHA CCHESIO~ P~l :" 
~93 FCk~~T(15X,':',I4,' :·,;(F9.2,' :'») 
a l F OK If,; T (/ I III , 15 x, 'T I it ERE 0 U IRE. C ·-E all sa») ',F S. 2 ,. SEC S ' , I , 1 ~ 1) 

cl\tJ 
SLBROUTINE GENEx(KILLG) 
~~¥*~~ ••• + •• **** ••••••• ~~.* •• **~*.* ••• *.* •••••• * ••• ** ••••••••••• ** 
CCri~ON IGENERAI A(lu),~(10~,C(1~)·,Y(10C),YS(100),R~DCG~ 
CCH~Gh IGENERBI NSFT~,~C,YC,R,ARCLEh,G~,NS,CRU 
C Ctl '" U r-. 111 ~ S GIS FOR C E ( 10 (!, ,fj ET 1- ( 100) , ALP t- A (lOC " WT (l C (, ) 
CCM~O~ IHaSI NSP1,FS,IIER,ACC,ITEkL 
CCn~ON IhGSI X(lOO),NEGEQ,S(lOO) 
COn~ON lOAMI CD,CDG~rit-,PhIDAH,P~IDHC 

CChHON IFNDI CF,CFGftn~,PHIF~D,P~IFCC 



• •• +.~ ••••••• ****.*1* •• +*.* ••• *+~ •• ~ •• *.* ••• * ••••••••••• ** ••• *.+.* 
DETER~INE WhERE CIRCLE IhlERSEC1S SLOPE 
* ••• **.t.*~* •• * ••••••• ** •••• * •••• * •••••• * ••••••••• * •••••• ***~ ••• *. 
X,wI":Zl'l. 
X w,. x:o". 
11'11 " :a.' 
I JJ Ax=e 
OOlU0 T:ol,NSPTS-l 
S.I4=·HI) 
S""C(I'-B(I'.SN 
IF(SM.NF..~.' THE" 
A~:rl+S~'l'S;'\ 

aC=2·S~.S~-Z*XC-2.'C~S" 
CC-SN.SH-ZtYC·SN-R·R+xC.XC+YC.YC 
Xl=(-8C-SQRT(BC*BC~~ •• AA.CC»/(AA+AA) 
Yl=S!'Iv Xl +SI\ 
x2:r(-~C+SQRT(BC*eC-~.*AA·CC)1/(AA+AA) 
Y2=S"4'1'X2+S" 

C L~ F 
TF(S"! .. I=CJ.O.) TrE" 

Y1=C(1) 
xl=xC-SCRT(R*R-l)1-YC)+.2) 
Y2=C(1) 
x2=xC+SCRT(R·R-('2-YC) •• 2) 

r-NClF 
TF(5H.FQ.q~9q.)ThE~ 

X.1.=i3(1l 
YL=YC-SQKT(R*R-(Xl-XC)·.2) 
xi=ti(l) 

'Y2=YC.SQRTIR*R-(x2-XC) •• 2) 
i:r1 C I F 

diU IF 
PRI"T~,'Xl"',Xl,' '.l",I,Y1 
IF(Xl.Gr-aB(I)~A''D.xl.LT.B(I+l).CR.X2.GE.B(I).A''C.X2.Ll.E(I+l»TrE~ 

IF(Xl.GE.B(I).AND.Xl.LT.B(I+l» TrEN 
xO=Xl 
YO=Yl 

E:LSE 
xO=X2 
YO= Y2 

t."OIF 
P R I NT ., 1 X a, y a 1 , X 0 ,y C 
!F(XhT~.EC.O.) TrEN 

x-"II'\=XO 
Y'·I1\=YO 
i.'l I N=! 

eLSE 
X '~A X= XO 
YlfAX:oYO 
Ul:. X= I 

It\OIF 
? R 1 t-. T ., 1 J "'S 0 G F SAO h J F K ,. 1 ,X!4 lI\ , )(.'iA X , Y " lI\ , Y l'I A X 
;:I\UTF 
IFlx~AX.NE.C.ANC.x~lN."E.C.) Gala 2Q1 

:'u CCNlINUF. 
PRI"T·,'X~AX·,XHIN,)HjX,Y~l",Y~AX 
~.*.~.~.* .... ~.**.~.~ ••• * ••••••• *.~ ••••••••••••• ** •••• 4~ •• ~ •••• * •• 
RFTLkN TF CIRCLE DOES "CT I~TERSECl SLOPE 
•• ¥ •• ** •••••• *.~ •••• * ••••••••••• ~ •••• * •••••••• ** •••• , ••••••••••• ,. 

"v IF()C'iIN.cC.C •• ANO.X~Ax.Ft.l.I;.) GCTC 3\;0 
~ •• +~ •• *~+ ••• * •..•.• ~ ••••.••••. * ••••••••••••••• *.* •••••••••••••••• 
RETU~N IF CE~TER IS BELCw LCwER IhTERSECTICh PCINT 
.+¥ ••••••••••••••••••••••••••••••••••• * •••••••••••••••••• * ••••••• ~ 
IF(YhAx .GT.YC) GO TC 400 . 
• h •• h ....... ** ** ,. .... "'.; * * .... H h h h ••• .; ..... of. h* .-.-... ,. ,., •• ~ •• -y~' *. 
CALCULATf: SLICE eaut.D.6RY. COCRCHATE.S· . 
• +.+ •• * •• ~ •••••• * ••• * •••••••••••••••••••••••••• * ••••••• ~ ••••••• ~ •• 

I'll xn):oXI'ITN 
Y(1)aYC-$CRT(ABS(R.·2-()C-X(1»··2» 
I F ( Y 1'\ IN, • GT .' Y t) Y ( 1 ) :0 Y C . 
IF(YHTN .GT. Ye) X(l)·XC-R 
13 ET t ( 1 ) "'C RU 
Tr~TA(1)al.51C7~b3 
IF( (ye-Y(l) .GT. c:.or.\1r.'Jt:ll ThF.T.A(l)"ATiHdOC-X(l)}/(Y(-Y(l)) 
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Zlu 

! , 

4.~.q~ .. * •• ~** ••••••• + ••••• *.*.*.* ••• *.~ ••• ~.*.**.~~ •••••• * ••••••• 
CALCULATE SLICE BOU~D~RY COCRCI~ATES 
**¥ ••• *~.~*.**.*.*+ •••••••••• + ••••••• ~ ••••••••• ~.+ ••••• 4 ••••••• ~ •• 
X(j,):aXIiJN 
Y(1):aic-SCRTlABS(R •• Z-()C-X(1».*2) ) 
IFVI'I'IIN .GT. YC) y(l):ayC 
IF{YHTN oGT.yel X(ll-XC-R 
t3 ET ,. ( 1 ) :II C R U 
Tr.~lA(l)-1.57C7~b3 
1 F « y C- y ( 1) l. G T. 0.0 t;u O'J ell Th ET ~ ( 1) -A lA N( 0 c-.x ( 1) ) I (YC- Y Cl ) 1 ) 
C~ORD:aSQRT «XMlh-X~AX) •• 2~(Y~I~-Y~~X) •• 2) 
AA:.().5*(CrORD/R) 
CEN.hG=(ASIN(AA»/l~.O 
CCNTINuE ' 
t(=J. 
lPl tIN 

L,,? ~ K. ~K +1 
a n ~ (K) =C RU 
IF(K .G~y 100) GO lC 235 
t{!'.i.=K-l 
TrclA(K)-THETA(KHl)-CE~ftNG 
IF{ThETAlK) .LT.~.C .A~D. ThETA(KHl) .GT. 0.0) ThETA(K)zO.C 
X(K)=XC-R+SIN(ThETA(K» 
IF(X(K).GT.B(N~1).A~D.X(K~1).LT.B(h+1» X(K)&e(N~l) 

IF(X(K) oGT. XHAX) >(K)·X~AX 
Y(~)=YC-SCRT(ABS{R*~2-(XC-X(K»**2) 

T~ETA(K)=ATAN«xC-X(K»/(YC-Y(K)l) 
IF(Y(K-l) .IT. GY .'NC. Y(K) .Gl. GY ) GO IC 225 
IF(Y(K-1J .GT. GY .ANC. Y(K) .IT. GY) GC TC ~2~ 
GO TO, 230 

~,?~ Y (~)"GY 
X(K)=XC + S~RT(R**Z-(YC-Y(K»)*.2) 
GO TO 227 

~~b Y(K)-GY 
X(K)aXC - SCRT(R**2-(YC-Y(K»*~2) 

,27 TrtlA{K):a~TAN«XC-X(K»/(YC-Y(K») 
d ... crr.;T!NUF 

,~ es 1A "'A BS (THE T A (K) ) 
IF(ABSTl.LT.O.00001) ThETA(K)2V.O 
IF(X(KJ.tC.B(N+l» ~=~.l 
IF()c(Kl .• t.;E. XM.\X) GO TC 22<'. 
G C . TU 2 'tv 

t3~ CE~'NG=2.0~CENANG 
GO TU 21u 

~4v N5=K-l 
GC TO 3](} 

jl'l,.i 11 RITf: (6,3 (1) 

KILLG=l 
,jh CCIliTlNUF. 

RnLK~ 

., l' "" .< T L l G '" 1 
iHTLKN 

j f) 1. F OK tl,:. T( 1/ I, 15 X, It 0 ( .... ), 1,15 x, ,_ 
$'. CIRCLE DCES NOT IhlERSECT SlCPE 

SLBRUUTINE C~S(KILO~S,RFORCE) 

C C 1\ IlL N I G r; N ERA I ,\ ( 1 C ) , e ( 1 v ) , C ( ]" ) , Y ( 1 (J 0) ,., S ( 1 C C ) , R ~ 0 C C tI 
CCn~UN IGFNERBI NSPTS,XC,YC,R,.RCLEh,Gy,~S,CRU 
CO~~ON/M8SGI SFORCE(lGn),BETA(lUn),~lP~A(lOC),HT(lC~) 
CCM~ON IH8S1 NSP1,FS,ITER,ACC,ITF~L ' 
CChliON IriGSI X(lOO),t;EG(Q,S(lOv) 
COh~UN IOA~1 CD,COGAh~,PHID.M,P~lDkC 
COH~UN IFNO/CF,CFfArt~,PhIF~O,P~IFCC 
KILCi;'S",(! 

~,-. 
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i ~ -' 

---------------------
I '_.7'.-'''0 £010 A _ .. . 

SLt1"U~"'r.. 
-5 IJh CE N .. n. 
DC 1 I=2,NSPl 
OELIAX=X(Il-X(I-ll 
UL"E~TA(ll.hT(I)/OELTAX 
PCScWT(T)*CCS(ALP~A(I')~(LU*DELTAX)/COS(ALPHA(I') 
IF(POS .LT. C.O) ~os=n. 
5Lri~U~·SU~hU~.S(I)*[ELT~X/CCS(AlP~A(I».TA"(SFCRCE(JJ).FCS 
SLriCEN=SU~DE~;WT(I).SIh(ALP~A(r» 

). CCNTlNUF 
FS~SU~~UM/(SUMDEN-RFURCE) 
RETIJRN 

SLbRO~TJ~F bISHOP(KTLLB,IRF,ICP) 
y ••• ¥ ••••••• **.*~ ••• ***** •• * •••••• *.~ .. **.** •••• _ ••••••••••••••• ,t 
CCM~G~ /GFNERA/ A(lU),B(!O),C(lU),'(lOC1,'StlOO),R~DCO" 

*.~.~***** ••• **~***.~~*** ••• * •• *.*.*.** •• * ••• *.*~*~ •• ****** •• **q¥* 
COh~~N IGENER81 ~SFTS,XC,YC,R,ARCLEh;G',~S,CRU 
CCn~ON /"SSGI SFORCE(lUC),BETA(lUC),ALP~A(lOC),kT(lCC) 
GCM~U~ IM8S1 NSPl,FS,ITER,ACC,ITE~l 

cnfi~ON /rtGdl X(lUC),~fGEC,S(lCC) 
CCIi~UI~ lOAf..., CD,COG,Hil-,PhIDA".,Pt-lCkC 
CCM~ON IFNDI CF,CFG'MI-,~HIF~O,PI-IFOC 
OI~ENSION RFT(la~),RFR(l~C) 

CI-AR~CT'=R IeP.l 
~ •• *'.~**+.~ •• 4*'.'.** •••• *.~.*.~~~ ••• * ••• *.~ ••• ** •• * •••••• *.*.*., 
I~lTl~LTlE FOR FIRSl ITERATIG~ 
~~~*.~9.*+.*.'.* •••• ~ ••• ~ ••••••• * •• * ••••• **.* •• * •• ' ••• * ••• ~ •••••• ~ 
ITi:RL=2~ 

lTt!?=1 
F''1= FS 
G ( TO 3 
~~¥.** •••• **~**.* •••••• **.* ••••• * ••••••••••••••••••••••••••••• ** •• 
CI-~CK TO SEE IF ITERATICNS EXCEED ALLCkA8LE 
4+ ••••• * ••••• ~ •• * •••••••••••• ~ •••••••• * •••••• * •• * •••••• * •••• **¥ •• 4 

1 IF(IT~R.LT,ITERL) GC TO 2 
rlRIT~(6,2C~) ITERL 
KILLtj=l 
RnLRN 

~ LTER .. !TF.R·l 
F·1= Fl 

:3 CCNllNUF 
C!LL SECONO(TIHE5) 
be 5 IK=l,lOG 
R FT ( 110 a(J • 

R FK (I K) at;'. 
') CCNHt-iUF 

~*.*~*.* •• *.**¥** ••••• * 
RE:HFfJRCEHEH 
*~~ •• * •••• ******** •• * •• 
IF( JRF.F.t~.ll THEh 
CALL REINFOR(Fu,RFT,RFR) 
cl\OTF 
*.¥*.**.**.~* •• *.+ ••••• **.4.~** •• **.** •••••••• ' •• *~ •• ~.~*.*~**~*** 
i~lTl'LTlE SUMHATIO~ lERHS 
~~ ••• * ••• *~***~*.* •••• ~.* •••• *~**.** •• **** ••• * •• *** •••• 4.*.*~ •••• ~ 
IF(IOP.Eu.'Y'.ANO.rlER.Eu.l) ThEN 
ti R 1 1 C ( 0 ,21)0 ) i, R 1 T t; ( 0 ,2 ell 
,ojIHTE (0,2(12) 
,i RI 1f: (6,2 '11) 
EIIDIF 
SUhl=O.-
S !,;H2T"v. 
S L,'. 7 d = .• 

~.-. 

.' 
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$ UI13T:zG. 
S LII3B=v. 
Slid 3=,1. 
DC 4K=2,NSPl 
RR=RFR(I<l. 
KT=RFT(!<' 
K1#l=K-1 
CE£:=S (K, 
Pt--EE=5FORCE (K) 
IH= SE TA CK) 
Be=)lC!<)-)«K-l) 
SLMl=SU~l.WTCK).SIh(ALP,",ACK»)-Rl 
SUK2T:z(1'TA~(PHEE)~lANCALP~A(K)/FC) 
S ttl TT '" ( kT C K ) ... R R * COS CAL P '"' A C K , ) - R Ttl S H ( ALP h A ( K) ) ) • T A h (H EE ) 
SUh3T=CEEt88~SUMTT 
S~h2=SU~2.(SUH3T/SU~2T)/CCS(ALP,",A(K» 

"t CC""Tl~UF. 
~ ••• ¥~ ••••••• ~.** •• 4 •• ** •••• ***.**~*~**.*.~.**~ ••• * •••••• *** •• **.~ 
C~LCULATE FACTOR OF SAFETY 
¥4 •• f* •••••••••• *.~4 •• * •••• * •• *.~**.** ••• *.** ••• ** ••••• ~.*.* •••• *. 
F 1=Su i '2ISUi\1 
Fl=Fv*(lG-(SU~1-S~~2)/(SU~1-SU~3-R~CRCE)) 

~*.* •• y*.h.,***.,* •• *+* ••• *.,~*", •• "".* •• *".,*, •• , •••••••••••• 
C~~CK CONVERGENCE A~D REPEAl IF NFCESSARY . 
•• ¥ •• t¥.** ••• * ••• **~*.* ••••• ~.**.* •• ** •••• * •• * ••••• ~ •••••••••••••• 
IF(TO?FQ.'Y') THEJ~ 

~Qllt(b,213) ITER,FC,Fl 
cl'tOIF 
IF(~aS(Fl.-FO).GT .. O.("vl) GC TO 1 
FS=F.l. 
KILlS:'j 
IF(IUP.FU.'Y') ThEN 
.1 R 1 T f: ( b ,2 ~ 1 ) 
\~ R I If: ( b ,2 flU ) 
t;t\OJF 
i{ ETLkN 
FCR"'ATCIIJ) 
i=CkfJ .. TC15X,4CC'-") 
F CK l'iA j( 1 ~ X, ': I TERt.lI G~ y" IT Ii,L CALCLLA TED :') 
F CR rAT ( 1 ~ x, • : ' , I a, ' : ' ,2 C F C;. 2, , : ' ) ) 

I FCi-:rAT(J1115X,45C'~ '),/15)1, 
~'elSHOP saLUTIO~ Cle ~OT CO"vERG~ I~',15,2~, 
->, JTFRHJO"'S'''15X/'t~C '. ') ,III) 

C:I'.U 

CALCULATIC~ OF THE FORCES 9 

L~ REtNFURCE~ENTS • 

SUBROUTINE REINFOR(FS,RFT,RFR) 

t;Ct.t'ON IGfNERHI NSFTS,XC,YC,R,AJ{CLEI\,GY,r\S,CRU 
C C h ,. U N I,., e SIN S PI, F K ,I T£ R , A C C , IT F" L 
CCI\~ON InGBI XCIUO) ,NEGEa,SnOO)._ 

,t; C(. ,.. 0 'U 8 ti I R 1\ X ( 2 «1 , 2) ,R N Y ( 2 r. , ?J ,K C , Fr, A X , " R , R ~ , S h PH A X , L C , C P 1 
o r 1'. F I~ S 1 Ofi R FT (l (hJJ , I; F R ( 1 u c; ) 
II'l"fFGER OPT 

'kEi.L LO 

IF( ITEK.tC.l) THEN 
:~ teL T t C 6 , 2 ~l J 
!: :-'0 J F 
UC 1 Y=l,t\R 
U }' = (K NY (1 'tl J - R N Y ( I , 2) ) I (R "X (I ,1 )...; R N )( ( I, 2 ) ) 
01'.= Rl-l Y ( I , 1 ) - R N X (1 ,1 )q Cli 
Cl=CN~YC 

" , : ~. . 
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dB=-2.9XC+Z.*OM*Cl 
CCaxC*XC~Cl+Cl-R*R . 

' .. XP=(-BB-SCRTlBB~B8-4.*AA.CC»/l2 •• AA) 
·YP=Ci'\"XP'f'ON 
MlG1HaSCRTllXP-RNX(1,li).~2+(YP-R~YlI,1» •• 2) 
Pl=PNY1T,2)-RNY(I,1) . . 
P2=RN~lI,2)~RNX(I,1) 
IFlP2.EC.O.) THEN 

ALP l=Qu. 
:: LS F 

ALPl=ATANlPl/P2) 
HO IF 
Cl=XC-XP 
C2=YC-YP 
IF(CZ.EC.C.) ThEN 

ALP 7.'" 9v • 
ELSE 

ALP2",ATANlCI/CZ} 
c~DIF 

"lPP.=.ALP1'f'ALPZ 
~lPC=~LPR*180./ACOS(-1.) 
IF(CPT~F.U.l) THEN 
TEN=lRLGT~.F~AX.ACOS(-l.)+RD}/FS 

. rF(TEN~GT.kN) TE~.R~ 
S ~i: J\~"v • 
Tt.LOa:RN 
~~LO·~ .. 

ELSE 
C] .. TAt-t(90.-ALPO} 
V~L=RN/(2~*Sa~T(i.'f'4 •• Cl~Cl») 
TJ\L=4 •• VAL+Cl 

. T !LO=T At 
VALO=VAL 
v5GIL·P~Ax.RO·LO/2. 
IF(VSOll.LT.v~L) lHE~ 

vAL"'VSOIL 
TAL=SCRTlRN*Rh-4 •• VAL~VAL) 
TALO=TAL 
vltLO"VAL 

~1\OTF 

TF~=(RLGT~·FHAX*AC8Sl-1.).RD)/FS 
IF(T~~eGT.TAL) TE~=TAL 
S t-Ct\R=v AL 

2N()IF 
R~·TEN~SlN(ALPR)'f'ShEAR.COS(ALPR) 
kT=lc~¥COSlALPR)'f'ShtAR.SI~(ALPk) 
DC 3 Il=1,NSP1-l . 
IF(XP.GT.XlII).ANC.xP.LE.XlIl'f'l) Tt-EN 

KFTlIT)aRFTlII)'f'R1/Sh 
~F~(lT)=RFR(II)'f'RRISh 

i:fluJF 
3 CCr~TlNUr: 

rF(ITER.cC.I) ThE~ 
WRITE(6,Zr2) I,TAlC,VALC,RLGTt-,ALPC,TEN,S~EAR 

.:~uTF 

.:. C Cr-. 11 ~UE 
1Ft nEf<.EO.lJ THEN 
~.jRiH:(6,2'l3) 

.1il.1 Tt (0 , 2 ~ 4 ) 

.:: I\U r F 
kHUR.I'. 

.:. :~ i.. F C i<. !< '" l( 1/ 1/ , 1 5 X , 7 C; ( '-' ) ,/15 X , 
~'.: NO TEN-AL St-~AR-Al 
.kj'j SHf.:~R :',/15)1,7Q('-'» 

EFF-lHGTr 

G 112_ E CB1LA T D.2.~ , : '-LL'LL' __ : ' , F:-,7,-,;.;-:2:...J, ..... '--;;-;--:'-..'-,,£l.t.l,L·,_._ 
*.2,' :',F8.Z,· :',F7.2,' :') 

~~j FCk~AT(15X,7Q('-'» 

~~~ FCk~ATlllll) 

tLPt-. 

~15 FCR~ATllll,20X,·F.C10R OF S.FETY IS ASSLKEC AS',f7.Z) 
~3~ FCk~~T(III,2QX,'FORCE CARRIED ~~ RLI~FORCE~EhT :',Fl O.~,II) 
~0w FCk~AT(III,15x,'AlLCWA8LE STRf~GT~',lOX,~APPlIEOST~E~G~' 

>ir, 1113 X, 'R Fl NFOR CEME H " ~x , , SO IL ' , 1/ 12 X', • S H AR ',2 (4 X, 
->'Jl;t\SILE' ,5X, 'ShEAR') ,5)(, 'R-DII~'" ,5)1, 'E-Ut\<;T ... • . 
·,~X,'ANGLE',5X,·TENSIlE·~5X,'ShEAR·,5X,·TCTAL·,/) • 

i2~ FOR~AT(7X,lOFIO.Z) . .. . . 
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A P PEN D I X D 

COMPUTER PROGRAM, FRSOIL 



USER'S MANUAL FOR PROGRAM, FRSOIL 
, * ** INPUT'DATA INFORMATION' 

1. Heading 

1-80 HEAD - Title'card for program identification' 

2. Type of material 

ITM - ITM • 1 Elastic Media 

ITM • 2 Soil ' 

, 3. Type.of soil and type of analysis 

This card is required when ITM = 2. 

ITS, l~A - ITS = 1, homogeneous soi 1 

ITS = 2, reinforced soil' 

- ITA = 1, linear analysis, 

ITA = 2, Non-linear analysis 

* All data are in free format 

** Any unit: system can be chosen by the user 
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4. Automatic mesh g,eneration 

IMESH' - IMESH = 0, nodal point's coordinates are given as 

input data 

-158 

IMESH ~ 0, nodal point's coordinates are calculated 

automatica lly 

5, Nodal 'point's coordinates 

This card is required when IMESH = a . 

, -

NJ, NM - NJ = Number: of Joi nts' (Maximum = 500) 

NM = Number of member (Maximum = 250) 

NNUM, x(I), Y(I), OXe!), OY(I) - NNUM 

X (I) 

Y(I) 

OX( I) 

Noda 1 number 

x-coordinate of this node 

y-coordinate of this node 

restrain in x-direction 

OX = 0, fixed 

OX i. 0, free 

OY(I) Restrairi in y-direction 

OY = 0, fixed 

OY /:. 0, free 

Repeat this card as many as NJ 



NNOD(I,\.l) - I 

J 

Member number 

Joint number 

NNOD(I,3) 

I 

NNOD(I,4) 

Repeat this card as many as NM, 

OM1T 6, 7, 8 and 9 when IMESH • 0 

6. Automatic Mesh Generation 

NNOD (I ,1 ) 

NNOD(I,2) 

EST, VST, THK -(Required when 1TM = 1) 

- EST Elasticity modulus of the considered

rna teria 1 

VST Poisson's ratio of this material 

THK Thickness of the member 

7. Definition of Blocks 

NOB - Number of Block (Maximum = 30) 

159 
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BLOCK-2 

I I 
BLOCK-l 

I 

I I 
8. Horizontal and'vertica1 seacing 

NH(I),'NV(I) - I Block number 

NH(I) Number of nodal points in horizontal direction 

NV(I) Number of nodai points in vertical direction 

H(I, 1, 11) X - coordinates of nodal points located 

on bottom of the' bl~ck 

H(I, 2, 11) X - coordinates of nodal points located 

on top of the block 

X H(I, 2,11) 

___ ~~~-L-L~~~ 

X H(I,l,Il) 

0(1,1,11) Y - coordinates of nodal points located 

on right edge of the ~lock 

O(I, ,2, 11) Y - coordinates of nodal points located 

on 1efth edge of the block 
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0(1,1, Il) D (I, 1, 11) 

y 1 

ESO" VSO, PI, COH, DEN, THK, UKM, RN,. PA, RF - (This card is 

required when ITM : 2) 

ESO Elasticity modulus of the soil 

VSO Poisssor.·s ratio of the soil 

COH Cohesion of the soil 

DEN Density of the soil 

THK Thi ckness 

UKM Modulus number 

RN Modulus exponent 

PA Atmospheric Pressure 

RF Failure ratio 

, ,-
Repeat this card as many as NOB 

9. Restrains 

NP - Number of nodal points that ,are restrainec;. 



11, DX(Il), DY(11) - 11 Nodal number 

DX(Il) = o Fixed in x - direction 

DX(IJ) ~ 0 Free in x - direction 

DY(Il) = 0 Fixed in Y - direction 

DY(.Il) ~ 0 Free in Y - direction 

Repeat this card as many as NP 

10. Concentrated load 

·162 

NLOAD - Number of concentrated load MEM(I), DIR(I), LOAb(I) 

- MEM(I) = Noda 1 Nurrber 

DIR( 1) = 1 X - direction 

DIR(I ) = 2 Y - direction 

LOAD( I) = Magnitude of the load 

11. Gravi!y Forces 

IGF IGF = 1, Gravity force exists 
.' , 

IGF ~ 1, No-Gravity force 

12. Defi ni tion of layers .for i ncreme!!,ta 1 ana lysi s . 

This card is required when ITA = 2 



Number of layers NIL 

NIM( IK) The last element number of added 'layer 

13. Reinforced Soil 

This card is required when ITS = 2 

XC(IK), YC(IK) - Corner coordinates of reinforced region 

I 

ER, AR- ER = Elasticity modulus of the reinforcing strip 

AR = Area of the reinforcing strip 
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· :/ \. " :;n L ~ 74 / [) 1 0 0 P T :: J, r~ 0 tr J D ~ A / S / . ~1I- 0 , - D S fT N 5. 1 + 62 0 164 
; . l'~ I - .J i , :. ~~ S :: - C [) " ~ 0 tI 1- F I ,,[ ), C S:: USE R / - f I XED " 0 a = - T D 1- S B / - S LIE R 1- I D 1- P M 01- S . 
: := r :;): L ,I:: , l :: L , ~ :::J • 

• kK~".~"""""**"*"************************************. *** •• *.****"".~ 
fIN ! T [ ELEI1ENT A N A L Y SIS 

'" '" "k ." " .. ,. .. "" '" * "' .. ,. .. ,.,. ,. * .... '" '" *,. *,. *,. * * * * * * * •• 'It'. * * * ... "'. *. * * * '" "' ... * ... * * ....... _ 
* .. 
.. 
.. 
.. 

THIS PROC,RAI1 SOLVES PLAIN STRESS AND PLAIN STRAIN PROBLEi'l 
I ~ i H 0 ;.\ 0 G ( I j E. a us· 0 r. N a ~j - rI a N 0 G ENE a US, NED I A , U SIN GEl THE R LI N E A K 
OR ~UN-LINEAR ANALYSING METHOD (' INCLUDING ITERATIVE AND 
Il,CRt:~1[:HAL LOADlt~G :IETHOD ) ••.• " 

.. 'II ..... " .. " ,. " .... *,. ,." ,.,. ,. ...... *,. .... ,. * * .. * * '" * * '" * * * ••. '" * '" * * * * * * * * * * * * * • ,. *. * • * * .. * ,. .. 

.. F I K RET E Y G 0 R E N 
" 

dOG A Z I C I UN I V E RS I T Y 

.. ~OVEI10ER-1985 .. 

.. " .. ,. .... *".* •• ".*"*.******~******* •• "'***"'*****"'**,.*.*."'* **"'.*"'''''It*'''''''''**~ 

c 

C 

c 

* 

PROG~AM RSOIL{DFINE,OfINE~TAPE5::DfINE,TAPE6=~FINE) 

r A ~ f.. HE T [ R" ( N J 1 = 25 0, N D 2 = 5 5 0; N D 3 = 1 5 00 0) 

C 0 :'\11 at I / 8 11 X ( N ~ 2) , Y (N 0 2 ) , D X O{D 2 ) , 0 Y (N D 2 ) 
C 0!1:1 () N / d ~ 1 t J "l 0 0 (lID 1 ,4 ) , I COD (N D 1 ,8 ) , PL a AD ( N D 2 ) 
COHMO~/~3/ITM,ITS,ITA,ITOM,IGF,EE(ND1,S),E(ND1) 
c () 1"·1 Y j / D 4/ T rl K, EST, V S T, E SO, v SO, PI, DEN, C 0 H , P A, E R , A R 
C 0 i 1:-1 o:~ / '.3 5/ S I G ( ~~ D 1 , 4, 3) , E P $ u~ D 1 ,4 ,7 ) , A V S ( NO 1 , 9) 
C01MON/J6/SS(3,E),G(3,3),S(8,8) 
CO; 1''1 0 '41 D 71 UN t-.t, Ol :> 2) , JA NTH (N 03) 
C J;'i!'1 J\J / 'u 31 i\T YP E 
C tl.t, R ,\ C T Ef~ RT Y P E ( N i) 1 ) ,. 2 
[., It,t ~ !I ~ I 0 ; j D i) ( :) ) , XC (4 ) , Y C (4 ) , N L (N 0 1 ) , OK (N D 1 J 
[) 1 :·1 i: .. j S I (j f' j :; L (riD 1 , 1 0) , A V S R ( N 0 1 , 1 a ) 
CiiARACT£I~* 1, DF S ,CCl *SU, CC2*<30 

i\C,;L LOAD 
INTEG~R DX,DY,DIR 

~I R I T c ( (,;, 1CJ 0 ) D ATE ( ) , TI r·t E () 
C~LL ~~(AC(~M,NJ,~N,N3,LN,XC,YC,NL) 

ST~RT TO ESTIMATE DISPLAtEMENTS * 
,. .... " " ..... ,. ~ '" • * '" •• * ... * * * ... " *" * •.•• '" '" * * * * * '" *. '" 

I) 0 1 I = 1 , IJII 
CALL [SM(I,1,O,XC,YC) 
C i~ L L S Y S T [ 1·\ ( 1 , : j N , N G ) 

1 CO~HI~IU[ 
IJ R 1 T E ( 6 , .3 6 U ) ~H3, U~ 

CALL GS(LF~(N~,N8,L~) 

~RlT£(o,340) 

DO 85 II=1,NJ 
I F ( D ;« I 1) • E Q • () TilE N 

DO,-<=O. 



'---_._----
.~:. '; I 1 ~.':; ,j I L 

ELSE 
() D ..< = U N K !H 0 X (I 1) ) 

[f/DIF 
IF(OY(II}.EQ.O) THE~ 

DDY=O. 
ELSE 

l>DY=JNKtH DY <I I» 
(i1D IF 
WRITE( 6, 341 )11,X CI 1),Y (l I) ,DOX,O.OY 
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c5 COt .. TI'.;U[ 
1 P=2 
IFClP.EGi •. 1) THEt~ 

;';RITE(6,300) 
ELSE 
WRIT E ( 6, 301 ) 
Lt.DI f 
DO 64 1=1,/>1., 
DU 66 14=1,4 
c.O 00 IK=1,3 
Ir(lCO~(I,I~>.E~.O) TrlEN 
Du{I,.;,) =0. 
ELSE 
~()(I~)=UiKNCI£OD(I,I~» 

I:: HD IF 
CAL L E S 1'1( I ,2 , I 4, XC, Y C) 

G.:'; CO:JTINU[ 
CALL STRESSCI,I4,DD) 
rr<Ip.EG..l) ni[r~ 

rF<I4.EO.1) THEN 
WRITE(6,310)I,I4,(SIG(I,I4,I3),I3=1,3)~CEPS(I,I4,I3),I3=1,7> 

ELSE 
~kITEC6,320)I4,(SIG(I,I4,I3),I3=1,3),(EPS(I,I4,13),I3=1,7) 

EtiDIf 
UIDI F 

66 CONTHWC 
If(IP.E~.2) TrlEN. . 
A V $ ( I, 1 ) = X (tH j 0 :> (I , 3) }to (x (N NOD ( I, 1 ) ) - X ( N N 00 (l , 3 » ) * 0 • 5 
A V S ( I , 2) = Y (t HW D·(I , 2) )T (yom 0 0 ( I, 1 ) ) - '(( N N 00 (I , 2 » ) * 0 • 5 
A1=O. 
A 2=0. 
A 3=U. 
DO 7B. 1K=1,4 
A1=A1+SIG(I,lK,1) 
A2=A2+SIG(I,I~,2) 

A3=A3~SIG(I,IK,3) 

78 cornlNUt:: 
AVSCl,]}=-A1*O.25 
Av$(I,4)=-A2*O.25 
AVS(I,S)=-A3*O.25 
OLd=A"v'S(I,3) 
O[J2=AVS (1,4) 
Ea3=AvS(I,S) 
AVSCI,6)=(BB1+362}/2+SQRT««aBl-9B2)/2)~(Ba1-Ba2)/2)+a83*883) 
AVS(I,7)=(031+382)/2-SQRT««B81-aB2)/2)~(9S1-Ba2)/2)+B83*B83) 
Av$(I,3)=(AVS(I,6)-AVSCI,7»*O.5 
IF([301.E<l.(W2) THEN . 

IF(~B3.GT.O) THEN 



7L.H.1J 0PT=O;;;:OUND= A/S/ ~I/-D,-DS 

,\ v S ( 1, :1) =4:; • 0 
[L Sf: 
A'IS( I, i) =-45.0 
EN DI f 

[ LSE 
8U=2.-033/(001-832) 
Ct:3=ATAtHbS)*O.5 
;\ V S (I , .) =A T A II<:JU ) • 90 • / AC 0 S (-1. ) 

ENOL F 

.. :. 

F TN 5-:1+6-2"8---
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C CALCULATE THE AVERA~E AND'PRINCIPAL STRAINS 
C 

C 

kA1=O. 
/\';2=0. 
AAS=O. 
DO 79 IK=1,4 
AA1=AA1+EPS(I,IK,1) 
AA2=AA2+[PS(I,IK,Z) 
AA3=AA3+[PS(1,IK,3) 

T) COrHINU£ 
I,'JSR (1,1 )=-AAl *0.25 
AVSR~I,2)=-AA2*O.25 
AVSR(I,3)=-AA3*~.25 
D Cl=AV SR (I,1 ) 
bC2=A'JSf<(I,Z) 
~C3=AVSR(I,3)*O.50 " 
AVSR(1,4)=(~Cl+uC2)/2+SQRT«({BC1-BC2)/2)*(aCl-3C2)/2)+8C3*~CJ 
AVSR(1,5)=(uCl+UC2)/2-SQRT««8Cl~BC2)/2)*(BC1-aC2)/2)+BC3*8C3 
AVSR(I~o)=(AVS(I,4)-A~S(I,S» 
1 F(tlCl.[Q.tiC2) THEil 

If(UC3.GT.O) TrlEN 
AVSR0,7)=45.u 
EL S[ 
AVSRCI,7)=-45.J 
[ t~[) I F 

ELSE 
uc=aC3/(8Cl-dC2) 
AVSRCI,7)=ATMJ(uO"90./ACOSC-1.) 

[NDIF 

~ CALCULATE THE STRESS LEVEL AND FACTOR OF SAFETY 
C 

S L( 1,1 ) = A V S ( I , 6) 
SL<I,Z)=AVS(I,7) 
:.) L (1,3) = All S ( 1,3) 
5L(I,4)=t). 
IF(RTYPE(I).EQ.~RS·) THEN" 
AC=ThK*(Y(tj~OD(1,1»-Y(NNOO(I,2») . 
A A C = A c *l E (I , 1> tAR. E ~ 
SXS=a81*At*EECl,1)/AAC " 
SXR=a01-AC"ER/AAC 
[jul=S":5 
SL(1,1)=C801+3B2)/2tS~RT««Bal-8Ba)/2)~(BBl-3a2)/2)+993*883 
$L(1,2)=CSU1+8B2)/2-saRT««8al-a32)/2)*(SB1-aB2)/2)+B83*883 
SLCI,3)=(AVS(I,6)-AVS(I,7»*O.5 " 
SL(I,4)=AR*SXR 

[riD If 



7 :. T~ 1 ~.J J? f- 0, i~ 0 u'i D = A I S jt;;-i:;'O;::DS~ 

Pl=CCCI,J) , 
SIC, ~ = 2 * ( [E. (I ,4 ) ,. CO S D (P I) T A V S (I ,7 ) * SIN D (P 1) ) I (1 - S IN D ( PI ) ) 
~L<I,:;)=(SL(I,1)-SL<I,2) )/SIGU _ 
WRIT[C6,.) I,RTYPE(I),SIGU,SL(I,1),SLlI,2),SL(I,S) 
SL(1,o)=1/SL(1,S) . 
i: il~ll f 

~.:. C(UTINUE 
If<IP.E ... 2) THEN 

..JRITE(6,31J2) 
00:,5 J=1,1'I:'1 
URITE(6,326) J,RTYPE(J),(AVS(J,K),K=1,2),(AVSR(J,L),L=1,7) 

::, :; CO IH I ,.. U E 
[UDlf 
'rJR!TE(6,327) 
[) 0 7 1 I = 1 , M:1 
~RITE(b,32£) I,RTYPE(I),(AVS(I,IK),IK=1~2),(SL(I,J),J=1,6) 

71 C()IJTI~U( 

1O,. ",. .... " " .... "',. "',. ,. ,. * * Jr" .. ,. "',. ,.,. * '" «,. 
.... " FOR~AT STATEMENTS ,. 
,. " Jr,. « ,. * .,. ,. ,.,. * ,. ,.,. ,.,. ••••• ,. ,.,. ,.,.' 

1 JJ fUR ., AT ( I I I I I , 1 X, 1 4 ( 1 '" 1 ), 

T' F.E.M hNALYSISUSIHG RECTANGULAR ELEMENTS ',13('*')1 
T 1 X , 2 0 ( , ,. ,I) , A 1 0 , 1 0 ( 1 * ' ) , A 1 0, 2 0 (" * ' ) , I I I ) 

103 FOR~AT(III,2GX,A50,1,2Jx,A~O,II) 
1 1 ,.1 FOR N A r ( I , 2 U X , 1 I W • 0 F E L E I~ EN T S = ' , I 4, I 2 a x , , NO. 0 fUN K NOW N S = ' , I 4, I 

T~2)X,'NO.~F LAYERS =',14) 
3) 0 FOR i'l J\ T {/ I 1,1 x, 'E LE /·lE NT ' , 1 t.., , J 0 IN T' ,5 X, "G X' ,b x, 'G Y , ,11 x, 

T'TXY',?X,'EPSX',9X,'E?SY',9X,'GAMA',8x,'MAX G' ,7X,'MIN G' 
t, 7.:.<, '~, A X T I, 7;( , I T ETA I, f) 

2::.1 fOR~ATC1~X,14,7X,f1J.2) 

301 rORMAT(III,3X,'EL. NO.',2x,'EL.TYPE',5X,'X-COORO',3x,'Y-COORO·, 
* 3 x, , X - S T ~ E 55 ' , 3;( , 1 Y - S T RES S • , 3 X,' -Xy - S T RES S ' ,4 X, 'M AX S T RES S ' , 
"3x','r'il!~ STRESS',3X,'t1AX SHEAR',2X,'ANGLE',/) 

:; J ~ r 0 fli1 A r U II ,3 x, 1 E. L • .'i o. ' , 2 x , , E L • T Y P E ' ,5 X·, , X -C 00 R 0 ' , 3 X , , y - COO R 0 ' , 
*3X,'X-STRAIN',3X,'Y~STRAIN',3X,'XY-STRAIN',4X,'MAX STRAIN', 
*3X,'jUrJ STRAHJ',3X,' ~IAX uM1A',2X,'ANGLE',f) 

525 FO~MAT(/,3X,13,7X,A2,7X,f3.2,2X,FH~2;3F11.3,1X,3F13.3,F6.2) 

326 F0~~AT(/,3X,13,7~'A2,7X,F8.2,2X,fB.2,3E11.3,1X,3E13.3,F8.2) 
3~~ 7 ' FOR ~1 AT ( 1 Ii 1 , I II I I , 

.:,' [.N. E.T 

.. :1 A;( -5 Ii EAR 
:, I 

X 
STi<IP 

y 

S TR ES,S 
MAX-STRESS 

SAfETY',I, 

~ fORCE LEVEL fACTOR')-
3:23 fOiHlATU,14,4X,A2,6F13.3,2F13.2) 

MIN-STRESS 

31 Q FOR "1 A T C~ X, 13 ,'3 X, 13 , 3 (3 X, f 9 -.,-5 ) , 3 ( .3 X , f1 0 • 8 ) , .3 ( 2 X , f1 0 • 6 ) , 2 X , f 7 • 3 ) 
::; 2 J fuR :" AT ( 2, ,(, I 3 , 3 (3 x, f 9 • 5 ) , 3 ( 3 X , f 1 0 • 8 ) , 3 ( 2 X , f1 a • 6 ) , 2 x , f 7 • 3) 
340 fORMATCIIII,15X,'N.P',5x,'X-COORO',5X,'Y-COORO',5x,'OISPL-X', 

*SX,'jISPL-yi,/) 
34 1 fOR i'l A T ( 1 ) X , I 3, 2 f 1 2 • 2 , 2 E 1 2. 4) 
35 0 FOR ;., AT ( 1 .3 f 1 0 • 0 ) 
3~O FOR~AT(II,25X,'aAND ~lDTH =',I6,/,25X,'TOTA~ N.O.E =',16) 

_.''.**.'''''K''k''.~k''*''****** •• ''*********''******1O***10101O*** ****1O********* 
?Q as TOP 

[ t~!) 

~ : 
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·(~~····I~iTiA-L -_.- 74/E,1J --OPT=Q,-ROUND= AI 5" M/-D,-OS FTN 5.11"628----- '86~ 

I-JT,\RG=-CJMMON/-FIXED,CS= USER/-FIXEO,DB=-T8/-S~/-SL/ER/-IO/-P~D/-Sl,-AL, 
:.;) : ,L ~< ~ , L = L, !J = fJ • 

f 

"" "*" ,,- " "* * - *. "*. "" "*"* ••• ,. ••• "* .- ". ". * * ** ** .. lIHT IAL VALUE OF THE ARHAYS • 
.. * "* • * ,. .. * It • * ... " ... '* •• '* *' •• * * * _* *',. *'*' *' *' * *' ** 

GLJCK DATA INITIAL 
. PARAr-1ETER(N01=250,N04=ND1*12,ND5=ND1 *23) ." 

F' A R A r1 [ T E R ( II D 2 = 5 5 0, NO 6 = r~ 0 1 * 5) 
PARAMCTER(N03=15000) 
l:tT[(j(r~ OX,OY 
COMMON/U1/X(II02)~Y(ND2),OX(ND2),OY(N02) 

C 0,11'1 0 NIB 2/1m 0 v (tH) 1 ,4 ) , leo D (N 01 ,8 ), PL OA 0 (NO 2) 
COMMO~/U5/1TM,ITS,ITA,ITOM,lGF,EE(N01,5),E(N01) 
C (w\..., 0 ~1I8 5/ S 1 G ( N D 1 , 4, 3) , E P S ( N 01 ,4 ,7 ) , AV S ( N D 1 , 9) 
COM~ON/B6/SS(3,8),G(3,3),S(8,3) 

c O!'1~10~ 1871 UNKN eN ()2), JANT H( NO 3) 

CATA SIG,EPS/~D4*O.O,~DS .. O.OI 
DATA gANTH/N03*O.OI 
DATA DX/IW2*O/,OY/ND2*O/ ,PLOAD/N02*O.1 
CI A T A C EI: W 6 .. o. 0/ 
DATA G,S,SS/112*O.OI 
[ !i:> 

" 

I 



T k'~::- S iE: ,'\lj 14 I C\ 1 J OP T= 0, R 0 UN D=, A r-sr-M /-::0 ,-:'-6-S---"---F'n~ ,- 5-~'1 ... 6-28 169 
:~/-0T,~~G=-COMMON/-FliED,CS= USER/-tlxED,08=-T&I-SB/-SL/ ER/-Io/-PMD/-ST,
=f:'J IL R::' ,L=L,3=:J. 

f ", 

..... "' ..... "" "''' '" • *" * * • * * * * * * * .. * * * ... * 
Ir ['ATA READING '* 
KKIrK**.****"********************* 
'" THIS SUilROUTINE READS * 
'" THE DATA A~O EVALUATES * ' 
'" r.oDE AIID CODE IWiDER:; '* 
*..- ** ** '" *** ** ** **** -* ** ** ** ** ** "'* * 

SU~~O~TIN[ SRCAO(NM,NJ,NF,N8,LN,XC,YC,NL) 
PARANET[R(N01=25Q,ND2=550,N~3=15000) 
C Oili'l 0 ~U 111 I X (f'. 0 2) , Y (N 02 ) , D X (N D 2) , DY (U 02) 
COi'I~::l~/02/N'iOO (ND1 ,4),ICOO(N01,8),PLOAO(ND2) 
C0MMON/b3/IT~,ITS,ITA,ITOM,IGF,EE(N01i5),E(N01) 

COH~ON/D4/THK,EST,VST,ESO~VSO,Pl,OEN,COH,PA~ER,AR 
D HI ENS 1 a t~ 11 U: <rw 2) ,!) 1 R eN 02) , L a AD (N (1) 

DIMENSIOH NH(30l,NV(JO),H(30,2,30),O(30,2,30) 
D 1 H E ~l S I ~); j H B (3 0) , H E ( 30 ) , [) B (3 0) ,DE ( 30 ) , S LOP E< 30 , 2 ) 
DHIENSION NL(:401},XC(4),YCC4)' 
C Ii A RAe T E R H t: A D * 8 0 , C C " 80 , U IH * 1 , E X * 1 , TO A * 1 
i\EAL L:JAi> 
INTEGER DX,DY,OIR 
~. F=O 
PEAD(5,143) HEAD 
R [AD (5,* )'lTf'l 
1 FUTiI.E\). 2)READ(5,*) ITS 
READ (S,*)IMESH 
I F<Ii[SH.ECi. 0) THOI 
DC 2 IR=1,NJ , , . 
READ(:;,*) 

2 C uNT VlUE 
N t\ U i1, X Cl R )' , Y (I R) ,OX ( I R ) , [) Y CI R ) 

li. 0 3 2 I C = N r'i 
READCS,*)(NNOD(!C,JC},JC=1,4) 

'52 conTINue 
[LS[ 

. * AUT 0 i'l A T 1 C 1-1 E S Ii G E r ~ ERA T ION * 
I . ." • . " 

, *-**"*"'''*''*****''**'''*****'''''*''******* 

c 

tlJ=U 
~j ~l=O 
1(=0 
K ti=1 
I F (I HI • E Q. 1) THE N 
READ(S,*) EST,VST,THK 
ENOL F 
REAO(S,.-) N08 
o 0 1 1 = 1 , r~ 0 tJ 

',-
, ' 

HORIZONTAL & vERTICAL SPACING 
READ(S,.} NH(I),NV(I) 
READ(S,*) (H(I,1,I1},I1=1,NH(I» 
R LA D (5 , *) .( H (l ,2 ,11) ,11 = 1; NH (I » 
READ (5,*) (0(1,1,11 ),11 = 1;' NV <I» 
R EA 0 (5 , *) ,( D (I, 2 , I 1 ) ,11 = 1 ; N V CI) L 
IF(ITM.EQ.2) THEN 
H(ADCS,.} CSO,VSO,PI,COH,DEN,THK~ 
'c ~ID IF·' 
DO 3 I1=1,NV(I) 



T!",E, S:~[AD OPT=O,RQUNO= Al SI M/-O,-OS 

H ;( = ( IH I, 2, 1 ) - H C I ,1; 1 »* D C·1 i1 , I 1 ) /' 
~ ( 0 (l , 1 , N V ( I » ...; 0 (I , 1 , 1') ) , " ",' 

, H fJ (1 1 ) =H C 1 ,1 ,1 ) + .. I X 
:5 CONTINUE 

DO 4 1l=1,NV(I) 
H X = ( tiC I , 2, N Ii <I »-H C I, 1 , N Ii< 1) » * ( 0 C' I, 2, I 1 ) - 0 (I , 2, 1> ) 1 

~(O(I,2,NVCI»-D(t,2,1» 
H C (11 ) = H <I ,1 , NH C I) ) + Ii X 

4 CONTIHU[ 
L> 0 :;, I ~ = 1., N H (I ) 
o D X = (0 ( I ; 2,1 ) - 0 ( 1, 1, 1) ) * H ( 1,1, 12) 1 

I~ C H ( 1 ,1 , N IJ (1 ) ) - H C I , 1 , 1 ) ) 
o tl (I 2) = 0 (I , 1 , 1 ) + D D X 

:; CO~ITINJ£ 

DO 6 I2=1,NH<I) , , 
DDX=(D(I,2,NV(1»-O(I,1,NVCI»)*CHCI,2,I2)-HCI,Z,1»1 

::. ( H (I ,2 , til-I ( !') ) -Ii< I, 2, 1> ) 
DEC1~)=DCI,1,~V(I».ODX 

6 COIlTINUE 
ull 11 12=1,NHCI) 
8 C=H <I, 1,12) -rl (I,2,1 2) 
I f ( 8 C. [Q • ::> .) T H [ ~~ 

SLOP[( 12,1 )=0. 
f.lSe 
SLOPE(12,1)=C08C1Z)-OECI2»/(H(I,1,I2)-HCI,2,I2» 
IF<SLOP[(I2,1).[oJ.O.> GOTO 9 

, [NDI F 
SlOP[(12,Z)=oaCI2)-SLOP£CIZ,1)*H(I,1,I2) 

11 Ci)~HII.UE 

IFCLEQ.1> THOI 
·1 b=l 
ElSe 
18=2 
EliD1F 
DO 7 11=lB,flVCI) 
bU=Hu(11)-HE<I1) 
I r ([j 8. E r. .0 .) T HE r~ 
GOT a 'I 
E lS[ 
801=CD(I,1,11)-OCI,2,11»/88 
[NOI f 
Go2=O(I,1,Il)-t3:l1I<tI:3Cl1) . 
D a 3, 1 2 = 1 , 1m (I ) 
Cl=~lOPE(I2,1> 

C2=SL~P[(I2,2) 
I', J =~l J + 1 
If<i.H31.Eu.O.) THEN 

\(NJ )=0(1,,1, 11) 
H(Cl.EQ.D.) THEN 

X(NJ)=HC1,1,12) 
ELSE 

XCNJ)=(Y(NJ)-CZ)/Cl 
EN D1 F 

£ lSE 
IfCC1.EQ.O) THEN 

XCNJ)=HCI,1,12) 
, ELSE" ' 

"t." 

170 



- - - ~ - --.. --~~~,.----",...--,.,-~-=,"~.."--,....,,.....,..~-:--~~--~:---
I ;I[ SR[t\[> 74/81Q oJPT=Q,ROUND= AI SI MI-D,-DS 

·X(NJ)= (C2-8B2)/(S81-C1):<:;:, 
CU 01 F 
.Y(NJ )=OB1-X(IO )+BB2 

(HDIF 
3 CONT INUE. 
7 COtHINUE 

I F (! • ~ Q • 1) T HEf1 
t~ = 1 

ELSE 
NT=Nl>l-NH (I-1 )+1 
DO 16 IJ=r~T,~m 

DC; 17·11<=1 ,/H 2 

, -

IF ex etmOD(IJ ,1K) ).NE.H (1,1,1 »TH'Ef:4 
. GO TO 1 7 

ELSE 
"=N~Ov(lJ,II'() 
GO TO 1 3 
EN iJ I F 

17 . CONTINUE 
16 COrHlflUE 

EIID! F 
1 ~ I F (l • E Q • 1) T Ii ~ 14 

LL='J 
LL1=O 

[ LS[ 
L L = :J .'oJ 0 D ( ,.;:~ ,1 ) - K - N H ( 1 ) + 1 . 
LL 1 = 0 

[I..Dlf 
(jJ 12 L=1,IIJ<I)-1 
DO 1 3 J = 1 , 1m (I )-1 
:1 ~i=Nj1t 1 
N Ii \)) (rJ N, 1 ) =,( t 1,j H ( 1) + 1 + L L 

:lr,vr.(Nrl,2)=K+l +LL1 
n r j 0 D (Ii :'1, 3) = r<. + N rH 1) + L L 
~jflOD (NI1,4) =K+LLl 
IF(ITI~.fll.2) THEN 
[C(Ni'l, 1) =E SO 
:: [ ( ~ 11, 2 ) = 1/ SO 
EE<tH1,3)=Pl 
!: [ ( N i1, 4) = C 0 H 
E(N~I,5J=DEN 

(fWI F 
K=I\+1 

1 3 CON T I ~IU [ 
L L 1 = LL 
K =(.+ 1 

12 C(HITINUE 
C ();IT I~U[ 

IF<tIJ.GT.IID2) THEN 
JRITE(6,*) 'NUMBER OF JOLTS IS ',NJ 
\~RIT£(o,*) 'PLEASE CHECK PARA~ETER IIND2" • 
ST0P 

£ ~~ 0 1 F 
1 r <r 111. G T • N 0 1) T H EN 

~I ~ IT £ (6, *) • ~w ~H3 E R 
WRITE(6,*) 'PLEASE 
STOP 

OF MEMBERS. IS ·,NM·· 
CrlECK PARAMETER IIND1" • 

~ '" ' -. ' , : . ~ 

... .. ,~, ".; " 

~ " 

,<-". 

/ 
1 71 

'.', { 



TI :'j[ S iH': A'J 74/81Q OPT=O,ROUND= AI S/M/-o,-DS 

[NDI f 
GOTCI 19 

9 P IH In *,' u ... ..I A R N I N G * * * ' 
PRINT*,'*** UNSUITA3LE MESH GENeRATION 
STOP· . 

1) READ(S,.··) NP 
DO 20 II=1,NP 

2,' READ(S,"') !1,DXCI1 )~DY(11). 
END If 

[/j!) Of AUTO~\ATICI"ESfi GENERATION * 
*~*_***W*K*********************"'************ 

READ(S,*) NGOAD 
DU 22 IK=1,NLOAD 
READ(S,*) H[M(IK),OIR(IK)~LOAD(IK) 

2 ~ C urn I1WE 
fd~A[)(S,*) IGF 
IF<ITS.E-:.2) THEN 
vO 24 IK=1,4 
kEAU(S,"') XC(IK),YC(IK) 

:.ft CONTHlU[ 
READ (5,*) ER,AR 
EHDIf 

............. **"'''' .. ,,* ...... ** ... ******** 
It COD [ NUl-\!3 E R I N G 

t>. f =0 
DO 23 H.=1,NJ 
If(DXCIK).[Q.1) THEN 

:lX (I to =0 
[ lSi:: 

Nf=NfT1 
DX(IK)=NF 

El-. D I f 
! f( 0 '(( I K ) • E Q • 1) HI E N 

DY(IK)=O 
ELSE 

tlf='HT1 
Dy·(I K) =~ f 

ENuIF 
23 COIlT U!UE 

D a 2:) I l\ = 1 , N ;~ 
DO 26 IJ=1,4 
ICOD(IX,IJ)=DX(NNOD(IK,IJ» 

26 COIHHWL" 
DO 25' IJ=1,4 
ICOD(I~,4+IJ)=DY(NHOD(IK,IJ» 

:: ~ C iJ In I flU £ 
~O 27 IK=1,NLOAD 
I F{:) I R ( I K) • £ Q. 1) THE N 
11 N = [) x C l~ E iH 110 ) 
IFCNN.GE.1) PLOAD(N)=LOAD(IK) 
ELse 
K K = D '(( rI E!-t( 111.. ) ) 
IfCKK.G£.1) PLOt,D(KK)=L~AD<IK) 
[/-lOIE 

27 CONTWUE 

... ' 

FT1F:s:-r+6Z-8-- .--~--
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I ' J 

jf. SR[AD ::--:7=-4~/~8-"'1~O~'-O-P-T-=-'O~,-R-O-U~~-4 D-,=-A-I""'-S~/~M"""'I~--O-,"'-~D-"S~-~+fT N 5. 1 + 62 S----,-n-"E1 

DO 31 ~IK=1 ,N'" 
E(IK)=EE(IK,l> 

31 COIHINU£ 
0028 1= 1, NM 
DO 2d 11=,1,7,' 

.. 

", ':::. -

DO 28 IJ=I1+1,3 
If(lCOD(I,Il)~Eg.O~OR.ICOD(I,IJ).EQ.O> GOTO 28 
~Q=Ad$(ICOD(I,II)-ICOD(I,IJ» 

I f (tJ Q. G T .Ii B) !H3= Ii J 
2,j C ONT II'IUE 

:W=lilJ+l 
DO 29 II=l,No 

2 'I. L 11= L N + I I ... 1 
L I. = L N t (N r - NS ) * eN l3 + 1 ) 
I Fe LN. G T .1-1 03) T H EN 

J~rTE(6,.) INUMOER Of ELEMENTS is "',LN 
tJRITt:«(J,·) 'PLEASE CHECK PARAI1ETER "N03" , 
ST~P 

END IF 
1 f (I T!1 • E Q. 1> THE N 
CC=' *** STELL I JO~O ***' 
[ LS~ 
If(lTS.E 1.l.1) THEN 
CC=I*** HOMOGENEOUS SOIL **.' 
ELSE 
CC=I*** R£I~FaRCEO SOIL**.' 
[ND IF 
[NDIF 

" 

************************* 

" Ii~rJT FOR~IATS * 
.......... *" * *** ** ** ** Jr* ** ** ** * 

1:) j r 0 R !-, AT (3 15 ) 
11:J F 0 i? :'1 A T ( I 5, 2 FlO • 0 , 2 1 5 ) 
1 2 J F 0 in-I A T ( 6 13 ) 
130 FO~HAT(Fl0.0> 
14:1 rO~i"lAT(2flu.O) 
1 :) \-) f 0,( i<I A T (3 1 ~ ) 
16J fORI'lAT<I5) 
170 rORMAT(I5,15,Fl0.0> 
1'.3 FORHAT (A3CJ) 

** *_ *" * *** ** *1t *1t _. ** 

* C UTP UT * 
.. ,,****_********1t**** 

~KITE(6,200)H(AD 

'rJiHTC(6,197) CC 
IF(IT5.[Q.2) ~RITE(b,238) (XC(IK),YCCIK),IK=1,4),ER,AR 
WRIT(6,193) 
WRITE(6,236) 
IF(NLOAD.EQ.O) THEN 
WRITE(6;23S) 

, . ~ . 

ELSE 
\,.JRITE<6,230) 
wRITE(6,240) 
ENOl f 
wRITE(6,220) 
1 f (I TM. £ Q.1> 
~J RIT E C 6,221) 

(MEN ( I J ),D I R( IJ),LOAD(x',J>"il J = 1, NLOA D) 

NM,NJ,THK 
THEN 
EST ,VST 

... ' ''- ~ '.'" ,: . 



.7.4/810 

ENDIF 
l{RIT£(6,19.9) 
W R 1 T £ ( 6, 20 1 ) 
D 03 0 I 'IJ = 1 , t~ J 

' .. ,. ". 

W R IT E ( 6, 210> I W, X CI "I) , Y (I W ), D X ( I W ), 0 Y Cl W) .. 
30 CONTINUE 

WRITE(6,270) /if 
W R I T E C 6, 22 2) 
IF(ITM.~Q.1) T~£N 

i-JRITE(o,250) 
ELSE 
\oJ R I T E ( 6, 25 1 ) 
[NDI F 
D 0 4 a I K = 1 , N ~: 
IF(IT~.EQ~1) T~EN . 

FTN 5.1+628 

~RITE(6,260)I~,(NNOD(IK,IJ),IJ=1,4),(ICOD(IK,IJ),IJ=1,8) 

ELSE . .... 
WRIT£(6,261)I~,(NNOD(IK,IJ),IJ=1,4)~(ICOD(IK,IJ),IJ=1,8), 

+(EC(lK,IJ),IJ=l,S) 
EI.DI r 

4) CUllTINUE 
~ * * * .. * * * * '" .. * * * * .. * ....... * '" '* .. * 
* OUTPUT FORI-IATS * 
* * If JIr «,.. .... *.* "« .• * * '* * * * ... * * * .. * * * 

~~o FOR~AT(1Hl,IIII/20X,A40) 
1')7 FUi<r1AT(/1,20X,40('*'),1,20X,'·',38X,'.',/ZOX,'·', 

+6X,A2!l,c;X ,'·',/20X,'*',38X,'·',/20X,40C'·'» 
173 fuHi1Ar<lIl,20X,'*** LOADING CASES ._*') 
19) FORMATC1H1,/11,20X,'*** NODAL DATA ** •. ') 
2 Q 1 fOR i1 A T <I I / , 2 0 x , , J 0 I :~ t, , 5 X, , x - COO R 0 .' , 5 X, , Y - COO RD. ' , 

+51..,' ox' ,5X,' DY ',I) 
218 fORMAT(20X,13,5X,Fd.2,5X,F8.2,5X,I3,4X,13) 
220 FOiHIAT(o(/),251..,'lWMdER OF ELEMENTS=',I4,1,25X, 

t".uNGlR OF JOINTS =',I4;1,25x,'THICKNESS· =',F5.2) 
~Z:1 fOf\'\AT<I,25X,'ELASTICITY MODU.LUS =' 

+,f12.J,I,25x,20HPOlSON ' S RATIO =,F5.2) 
2 2 2 FUR fl ;.. T (1 H 1 , I I I I , 20 X, I '" '" * E L E MEN T :> A T A '" * *' , I I I ) 
23.:i fORrlATU//,20X,' '" THERE IS NO EXTERNAL LOAD *'} 
236 FURNATUI,20x,' 1-GRAV·ITY FORCES ',I) 
23 I) FuR ~I ;\ T (/ , 2 U,( " 2 - EXT ERN ALL a ADS ' , 

+ / / I , 20 X, , ;'1 0 DE' ,6 X, • D I R EC T ION' , 5X, I i'1A GN IT UD E ' , I ) 

-174 

233 fORMAT(/I/II/,15X,ICOJRDI~ATES OF THE REINFORCED PART',1,15X, 
",IX-COORDINATE Y-COORDIHATE',1,4(15X,F11.2,8X,F11.2,/),III, 
* 1 5 x, I E LA $ TIC IT Y ;-\O!) U L U S 0 F REI /II F \) R C E l~ E NT: ' , E 1 O. 2, I I ,1 5 x 
.. , , A R U. 0 f T rl [ RE IN F D R C E r-; i::N T : ' , E 1 O. 2, I I I/) 

240 FO~HATC25x,I4,10X,I2,8X,f8.2) 
25,) fOR :-\ AT U /I , 2 0 x , I E LEN EN T I ,1 a x , , NOD E S ' , 2 0 x , , COD E N U M BE R S ' , /) 
2:' 1 r 0 R ~I A T U /I , 1 5 x , I E L E lIt EN T I , 1 0 x " NOD E S ' , 2 0 x , , COD E N U M B E R S ' , 

+14X,'ESQI,6X,IVS\)',6X,'PI ' ,6X,'COH',7x,'OEN',/) 
~ 6 J FOR r1 AT C 2 ox , I 4, 6X ,4 14 ,5 x, 8 14) . 
261 FORHATC15X,14,6X,414,5X,8I4,3X,f8.2i3X,F5.2,3X,F5.2,3X,F5.2, 

+3X,F5.2) 
27Q FORMATCII,20X,'NUM8EROFUNKNOWNS=',14). 

PRINT*,'DO YOU WAUT TO PLOT THE MESH ?' 
READ*,UNI . . ....•.. ; 
IfCUNI.EQ.'Y') THEN· 
CALL PLOTINGCNi'D 

'. 

'.' .. :- ... , 



PRINT*,'DJ YOJ ~~NT TO CO~TINU£ 7' 
R [,\0 1< , [X 
If«(X.Ei)..'!i') STOP 
[i~ D I F 

.RCTJRtl 
t: I.D 

175 
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'.~ ~ So·, :::1/;781'0 OP T= J,·R-:l~~f(·t",,-Sl ;:11:""D"-D·S·~-··'rnf);··n;-6-2-a- - .. - ---~I 
1- 0T ,t\ I!~ ;;:'-=i: t· ,'Hl o It/- fl XE 0, CS = us ER/- fIXE O;DB=-TS'I--SS 1- SL I,ER 1- I D I-PM O/-S T ,-M 
:;:)IL:R2'L~L,O=B." ' '\: . '. . 

1- 0• 

-* -*.* .. * **:.. "* *" "" ***:.-: ..... " "* **** ~* "',,.' 
'" EU':rlEN r ST'If fN ES S' HATR IX; * 
"" '" '" .. * " *.* '" * * * *' "''' * * * **" *" *" *" "" ".;,." * *:' 
* 
* 

' .. 
* 

THIS SUOROUTIHE CALCU~ATES 

TIlE STIffNESS NATRIX FOR 
RECTA.~GULAR ELEMEIH 

.. ' ", 
" 
" 

"*****'**~"''''**********'''''*****''****** 
SUORO~TIN£ ~SMCl,IR,14,XC;YC), 

PAHAMETERCND1=250) 
F'ARANETERCND2=550) , , , 
COMMON/G1/X(HD2),YC~D2),DX(ND2),DY(~D~) 
COM~O~/B2/N~ODCND1,4),ICODCN01,8),pLOAO(N02) 
COMHON/a3/ITM,ITS,ITA,ITOM,lGf,EE(ND1,S),E(ND1) 
COMHON/U4/T,EST,VST,ESO,VSO,P1~DEN,COH,PA,ER,AR 

COMMO~/B5/S1GCND1,4,3),EPSCND1,4,7),AVSCND1,9) 
C 01·1 M 0 N 1 [J 61 S S C3 ,8 ), G C 3, 3) , S C 8 ,8 ) 
CO;'1r10lUi33/RTYPE' 
CHARACTERRTYPE(ND1)*2 
[; l"IE:~S IOr~xC (4), Ye(4) 
INTEGeR LlX,OY 
A = (X C N N Ol) ( 1, 1) ) - x om O!) Cl ,3 » ) 
6=CYCNNOO(I,1) )-YCNNOD(I,Z») 
COF=i3/A 
IF(IR.EU.2) GOTO 3 

1<*"'.*** ..... **************** 
* STfEL OR ;01000, • 
* ...... *" " ... "'* "'* *. Ie* ** "'* ** ** ... 

If(ITH.EQ.1) THEH 
RTYPE( 1)=' ST' 
CC=EST/(1.-VST*VST) 
D11=CC 
i>12=vST*CC 
D21=VST"'CC 
022= CC . 
D33={(1.-VST)*8.S)*CC 
ELSE 

--****.,,"'******* 
S Q!L *, 

" .. * ... _*********** 
AC=2.*A-T 
I G=u 
[SO=££(I,1) 
VSO=EE(I,2) 
IF<ITS.EQ.Z) THEN 
DO 2 11=1,4 
X 1 =.( {II NOD ( 1, 11 » 
Yl=Y(NNOD(I,11 » 
If«X1.LE.~C(1).AND.Xl.LE~XC(2).ANO.X1.GE.XC(3).AND. 

& X 1 • G E. X C C 4 » • ~ NO. C Y 1 • L E • Y C C 1 ) • AND.Y1 • L E. Y C C3 ) • A ~ D • Y 1 • 
£.GE.YC(Z).AND.Y1.G£.YC(4») THEN ." ,. 

IG=IG+1 
ENDIF 

2 CONT I'WE ' 
ENDIF 

. < .:' ' 

,.r, 



.. 
" 

n: , 8 1 0 0 P T - 0, R 0 UN 0 = A lSI M 7- D, ~ 6s 

If(ITS~Ea.1.0R.IG.LT.3)THEN 

hOMOGENOUS SOIL OR 
UNREINfORCED PART 

fnHl[(I)='HS' 
,A.LfA=O. 
E tl:'> I r 

* 
* 

.... * .. *** .... **,.************** 
~[INFORCED ~OIL * 

.. ***.********************* 
IF(ITS.E~.2.AND.IG.GE.3) THEN 
R T,( P E ( I ) =' R S ' 
ALfA=AR*CR/(AC*[SO) 
OlD I f 
,; 1 = 1 .1 (E S:) * (1. t' A L fA) ) 
Cl=1.tALFA*(1.-VSO*tJSO) 
C2=ltALfA*(1t-VSO) 

-A 7=A 1 * (l-V SO *V SO 1 C 1) 
Q7=A1*(-VSO-VSO*VSO*C2/Cl) 
D7=A1.(Cl-VSO~VSO*C2*C2/C1) 
C C=A 7* D7-0 7* 87 
D 11 = D.7 1 C C 
::'12=-07/CC 
[121=012 
D22=.'\7/CC 
D3~=£50/(2·(1+VSO» 

C,.lI1 f 
...... ** *. * ** .. ** ** ** ** ** ** ** .. G UV ITt FO RC ES * 
***".****-************** 

1 f ( 1 G f • E ~. 1) T Ii E /1 
DO 1511=1,4 
IFU),(NhuD(I,11».GE.1) TrlEN-

-. rT N 5 .~r+OZ8"-C'·---

177 

PLJAO(O'(NNOD(I,Il»)=PLOAD(DY(NNOD(1,11»)-E~(I,5)*T*A*B 
[ 1101 f 

1:; CONT!:-WE 
E r-lD r f 
ENOlf 

"".* .. **************-******************** 
* STlffl~ESS NATRIX fOR ALL CASES 
",,*.*.*-**********-***********.*~******~ 

S(1,1)=T~(D11*COf+D33/COf)/3 
S (2,1) =T*( Dl1 * CO fl2-D331 CO f) 13· 
S (3, 1 ) = T * ( - D 11 * C Oft 0 33 J( 2 * C O·F) )', 3 
S (4,1 ) = T * ( ~D 11 *C 0 f 12 -0 33 1 C:~ * co F) ) 1 3 
S (5, 1> = T * ( D 1 2 t -0 33) * 0 .25 
S (6,1)=T*(-012+033)*O.25 
S(7,1)=T*(D12-D33)*O.2~ 

S(3,1)=T*(-D12-D33)·O.25 
S(S,S)=T*(D22/COf+o33*COf)/3. 
$(o,S)=T*(-D22/COf+D33*COf/2)/3. 
S(7,5)=T~(022/(2*COf)-033*COf)/3. 
S(B,5)=T*(-D22/(2*COf)~033*COf/2}/3~ 
S(2,2)=S(1,1) .. 
5<3,2)=S(4,1) 
5(4,2)=5(3,1) 



'jE £: $11 74/b10 OPT= 0, RO UN 0= " AI' SI M/-D,-DS 

S (5,2)=S(7,1) 
S (6,2)=5(8,1) 
5 (7,2)=5(5,1 ) 
S (8, 2)=S (6,1 )' 
S(3, 3) =S (1,1 ) 
$(4,3)=5(2,1 ) 
5(5,3)=S(6,1) 
$(0,3)=5(5,1) 
$(7,3)=5(8,1) 
S(3,3)=$(7,1) 
S (4,4) =$ (1,1) 
5(5,4)=5(3,1) 
S(C),4)=5(7,1) 
S(7,4)=S(c.u1 ) 
5(8,4)=5(5,1) 
5(6,0)=5(5,5) 
5(7,6)=5(8,5) 
5 «~,6)=S (7,5) 
5 (3,7>=5 <7,5) 
$( 7, 7) = S (5 ,5 ) 
S(8,7)=5(6,5) 
5(5,6)=5(5,5) 
DO 1 11=1,3 
DO 1 IJ=Il,o 
S(II,lJ)=S(!J,lI) 

1 COriTI~U[ 
If(!t~.EQ.1) Goro 7, 

c,. *. "" " " * .. * * Ie Ie * .. 'Ie * .. * ... * *. _ Ie 

.J I F(I4. EO.1) TdEN 
C c= 1 
C D= 1 

1 f<I4. :;:(..2) TrlEN 
CC=-1 
V D=l 
lLSE 
I F(I4. EQ.3) THEN 
C C=1 
uj)=-1 
ELSE 
CC=-1 
D :')=-1 
EtlDIf 
[I~ D 1 f 

, ENDl f 
C 1=1 /( 4*A*,d) 
G(1,1)=B*(1+CC)*C1 
G (1,2) =u * ( 1- CC ) * C 1 
G(1,3)=-G(1,1) 
G(1,4)=-G(1,2) 
G(2,S)=A-(1+DO)*C1 
G (2, 6) =-G( 2, 5) 
G (2, 7) = A * ( 1 - DO ) * C1 
G(2,e)=-G(Z,7) 
G (3, 1> =G (2,5) 
G (3,2) =G (2,6) 
G (3,3) =G (2,7) 

'. ..'" 
.' ,. , '.~. . 

I' 

" 

. " 
;." 

, . .' .", 

. ' 



GO, 4) =G (2,3) 
GO, 5) =G (1,1) 
G(3,6)=G(1,2) 
G(3,7)=G(1,3) 
G (3,8) =G (1,4) 

SS(1,1 )=Dl1*G(1,1) 
S~(1,2)=D11*G(1,2) 

S S ( 1 ,3 ) = D lJ ... G ( 1,3) 
5S (1 , 4 ) = ~ 1 1 * G ( 1 , 4 ) 
S~(l ,:d=\.>lZ*G(2,S) 
S$(1,6)=i>lZ*6(2,6) 
S S (1,7) = D1 2* G ( 2, 7) 

S S (1 ,.3 ) = D 1 2 * G ( ~,3) 
S :.; ( ::: , 1 ) = D 1 2 ... G ( 1; 1 ) 
S S (2 ,2) = D 1 2.* G ( 1, 2) 
S:';(2,3)=:>12*G(1,3) 
SS(2,4)=D12*G(1,4) 
S::'C~,5)=u22·G(b5) 

S$(2,6)=D22*6(2,6) 
SS(2,7)=~22*6(2,7) 

SS(Z,3)=D22*G(2,3) 
DO 11 I1=1,6 
S S (3, I I ) =D 33 * G (3,11) 

11 COtlTI~lUE 

lUO fORMAT(///,20X,'*** EXECUTION IS COMPLITED ***',///) 
7 R [TU Rfl 

END 

179 

8 



180 

I~~[ SYSTEN- 747810 OPT=O,ROU'ID=-A/SI. M/;;'O,-DS FTN 5.f+62S-·_....:..--S 
(, 1- OT ,/\ HG :: -CO mt ON /- f.I XED, CS::: US ER I-F IX:E_D.,:. DB,~:TB! ~SBJ7Sl, I,.ER /-lD I-PM D I-S T,-A 
~ :. f) ! U< 2 , L = L, B = 3 • 

, C * * * -* * * * - * * * * * * * * ., * * ** * * * * -.... * * * ' 
SYSTE~.STIff~ESS MATRIX 

: C****************************** 
C ,. 
'" 

C 

THIS SUOR~UTINE ASSEMBLES' 
THE SY:;TOI STIFFNESS' 
I'~ AT R I X IN 8/\ N DC 0 FOR N. ' 

C*-** *-" *** ** * * ** ** ** ** **** *,. ** *-
SUBROUTINESYSTEH(I,N,NB)' 
PARAMETER(ND1=250) 
~ARAMETER(ND2=550) 
PARA~[TER(ND·3=1S000) 
CON ,'1 0 N IU 2lrm 00 (N 01, 4 ) , I COD (N 01 , 8 ) , P LOA 0 ( N D 2) 
COMH6N/B6/SS{3,3),G(3,3),S(8,8) 
C O;1i101./n 71 UNKN (N D2), 3ANT H( ND3) 
DO 6 K=1,3 
! F (I C J D (I, K) • N E. 0) THE r~ 
r'I=ICOC (I,K) 
IF{M.LE.(N-N8+1» THEN 

11 = OW +1 ) * 01-1 ) + 1 
ELSE 

11 = OW +1 ) * (N-N8+ 1> +1 
D~ 10 I2=M-1,N-NO+2,-1 

10 11=11+(N-IZ}tZ 
(.lID I F 
DO 7 L=1,8 
If <I COD ( r, L) • E Q. 0) GOT 0 7 
J =ICOD (I,L) 
I F (J • LT. ;·0 GO TO 7 
I FOI.LE. eN-NB) .AIW.J .GT. ('''+NB-l» 
J =J-r·t 
3A~TH(I1+J')=OANTHeI1+J)+ $(K,L) 

7 CONTINUE 
ENOIF 

6 CONTIr.UE 
R c:: TU Rf'l . 
[NO 

GO TO 7 



'1 r~E G S ELf II 74/810 OP T= 0, RO UN D= A/- 5/M 1- 0, -O'S-t-TN---S:-ff:6-2-S--- 1 B 1 I 
G I-OT ,A I~G =-COMMON1- F1 XE 0, CS = US ER 1-.Fl:XEO,DS=-T,B /-53/- SLI ER 1-1 [) l-P~ 0 /-S T,-I 
F ~:J I LR 2, L = L,13 =3. 

c***************·* .. **·** .. *·*··~····*· 
C GAUSS ELIMINATION 

. C * • * .... * .. * * *. * * ..... * ................. * .*" • * * * * * • , ,,'", 

C 
C $OLUTIONOF EQUATIONS USiNG 
C GAUSS ELIMINATION METHON FOR 
C UANDED MATRIX FORM. . . .' 

C.w .. *' ........ *' ........ * .. * .. * * * *" .• *'. * .. * * * * • * .. * .... 

SUBROUTINE GSELFB(N,N3,LN) 
INPLlCIT ItH£GER (S) 
PARAMET£RCND1=250) 
PARAMET£R(ND2=550) 
PARAMETER(ND3=15000) 
COMHON/02/NNODCND1~4),lCODCND1,8),BCND2) 

COMMO~/U7/C(ND2),A(ND3) 

DO 1 1= 1 ,r~ 
IfCI.LE.C~-NBt1» THEN 
S5=(N8t1)*I 
ELSE 
S5=(Nr3t1)·(N-NBt1) .' 
DO 2 I2=I,N-N8+2,-1 

2 S5=SSt(N-I2+2) 
ENDIF 
A(SS)=OCI) 

1 CONTINUE 
o 0 1 0 1 = 1, N-1 
IF(I.LE.CN-N8t1» THEN 
S 1 = ( NO t 1 ) * (1-1 ) + 1 
S2=S1+NB 
ELSE 
S 1= (Ni3 t1 ),. CN-Nat 1) +1 
DO 11 13=1-1,N-NBt2,-1 

11 51=S1+(N-13)+2 

' .. '. 

-.' , .: 



lIE c:..SELFU 74/810· oPr;-lr;Rou~O=! AI 51 Mi:'o,-D'S 

S2=S1+(N-I)+1 
E NDI F 
0020 J = ItJ, N 
IF(J.LE.(N-NB+1» .THEN 
S3=(ND+1)*(J-1)+1 
S5=53+NB 
ELSE 
S3=(NS+1)*(N-Na+1) . 
DO 13 13=J-1,N-NB+2,-1 

13 53=53+(H-I3)+2 
53=53+ 1 
S5=S3+U-J+1 
ENDIF 
1<1=J-I+1 
S4=S3+S2-51-K1 
T=A( S1+J-I)/ A( 51) 
K2=J-I 
DO 2~ K=S3,S4 

25 A(~)=A(K)-T*A(S1+K-S3+K2) 
If(S3.GT.S4) GO TO 20 
A(S5)=A(SS)-T*A(S2) 

20 COtiTINU£ 
1 (1 COIHINUE 

DO 34 I=N,1,-1 
IFCI.LE. (N-NO+1» THEN 
S 1 = ( ria +1 ) * <I -1 ) +1 
S2=51+NEl 
ELSE 
S1=(W3+1)*(N-NB+1)+1 
DO 35 I3=I-l,N-NO+2,-1 

35 Sl=S1+(N-I3)+2 
S2=Sl+(N-I)+1 
ENDIf 
00=0 
DO 32 L=I+l,I+52-S1-1 
00=0 D+ C (L) *A (S 1 + L- 1) 

3~ CONTINUE 
C(I)=(A(S2)-OD)/A(Sl) 

34 COtHI"4UE 
R E TU R~4 
[~O 

,':.,< 



:;TK[S$ 74/610 OPT=O~ROUNO= AI SI M/-"D~-OS rtNS:-f+-62~8 --------.. - 86/:T 
T.,ARG=-COMMON/-FIXED,C~= USER/-flXEO,OB=-TB/-SB/-SLI ER/-ID/-PMO/-ST,-AL, 
L~2,L=L,~=3. 183 

k*********.****************************** 
CALCULATION OF STRESSES AND STRAINS 

~~*.*************************************, 

S U 8 R 0 U T IIH: S T RES $ ( I, 14 ,0 0 ) 
PhRA~ETER(ND1=250~ND2=550,N03=15000) 
CDH~O~/b1/X(ND2),Y(ND2),DX(ND2),OY(N02) 
C 0 ~'1:'1 0 N I U 2 INN 0 0 OJ 0 1 , 4) , leo D (N 0 1 , 8 ) , P LOA 0 ( N 0 2) 
C01~D~/86/SS(3,3),G{3;8),S{8,8) 
CUi II~ ON / U 5/ S I G ( N D 1 , 4, 3) , [ P S ( N 01 ,4,7 ) , A V S ( NO 1 , 9) " " 
DI'H':rlSIOI"j 00(3) 
[;U 1 11=1,3 
0:) 1 JJ=1,o 
SIGCI,14,Il)=SIG(I,I4,I!)+SS(II,JJ)*DO(JJ) 
[PSCI,I4,II)=EPSCl,I4,II)+GCII,JJ)*DO(JJ) 

1 cornl'we 
l;t-1=SIG(!,I4,1 ) 
SU:2=SIG(I,I4,2) 
l: J 3 = S I G ( I, I 4 , 3 ) 
EPSCI,I4,4)=(B01+BB2)/Z+SQRT«((Ba1-0B2)/Z)*(BB1-BB2)/2)+aB3*8B3) 

. l j") S ( I, 14,5 ) =( tJ 81 +382) / 2- sa RT ( { ( ( 651- BS 2) 12) * (B 81 -8 B 2) I 2) +883 * a 33) 
EPSCl,I4,6)=CEPS{I,14,4)-EPS(I,I4,S»/2 
If(L)81.Eil.t182) THEN 

IF c:J 83.G T. 0) THE N 
EPS(I,I4,7)=45.0 
EL SE 
EPSCI,14,7)=-45.0 
(t~ D I f 

ELse 
uJ~2.*8S3/(BB1-Ba2) 
C !J = A T A rH !3 ~ ) * o. 5 
[P SCI, 14 ,7 ) = H AN (B 0) * 9 O. I A COS (-1 .) 

r i~ D 1 f 
R dLJ R~J 
£. 'H) 



'." ,",," . ;." 

. . i ' 
,}lJTINE PLOTING 74/810.: OPT=O,ROUND= AI S/'M/-D~~OS .. ·FTN 5';-;f+(;28' 
LJ !~G 1- OT ~A RG = ~C OI1MONI-FI XE 0, CS = US ER 1- FIXE D,Oa=:-TB j";;SB I~SLI ER 1- I 0 I-PM 0/-51 
'I=fSOILR2'L=L'B~a. ,7>,' ',',;,"..... ., ..... 

c 
C 
C 

SUBROUTINE PLOTINGCM) 
PARAHETERCND1=250) 
PARA~£TERCND2=S50) 
C' 0 f~ r1() NIB 1 I X ( N D 2) , Y 01 0 2 )., 0 X ( N 0 2 ) , 0 Y (N 0 2 ) 
CJMMON/82/NNOOCND1,4),ICODCND1,8),PLOAOCN02) 
CHARACTER*1 IUtH,OfS*1,HEAD*20,NAME*4' 
PRINT*,' ENTER XLLIM,YLLIM 
r~ ~ A 0 * , X L L P1 , Y L L HI 
PRINT*,' ENTERXULIM,YULIM • 
REA D *, X UL 111, Y UL HI 

C PRINT *,' ENTER CHARACTER SIZE SC~LE fACTOR, SC~' 
C READ ·,SCZ 

PRINT *,' DO YOU wANT A HARD COpy FILE'TO BE GENERATED? ' 
R CAD (* ,183) I U}H 

1.33 fJRN,ATCA1> 
IFCIUNI.EJ.'Y·) THEN 
PlUtH .,' ENTER PLOTTING ,SCALE FACTOR FAC • 
Rt:AD *,FAC 
ENDIF 
PRINT*,' ENTER FILE NAME' 
~ E ,\ 0 • , N A 11 [ 
CALL INITIG(.TRUE.,.TRUE.,4HNAME) 
C~LL SPLIH(XLLIM,YLLIM,XULIM,YULIM) 
CALL SPPORT(XLLIM,YLLIM,XULIM,YULIM) 
r F (I UN!. EO • ' y') TH EN 
CALL UNION 
CALL FACTOR(FAC) 
E /';L)l F 

C PLOTTING 
C * Jr '"' .,.." ct. * * * * * * * ** * * * * , 

c 
c 
c 

CALL S~CSIZ(.0072S*10.*SCZ,.0125*SCZ) 
CALL ~OV~A(Q.,YULIM-2~) 
CALL TEXT(6,'FINITE') 
CAL L ~;1 S TY L( L L ) 
DO 33 lL=1,11 
CALL ~IOVE" (X OHJOD( IL,1»,Y (NNO O( IL,l») 
CALL DRAWA(X(N~OD(rL,2»,Y(NNOD(IL,2») 
CALL DRA~A(X(~NO~(IL,4)r,Y(NNOD(IL,4») 
C ,\ L L Cl R ft, \~ A ex (~IIW ~ ( I L ,3 ) ) , Y (N NOD ( I L ,3) ) ) 
C l\ L L D R A 1,/ t-. (X ( il NOD ( I L , 1 » , Y (N NOD ( I L , 1 ») 

:,,) CO~HINUE 

c CALL MOVEh(0.,-1.) 
c ' CAL L S"" S Y r1 (5 ) 
C DO 8 I=1,NH 
C 08(1)=-1. 
C3 HH(I)=II(I,1) 
C CALL PLOTA(NH,HH,8B,.TRU~~) 

C . DO 6 I=1,NH-1 
C DF=iHl,I+l)-ri(1,I) '" .. , 
C C.~LL ~10VEA (H (1,1 )+DF 12 .,-0.5>, 
C ·6 CALL TEXT(4,Df) 

, " . , 

184 



IFCIuNr.[~.·Y·) THEN 
C;,LL Jl'IIJFF 
Erl) If 
CALL AUTKEY(l,ITIRG,l,NCHAR,ICHARl 
CALL CUIPT 
C~LL JUITIG(.TRUE.) 

[ r. f) 

185 

. , .,". 
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