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Abstract

Different approaches are usually taken when designing flexible and rigid pavement: the rigid 

concrete slab carries major portion of the traffic load; while for flexible pavement, external loads 

are distributed to the subgrade because of the relative low modulus o f elasticity o f asphalt layer 

comparing to concrete in the case o f rigid pavement.

Pavement engineering has gone through major developments; the transition from Empirical 

Design Method to Mechanistic-Empirical Methods is becoming a near-future trend. The 

Mechanistic-Empirical Method has two components: (1) stress, strain and deflection are 

calculated based on analyzing mechanical characteristics o f materials; (2 ) critical pavement 

distresses are quantitatively predicted by experimental calibrated equations. Hence, stress 

analysis has become an important role in pavement engineering.

The most practical and widely used stress analysis method for flexible pavement is Burmister’s 

Elastic Layered Theory; and for analyzing rigid pavement is Finite Element Method. 

KENSLABS and STAAD-III are both Finite Element software; KENSLABS is designed 

specifically for concrete pavement stress analysis, therefore it is more user-friendly for pavement 

design; STAAD-III is more suitable for general plane and space structures. The project compares 

the use o f  both software for stress analysis in rigid pavement in term of simplicity and precision.



Acknowledgements

This project is the result o f one and half years’ work whereby I have been accompanied and 

supported by many people. It is a pleasant aspect that 1 have now the opportunity to express my 

gratitude for all o f them.

The first person I would like to thank is my direct supervisor Dr. Medhat Shehata at Ryerson 

University. I have known him well since year 2003 when 1 took his pavement design course. His 

extensive knowledge in engineering held especially on material characteristics and concrete 

design, his enthusiasm on research and teaching have made a deep impression on me. I owe him 

lots o f  gratitude for having shown me the right way of doing research work.

I would like to thank Dr. Mohamed Lachemi and Dr. Said M. Easa of Civil Engineering 

Department for their valuable support during my study at Ryerson University. I would also like 

to thank my supervisor John Spadaro and colleague Michael Tam at Kawneer Company Canada. 

John not only approved the financial sponsorship of my program but also arranged flexible 

working hours for me to attend lectures and exams during my part-time study; Michael offered 

professional advice on the STAAD-III Finite Element software.

I am very grateful for my husband Jerry, for his love and patience along this journey. The birth 

o f our twin boys Braydon and Dylan is the most joyful experience we lived through in this 

period.

VI



Table of Contents

Executive Summary.................................................................................................................  j

Chapter 1: Introduction

1.1 Definition of pavement types................................ ...............................................  2

1.2 Pavement design methods...................................................................................... 3

1.3 Objectives................................................................................................................. 3

Chapter 2: Review of available stress analysis methodology for flexible and rigid pavement

2.1 Stress analysis for flexible pavement...................................................................  5

2.1.1 Vertical compressive stress.......................................................................... 7

2.1.2 Horizontal shearing stress............................................................................ 9

2.1.3 Horizontal tensile stress...............................................................................  10

2.1.4 Vertical deflection.........................................................................................  11

2.2 Stress analysis for rigid pavement......................................................................... 12

2.2.1 Curling stress.................................................................................................. 15

2.2.2 Frictional stress..............................................................................................  17

2.2.3 External loading stress..................................................................................  18

2.2.4 Dowel bar stress............................................................................................  20

2.2.5 Reinforcing steel and tie bar stress.............................................................. 24

2.2.6 Thickness design criteria..............................................................................  25

2.3 Application o f Elastic Layered Theory in flexible pavement design................ 25

2.4 Application of Finite Element Method in rigid pavement design....................  27

2.4.1 Discretize the continuum............................................................................  28

VII



2.4.2 Select interpolation function......................................................................  28

2.4.3 Define the element property.......................................................................  30

2.4.3.1 Stiffness o f concrete slab...................................................................  31

2.4.3.2 Stiffness o f foundation................................................................   33

2.4.3.3 Stiffness of joints..................................................................................  35

2.4.4 Assemble the element equations..................................................................  36

2.4.5 Solve the global equation system................................................................. 37

2.4.6 Compute additional results............................................................................ 38

Chapter 3: Comparison of KENSLABS and STAAD-III

3.1 Introductions on Finite Element software...........................................................  39

3.2 Design example 1 - the study on combined effect o f warping and loading... 39

3.2.1 Analysis using KENSLABS.......................................................................  40

3.2.2 Analysis using STAAD-III.......................................................................... 49

3.3 Design example 2 -  the study on dowel bars at transverse joint......................  57

3.3.1 Analysis using STAAD-III.......................................................................... 58

3.3.2 Analysis using KENSLABS.......................................................................  64

Chapter 4: Conclusions..........................................................................................................  70

References................................................................................................................................. 73

Appendix A: Use KENSLABS to solve pavement design example 1............................... 74

Appendix B: Use STAAD-III to solve pavement design example 1................................. 89

Appendix C: Use STAAD-III to solve pavement design example 2 . ............................. 100

Appendix D: Use KENSLABS to solve pavement design example 2 .............................  106

vm



List of Figures

Fig. 1 Flexible Pavement Composition.............................................................................................  2

Fig. 2 Rigid pavement Composition..................................................................................................  2

Fig. 3 Flexible pavement Stress Analysis.........................................................................................  6

Fig. 4 Distribution of vertical compressive stress with Modulus o f Elasticity............................  7

Fig. 5 Distribution of vertical compressive stress with layer thickness........................................  8

Fig. 6  Distribution of horizontal shear stress with Modulus of Elasticity....................................  9

Fig. 7 Distribution of horizontal tensile stress with Modulus of Elasticity and layer thickness

  10

Fig. 8 General layout o f rigid concrete pavement......................................................................  12

Fig. 9 Contraction Joint and Expansion Joint.............................................................................  13

Fig. 10 Construction Joint and Warping Joint................................................................................  14

Fig. 11 Curling effect due to temperature gradient......................................................................... 15

Fig. 12 Distribution o f frictional resistance..................................................................................... 18

Fig. 13 Deflected shape of dowel bar under load............................................................................  20

Fig. 14 Dowel bar deformation under load..................................................................................  21

Fig. 15 Loads distribution on dowel group..................................................................................  23

Fig. 16 Discretize rectangular concrete slab...............................................................................  28

Fig. 17 Nodal Displacement...............................................................................................................  30

Fig. 18 Slender slab subjected to bending moment......................................................................... 32

Fig. 19 W inkler Foundation.....................................................................    33

IX



Fig. 20 Solid Foundation...................................................  _ 3 4

Fig. 21 Shear transfers through joint by grain interlock............................................................  35

Fig. 22 Shear transfers through joint by dowel bar.....................................................................  36

Fig. 23 Finite Element under external load..................................................................................  3 7

Fig. 24 Pavement design example 1..............................................................................................  40

Fig. 25 Discretize half slab for design example 1 (KENSLABS)............................................  41

Fig. 26 Numbering of nodes for design example 1 (STAAD-III)............................................  41

Fig. 27 Conversion o f actual tire contact area into equivalent rectangular area..................... 42

Fig. 28 Stress contour due to combined effect o f warping and loading (liquid foundation)

...............................................................................................................................................  43

Fig. 29 Stresses at node ‘ 1 ’ due to combined effect of warping and loading.........................  43

Fig. 30 Stress contour due to uniform load alone (liquid foundation)....................................... 44

Fig. 31 Stresses at node ‘ 1 ’ due to uniform load.......................................................................... 45

Fig. 32 Combined effect of warping and loading at node ‘1’.................................................... 45

Fig. 33 Upward curling...................................................................................................................  46

Fig. 34 Stress contour due to combined effect o f warping and loading (solid foundation)

................................................................................................................................................  47

Fig. 35 Negative reactive pressure at nodes................................................................................  48

Fig. 36 Cartesian coordinate system.............................................................................................  50

Fig. 37 Association of global and local coordinate system.......................................................  51

Fig. 38 Diseretize the slab for design example 1 (STAAD-III)...............................................  52

Fig. 39 Numbering the nodes for design example 1 (STAAD-III)..........................................  53

Fig. 40 Sign convention o f element forces..................................................................................  55



Fig. 41 Pavement design example 2 .................................    57

Fig. 42 Discretize the slab for design example 2 (STAAD-III)................................................  58

Fig. 43 Numbering of nodes for design example 2 (STAAD-llI)............................................  59

Fig. 44 Simulate dowel bars as steel beam members (STAAD-III)......................................... 60

Fig. 45 Uniformly distributed load on element 109 & 116 (STAAD-III)............................... 61

Fig. 46 Maximum stress and deflection at critical locations..................................................... 62

Fig. 47 Discretize the slab for design example 2 (KENSLABS).............................................  64

Fig. 48 Numbering o f nodes for design example 2 (KENSLABS).......................................... 65

Fig. 49 Stress contour (liquid foundation)...................................................................................  6 6

Fig. 50 Maximum shear in one dowel and maximum concrete bearing stress (liquid foundation)

................................................................................................................................................  67

Fig. 51 Stress contour (solid foundation).....................................................................................  68

Fig. 52 Maximum shear in one dowel and maximum concrete bearing stress (solid foundation)

  68

XI



List of Appendices

Appendix A: Use KENSLABS to solve pavement design example 1.....................................  74

Appendix B: Use STAAD-III to solve pavement design example 1........................................ 89

Appendix C: Use STAAD-III to solve pavement design example 2 ........................................ 100

Appendix D: Use KENSLABS to solve pavement design example 2 ...................................... 106

X ll



Executive Summary

The first chapter o f this report briefly introduced the pavement types, available pavement design 

methods and objectives of this project. There are two major types pavement: flexible or asphalt 

pavement and rigid or concrete pavement. As an important component of Mechanistic-Empirical 

Method, the most praetieal stress analysis method for flexible pavement is Burmister’s Elastic 

Layered Theory and for rigid pavement is Finite Element Method.

The second chapter o f this report reviewed critical stress, strain and deflection, which would 

induce major types o f distress in flexible pavement and rigid pavement. Horizontal tensile strain 

at the bottom o f the asphalt and the vertical compressive strain at the top of the subgrade are two 

critical measurements for predicting flexible pavement distresses such as fatigue cracking and 

rutting. Flexural stress in concrete slab is a major factor controlling rigid pavement distress such 

as transverse cracking. The application of Burmister’s Elastic Layered Theory in flexible 

pavement design and Finite Element Method in rigid pavement design will also be elaborated in 

this Chapter.

Two available Finite Element software, KENSLABS and STAAD-III are compared in Chapter 3 

by solving two pavement design examples. As a software designed specifically for rigid 

pavement stress analysis, KENSLABS has several advantages in terms of simplicity, as a 

powerful while complicated finite element software, STAAD-III is more suitable for analyzing 

general plane and space structures. The last chapter presents the conclusions o f this project.



Chapter 1: Introduction

1.1 Definition of pavement types

There are mainly two types of pavement structure currently in use around the world: flexible 

pavement and rigid pavement. The major difference between these two types o f pavement is: 

flexible pavement has an asphalt concrete surface layer at the very top, base and/or subbase layer 

in the middle, and natural sub grade layer at the very bottom; while for rigid pavement, regardless 

as continuously reinforced concrete or lean concrete pavement, it has a concrete slab sitting right 

above the soil, a layer of base course may sit in-between. Compositions o f two types o f 

pavement are simply illustrated as below in Fig. 1 and Fig. 2:

Asphalt Surface Layer 

Base Course

Subbase Course

Compacted Sub grade 

Natural Sub grade

Fig. 1 Flexible Pavement Composition'(2)

Portland Cement Concrete

Base Course may or may not be 
used

Natural Sub grade

Fig. 2 Rigid Pavement Composition(2)



1.2 Pavement design methods

Pavement design has evolved from art to science during the past two centuries. The first asphalt- 

paved roadway in the United States was constructed in 1870 at Newark by a Belgian Chemist 

named Edmund J. DeSmedt/^^ and the first Portland cement concrete pavement in the United 

States was believed to be laid in 1893 in Bellefontaine, Ohio by J. Y. McClintock.^'^

As a simple design approach, the Empirical Design Method has been adopted by many 

transportation agencies nowadays. By inputting environmental, material and traffic data. 

Empirical Method is able to provide design engineers the pavement design thickness by using 

calibrated equations and Nomographs. Unlike the Empirical Design Method, Mechanistic- 

Empirical Method is mainly based on analyzing mechanical characteristics of materials. Stress, 

strain and deflection can be calculated by using Elastic Layered Theory (flexible pavement) and 

Finite Element Method (rigid pavement); then critical pavement distresses can be quantitatively 

predicted by experimental calibrated m o d e l s . W i t h  the development of high-speed calculation 

with computer software, critical stresses and deflections of pavement under traffic and 

environmental loadings is much more convenient to be predicted than the past.

1.3 Objectives

The objectives o f this project are firstly, to review critical stress, strain and deflection that would 

induce major types o f distress in flexible pavement and rigid pavement. Distress is an important 

consideration in terms o f pavement performance. The magnitude/frequency of loading and 

number o f load repetitions during the design period are major factors contribute to the damage 

effects o f  pavement structures. For flexible pavement, primary distresses are rutting, fatigue



cracking and thermal cracking;^^^ for concrete pavement, major distresses are transverse cracking 

and faulting/^^

Secondly, available stress analysis methods will be reviewed. As a realistic approach for 

analyzing flexible pavement responses, Burmister’s Elastic Layered Theory will be briefly 

introduced; and as a common structural analyzing tool, Finite Element Method and how the 

method is applied in solving rigid pavement problem will be elaborated.

Finally, two available Finite Element software: KENSLABS and STAAD-III will be compared by 

solving two pavement design examples. The results from running two software will be explained 

and analyzed. A brief introduction on design procedures and reports generated by both software 

are included in Appendices.



Chapter 2: Review of available stress analysis methodology 

For flexible and rigid pavement

From the standpoint o f stress analysis, the essential differences between flexible and rigid 

pavement is: because of the large modulus of elasticity of the rigid concrete slab, major portion 

o f the load transferred from the tires of the vehicles will be carried by the concrete slab itself, 

thus the main goal o f the rigid pavement design is to build a strong concrete slab. While for 

flexible pavement, external loads will be distributed to the subgrade layer because o f the relative 

low modulus o f elasticity o f asphalt layer and other upper layers, the design process consists o f 

choosing optimum layer combinations and structural design of eaeh layer eomponent.

2.1 Stress analysis for flexible pavement

The simplest way to solve flexible pavement problem is to consider the pavement system as a 

homogeneous half-space with infinite area and depth, the original theory developed by 

Boussinesq (1885)^'^ was based on a concentrated load applied on an elastic half space, however, 

this assumption is not realistic. First of all, the subgrade soils are not elastic even though under 

the moving traffic load some of the deformation is recoverable; secondly, flexible pavement is a 

layered system with better materials at the top; each layer has different material characteristics, 

such as modulus o f elasticity E and Poisson’s ratio v.

The Elastic Layered Theory developed by Burmister (1943) is a realistic solution to treat the 

flexible pavement as a multi-layered system. Some basic assumptions when applying this theory

are:^^^



1. Pavement layers extend infinitely in the horizontal direction.

2. The bottom layer (usually the subgrade) extends infinitely downward.

3. Materials are not stressed beyond their elastic ranges.

4. Continuity conditions are satisfied at the layer interfaces.

LoadP
Pavement surface

Interface 1

Interface 2

Interface n-1

Natural Subgrade

Ztz

Fig. 3 Flexible pavement stress analysis'(2)



From the above illustration, according to the mechanistic theories, at any point within the layered 

system, there are 9 stresses: 3 normal stresses (Ti and 6 shear stresses, Ttz, Tzt, T\xy Tm, Tra, Tjr, 

and the following relationships exist:

Ttz Tzt 

T t r = T r t  

Trz ■" Tzr

Typically, flexible pavement is designed to put materials with higher modulus o f elasticity at the 

upper layers in order to reduce stresses and deflection transferred to the subgrade layer. Basing 

on the elastic body theory, the basic stress and strain relationship should be satisfied within this 

axially symmetrical system.

2.1.1 Vertical compressive stress

P load

Interface 1

Interface 2

Fig. 4 Distribution o f vertical compressive stress with Modulus o f  Elasticity^^



From above Fig. 4, vertical compressive stress at the top surface = -P, where P stands for the 

external load applied on the unit circular area. According to the graph, it is self-explanatory that 

to increase the modulus of elasticity, or in other words, to increase the rigidity o f the surface 

layer can reduce vertical compressive stress transferred to lower layers. This explains why we 

design the flexible pavement as materials with higher modulus of elasticity at the upper layers. 

On the other hand, under same traffic loading conditions, soft asphalt mixtures or excessive air 

voids or inadequate compaction in any pavement layer are tend to be more susceptible to rutting 

damages.^^^

From the Fig. 5 below it could also be seen that ffz will be reduced when h,/h2 increase or l/hz 

decrease. That means if  hj, the thickness o f the base course layer should remain constant, to 

increase h], the thickness o f surface layer will bring the vertical compressive stress down.

\  E1/E2 remains constant;
hi/h2 = 1 0  s^^^ce layer thicknes s;

h2 : base course layer thickness.

Fig. 5 Distribution o f  vertical compressive stress with layer thickness^^^
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2.1.2 Horizontal shearing stress

Fig. 6  simply illustrates the distribution of shearing stress over layers. From the figure, the 

maximum Trz occurs approximately at the midpoint o f the surface layer; and at the top surface 

horizontal shear stress Trz -  0. To increase the modulus of elasticity o f the surface layer will 

cause the shearing stress to be increased. Inadequate shear strength of the asphalt mixture will 

induce two-dimensional movement under heavy t r a f f i c , a n d  this will induce two-dimensional 

rutting damage. As a major type of distress in asphalt pavement, rutting appears as a surface 

depression in the wheel paths. Rutting damage relates to material properties and loading, major 

portion o f the rutting occur within the asphalt layer.

P load

Depth below 
surface

E1/E2 =  5

E1/E2 =  5E1/E2 =  50

1/E2 =  50 
Interface 1

Interface 2

Fig. 6 Distribution o f  horizontal shear stress with Modulus o f  Elasticity ̂



2.1.3 Horizontal tensile stress

Horizontal tensile stress would normally be developed at first interface, right underneath the 

asphalt layer. The simplified distribution pattern is as shown below Fig. 7.

Fig. 7 Distribution o f horizontal tensile stress with Modulus o f Elasticity and layer thickness^^^

The information we can get from Fig. 7 is: to increase E 1/E2 or reduce hi/hz, ffr will significantly 

increase; but when asphalt layer thickness approaches zero, there would be no horizontal tensile 

stress exists.

W hen horizontal tensile stress at the bottom o f the asphalt layer exceed its tensile strength under 

repeated loading applications, cracks will form and propagate to the surface, this type o f distress 

is called fatigue cracking which is the result o f repeated bending o f asphalt layer under traffic.^^^

Many factors contribute the forming of fatigue cracking, material properties and layer thickness, 

traffic load and number o f load repetitions, temperature and environmental conditions. Studies
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have shown that 3 to 5 inches thick asphalt is most susceptible to fatigue cracking damage/^^ The 

proper thickness o f asphalt layer must be either as thin as practical or as thick as possible. The 

flexible pavement with very thin asphalt layer tend to have less problem with fatigue cracking 

since compressive effect tend to be more significant.

2.1.4 Vertical deflection

Studies have shown that about 70 to 95% of the surface deflection is the function of the elastic 

compression on the subgrade layer.^^  ̂ Based on mechanical theories about stress/strain 

relationship, in order to minimize surface deflections, vertical compressive stress should be kept 

low. From the above analysis about vertical compressive stress, to increase E, or hj at the surface 

layer when thickness o f base course layer remains the same can all help to reach this goal.

Excessive vertical deflection on subgrade layer will cause rutting damage. Rutting is an 

incremental plastic damage throughout the layered system. National Cooperative Highway 

Research Program conducted by State of Illinois suggested that the total rutting in the pavement 

structure is to sum up the permanent deformation at asphalt layer, granular base layer and 

subgrade layer. Currently there are several models available for estimating plastic strain within 

asphalt layer such as Ohio State M o d e l , 6p = a, x x N=̂  and Illinois Model,^^  ̂ Cp = a,x 

xjaS X ^ a 3 ^  models, plastic strain €p is a function of the resilient strain (also called 

recoverable strain) and N, number of repetitions o f loading. In Illinois model, T, the temperature 

effect is also considered when estimating plastic strain in asphalt layer, since as a viscoelastic 

material, strain in asphalt is a time- and temperature-dependent value. ‘a„’ in above equations 

represent calibration factors.
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2.2 Stress analysis for rigid pavement

Stresses in rigid pavement are resulted from a variety of reasons: loading from the wheels, 

temperature or moisture changes, and deflection or deformation o f the base course layer or 

subgrade layer.

Two factors will affect the decision on whether to use plain concrete or reinforced concrete 

pavement: (1) spacing of joints and (2 ) whether a base course is used over natural subgrade 

layer. In most cases, if  the slab length is less than 20 feet and a cement-treated base course is 

used; plain concrete pavement would be a cost-saving choice.^^  ̂When the joint spacing increased 

to more than 40 feet, wire mesh reinforcement should be used for crack control purpose only.^^^

Fig. 8 as shown below illustrates the general layout of rigid concrete pavement. Dowel bars are 

used at transverse joints to act as a load-transferring media; dowel bars normally are heavy steels 

and will be placed at relative close intervals; they should also be smooth and lubricated at one 

end to allow slab movements.

Dowel bars for transverse joints (expansion or contraction)

Tie bars f o r  longitudinal joints

Fig. 8 General layout o f  rigid concrete pavement''0)
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Tie bars are used along longitudinal joints, the function of the tie bars is tying two slabs together 

to improve load transfer and prevent joints from opening and/or fa u l t in g /A s  recommended in 

the design manual o f Illinois Department o f Transportation, tie bar must be deformed and 

hooked and must be firmly anchored into the concrete; tie bars should be placed at relatively 

large intervals.

Basically there are four groups of joints for rigid concrete pavements; contraction joints, 

expansion joints, construction joints and warping jo in ts .T h e y  are illustrated in Fig. 9 and 10.

Dummy groove contraction joint 

\ / ____________________________

d/2

Lubricated, smooth dowel bar

(a) Contraction Joint

d/2

Fixed at one end /

3/4’

Smooth and lubricated at the other end

(b) Expansion Joint 

Fig. 9 Contraction joint (a) and Expansion joint (b/^^
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Y
(c) Construction Joint

Deformed tie bar

(d) Warping Joint 

Fig. 10 Construction joint (c) and Warping joint (d/^^

Each kind o f joint has its specific functions. The intention of applying contraction joints is to 

relieve the horizontal tensile stress due to contraction and curling/warping of concrete slab. 

Normal joint opening is about 0.25 inch. Dowel bar may or may not be used at the contraction 

joints location.^^^ When dowel bars are not used, load transfer can be achieved by grain interlock 

o f the lower portion of the slab.

Expansion joints should allow concrete to expand, joint opening is about 0.75 inch. Since the gap 

is relatively big, infiltrations o f subgrade materials into the expansion joints may cause the joints

14



to expand, and sometimes, inadequate load transfer may cause the pumping o f material 

underneath the concrete slab, thus expansion joints are used more often for airport pavements.

Construction joints are also about 0.25 inch wide, the function is to transit from old concrete to 

the construction o f new concrete. It can be keyed construction joints as shown in Fig. 10 or butt 

type construction joints which are more commonly used.

W arping joints are used to control longitudinal cracks to occur along the centerline o f the 

pavement. Tie bars should be used to connect two pieces of slab, load transfer can be achieved 

by the grain interlock of the lower portion o f the slab.

2.2.1 Curling stress

When the concrete pavement is exposed to the sun during the day, the top o f the slab warms 

faster than the subgrade, if  the temperature gradient occurs through the depth of the slab, curling 

stress will be induced.

Fig. 11 Curling effect due to temperature gradient

15
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Regardless the slab to curl upward or downward, the weight of the slab will always tend to hold 

the slab in its original position, thus the stresses are induced. Based on the work by Westergaard 

and Bradbury, curling stress at the edge and any point inside the slab can be calculated by the 

following equations.^

For edge stresses:

j  =(C xE X 01 X At) / 2 (Eq. 2.1)

For interior stresses:

(7y =  [(E X 01 X At) / 2 ] X [(Cy +  y X Cx) /  (1- v̂ )] (Eq. 2.2)

(Tx =  [(E X 01 X At) / 2 ] X [(Cx +  y X Cy) /  (1- y^)] (Eq. 2.3)

W ithin the above interior curling stresses equations, C* and Cy are curling stress coefficients. 

They are fixed values based on the chart provided by Bradbury.^The first equation measures 

interior curling stress due to bending in y direction, and the second equation measures interior 

curling stress due to bending in x direction; E is the modulus of elasticity o f concrete (Ibs/sq. 

inch); y, the Poisson's ratio; oi, coefficient o f thermal expansion (inch/inch/°F) and At is the 

temperature differential (°F).

As a major distress in rigid pavement, transverse cracking is the combined effect o f external load 

and temperature. When a heavy load is near the longitudinal edge of the slab, midway between 

the transverse joints, a severe tensile bending stress will occur at the bottom o f the slab. The 

situation will become worse when the top of the slab is warmer than the bottom o f the slab. 

Repeated heavy loading under this condition would result fatigue damage along the bottom edge

16



o f  the slab, which will induce a transverse crack and propagate to the surface of the pavement. 

W hen top o f the slab is cooler than the bottom, repeated heavy loading would result in fatigue 

damage at the top o f the slab, which eventually will induce transverse cracks initiated from the 

surface o f the pavement.^^^

Many factors contribute to the forming of fatigue cracking, not only slab thickness and concrete 

strength, joint spacing also play a big role in the formation of transverse cracks. The effective 

way to minimize transverse cracking is to increase slab thickness, reduce joint spacing or use a 

widened slab, and if  possible, to provide a stabilized base layer.

2.2.2 Frictional stress

From the above discussion, we understand that curling stresses would occur with temperature 

gradient through the depth of the concrete slab; while uniform temperature changes will cause 

the concrete slab to contract or expand, and friction stresses are resulted from frictional 

resistance in-between the slab and subgrade. Frictional resistance is critical for long slabs 

(normally refer to the slabs more than 100  feet long),^^  ̂while for short and average length slabs 

(less than 40 feet),^^  ̂frictional resistance value is not considered as significant.

The purpose of analyzing frictional stress is to determine the spacing between contraction joints 

and the number o f tie bars. For pavement with long joint spacing, steel wire mesh must be used 

to take care o f  the tensile stress induced by friction.
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Fig. 12 Distribution o f frictional resistance (̂!)

According to the above illustration, Kelly has suggested an equation to measure the frictional 

stress

o-c = 7 c L X f , /  2 (Eq. 2.4)

Where dc is the frictional stress (Ibs/sq. inch); 7 = is unit weight o f concrete (lbs/cubic inch); L: the 

length o f  slab and fa is the average coefficient o f fiiction between slab and subgrade layer, in 

most occasions fa = 1.5.

2.2.3 External loading stress

Westergaard had extraordinary contributions on the pavement thickness design.^^^ He developed 

a set o f  equations for determining stresses and deflections in concrete pavements under different 

loads conditions; at the interior o f the slab, at free edges and at the comers. These equations 

allow the prediction o f critical stresses under extreme conditions o f loading cases.^^^
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For comer case.

ffc = (3 X P/h^) X [1 _  (aj X 1.414/f)®-^] (Eq 2 .5)

For interior case,

ffi =  (0.316 X ? / h^) X [4  X logio (f/b) + 1.069], b = (1.6 x + h^) -  0.675h (Eq. 2.6)

For edge case.

ffe = (0.572 X p/ h^) X [4  X logio (£/b) + 0.359], b = (1 .6  x + h^) -  0.675h (Eq. 2.7)

Where P is the external load; £ is the radius o f relative stiffiiess o f concrete to subgrade,^'^ £ = 

[(E X h^) / (12 X (1 — v^) X k)] f i s  a function of E, the modulus o f elasticity o f concrete; v, 

the Poisson’s ratio o f  concrete; k; the modulus of subgrade reaction and h: the thickness o f 

concrete slab; a\ is called contact radius, it is the distance from the point where load applies to 

comer o f slab; a is the distance from the point where load applies to the point tangent to slab 

edge.

Basing on Westergaard theory, in 1950’s, Pickett and Ray developed a set o f charts called 

‘influence charts’ which allow analyzing stress and deflection more conveniently.^’̂  The charts 

were developed basing on two assumptions: (1) pavement built on dense liquid foundation (2 ) 

pavement itself is an elastic solid. Liquid foundation is also called Winkler foundation, liquid 

foundation assumes under vertical force, vertical deflection at node i is independent o f 

deflections at neighboring nodes.

The procedure to calculate stress and deflection is relative simple by using influence chart. The 

first step is to find the size o f tire imprint by the given tire pressure, second step is to trace the
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tire imprints on the influence chart with using appropriate radius o f relative stiffiiess as a scale 

factor and the third step is to count number o f blocks within the imprint area and finally solve a 

set o f equations to find deflection and stress.

2.2.4 Dowel bar stress

Upon above discussion, we understood that dowel bars are used at transverse joints to transfer 

loads when “grain interlock” is hardly achieved or heavy loads shall be applied, dowel joints are 

normally applied for joint openings from 0.04 to 0.25 inch wide.

The design o f dowel bars are based on the analysis of concrete bearing stresses under dowel bars. 

Following assumptions should be applied in order to simplify the case: (1) it is assumed that 

dowel bars are perfectly aligned and free to move and (2 ) characteristics o f subgrade materials 

are overlooked; dowel bar diameter and length design is based on pavement thickness only.

Fig. 13 Deflected shape o f dowel bar under load^^^
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dowel bar

z/2

Fig. 14 Dowel bar deformation under loacf^^

Based on the above assumptions, Timoshenko, Friberg (1940)^*  ̂developed following equations 

to estimate bearing stress on concrete underneath the dowel. For a joint opening z, if  the dowel 

bar is subjected to external load Pt, the moment at the dowel-concrete interface is Mo = -Pt z/2 ; 

the deflection o f the dowel at the joint can be estimated by:^’^

y o  = F t  X ( 2  +  /? X z)/ (4 X jÿ X Ed X i )̂ (Eq. 2.8)

Where j8 is the relative stiffness of dowel bar versus concrete,

^ = [ ( K x d ) / ( 4 x E d X l d ) ] 1/4 (Eq. 2.9)

At above equation, where K is the modulus o f dowel support, K value is also called steel- 

concrete K value, it expresses the bearing stress in the concrete developed under a unit deflection 

o f dowel bar.(^) Due to the difficulty of establishing the value of K theoretically, K value is 

normally selected from 3 x 10  ̂ to 1.5 x ] 0  ̂pci.^  ̂ ‘d ’ is the diameter o f dowel bar, and Ej, Ij are 

modulus o f elasticity o f the dowel bar and the moment o f inertia o f the dowel bar respectively.
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The actual bearing pressure on the concrete at the joint face a = K x yo has to be compared with 

allowable bearing stress o f concrete since the concrete is much weaker than the steel. The 

allowable bearing stress of concrete can be estimated by fb = [(4-d) x f ,’]/3  (American Concrete 

Institute, 1956),^  ̂d is the dowel diameter in inches and f^’ is the ultimate compressive strength 

o f  concrete. The load transferring capacity of a single dowel is determined by allowable bearing 

stress o f concrete, the load transferring capacity equals to the actual bearing pressure a divided 

by allowable bearing stress fy and times 100.̂ ^̂  Load transferring capacity also depends upon the 

length o f embedment. Tests indicated that for a 0.75-inch diameter dowel, the length of 

embedment should be about 8 times of diameter.^^^ For bigger size dowels, the length of 

embedment decreases.

Since dowel bars work as a group, as per the study by Friberg (1940),^'^ when the load is applied 

at a joint, the dowel bars right under the applied load carry a major portion of load. Other dowel 

bars carry a progressively reduced amount of load, this result a portion of load can be transferred 

into the next slab.

The Fig. 15 below shows that the load carrying capacity of a group of dowels is equal to the sum 

o f loads carried by each dowel. And in the case o f superimposing effect o f two wheels, similar as 

shown above, the load carried by the dowel at point A should be the load carried by the dowel at 

A due to load at A plus the load carried by the dowel at A due to load at B. From the point where 

load applies, load transferring capacity will reduce to zero at a distance equals to 1.8  times radius 

o f  relative stiffiiess o f concrete versus subgrade.
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(a) Effective dowels due to load at A

(b) Effective dowels due to load at B

Fig. 15 Loads distribution on dowel group^’̂

Joint faulting is mainly caused by repeated heavy loading crossing transverse joints; it appears as 

base material build-up at one slab comer, and loss o f support at adjacent com er/  ̂It has adverse 

impact on riding quality. For pavements with dowel bars as load transferring device, faulting is 

assumed mainly caused by erosion of the concrete around dowel bars under repeated traffic 

loading. Since the concrete bearing stress under dowel can be calculated, faulting can be 

predicted by calibrated equation.^^^ There are many ways to reduce the formation of joint 

faulting, either to increase the load transfer efficiency by increase the diameter o f  the dowel bars
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or to reduce the joint spacing, or move the heavy load from slab comers by widening the slab or 

provide stabilized base course.

2.2.5 Reinforcing steel and tie bar stress

As per above mentioned, the design o f dowel bars is conducted by analyzing the concrete 

bearing stress and actual load transferring capacity o f dowel; while for reinforcing steel wire 

mesh and tie bar, the design is mainly based on the analysis o f frictional stress induced by 

uniform temperature changes.

W ire mesh reinforcement will not add structural capacity to the pavement slab, it can tie cracked 

concrete pavement together and control crack developments in order to allow effective load 

transferring efficiency through grain interlock. Basing on the assumption that tensile stress along 

the slab length induced by the frictional stress is carried by wire mesh reinforcement, the area o f 

steel can be approximately estimated.

Similar to the design of wire mesh reinforcement, tie bars are used along longitudinal joints to tie 

pavement slabs together, the approximate area of tie bars required for connecting longitudinal 

joints can be estimated by the same concept that tensile stress along the slab lane width induced 

by the frictional stress is carried by the tie bar steels.

The amount o f  steel required depends upon the size o f the slab. For short slabs, steel could be 

reduced or omitted. When the pavement is designed without transverse joint, as it is called
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continuously reinforced slab, adequate steels must be provided to ensure cracks to be tightly

closed.

2.2.6 Thickness design criteria

From the above discussion we could see that stress-inducing factors in rigid concrete pavement 

are quite complex, while some factors could be ignored for thickness design. Besides subgrade 

l-yP®5 curling stress will not be taken into consideration when deciding thickness of pavement. 

Herewith we applied the conclusive statement by E. J. Yoder:^^  ̂ “Joints and steel are used to 

relieve and/or take care o f warping (curling) stresses, and the design, then, is based upon load 

alone when considering thickness. This principle is so important that it must be clearly 

understood by the designer. Recall that a joint is nothing more than a designed crack”.

Department o f Transportation of individual states has developed their own minimum pavement 

thickness criteria. For instance, the Colorado Department of Transportation has stated in its 

Pavement Design Manual that the minimum thickness of Portland Cement concrete pavement is 

8 inches for traffic greater than 1 million 18K ESAL and 6 inches for traffic less than or equal to 

1 million 18K ESAL. '̂*^

2.3 Application of Elastic Layered Theory in flexible pavement design

Flexible pavements are layered systems with better materials on the top and being represented by 

a homogeneous mass is not realistic. Burmister’s layered theory is more appropriate when we try 

to simulate the actual stress state of flexible pavements.^  ̂Burmister first developed solutions for 

a two layered system which is more suitable for a full-depth asphalt construction, and then he
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extended the solutions to a three-layered system. With the advent o f computer software, the 

elastic layered theory can be applied to a multilayered system with any number o f layers. The 

application o f elastic layered theory on solving flexible pavement problem will be briefly 

introduced as below.

In order to use elastic layered theory to solve flexible pavement problem, a stress function #  

should be defined for each layer in the system. ^  is a function of r, z, H and vertical load, where 

r  is the radial distance from the study point to the external load; z is the depth from the study 

point to the surface; H is the distance from the surface to the upper boundary o f the lowest layer. 

$  also contains integration constants; each layer has a stress function $  with different integration 

constants.

Once the stress function $  is defined, stress and strain within the layered system can all be 

expressed by the stress function $ ; the stress function can also allow stress and strain to satisfy 

all elastic stress/strain relationships. By the classical theory of elasticity, stress function should 

satisfy the governing differential equation: T"* $  = 0, where T  is called Laplace operator, T = 

a^/ ôr^ + ( 1/r) ô/ôr + â^/ôzl

To apply the continuity conditions basing on the assumption that all layers are fully bonded with 

the same vertical compressive stress, horizontal shear stress, vertical displacement and radial 

displacement at every point along the layer interface, the following relationship should be 

satisfied: (o,) i = (Oz) i+i; W  i =  W  i+i: (w) i = (w) i+,; (u) i = (u) i+,. And if  the ith layer interface

26



is unbonded or frictionless, the continuation of shear stress and radial displacement must be zero,

(Ôz) i ~  (<̂ z) i + b  (7'rz) i =  0 ; ( w )  j =  ( w )  j+j; (Tĵ ) i+1 =  0 .

At the upper surface, as we have discussed before under Fig. 4 and Fig. 6 , vertical compressive 

stress under the external load (Uz)] — -P, where P is the vertical load applied on a unit area; 

horizontal shear stress (Trz)i = 0. With the application of these boundary and continuity 

conditions, unknown integration constants for each layer can be found, and stress and 

displacement can be determined.

Comparing with Boussinesq’s elastic homogeneous half-space theory, Burmister’s elastic 

layered theory is more practical for analyzing flexible pavement problems. Based on two-layered 

and three-layered system, various charts were developed for determining pavement responses 

conveniently. W ith the application of elastic layered theory in multilayered pavement system, 

available flexible pavement stress analysis software such as KENLAYER developed by Hung 

(1985) and his colleagues makes multilayered pavement system stress analysis problems much 

easier to solve.

2.4 Application of Finite Element Method in rigid pavement design

Finite element method is a numeneal technique for solving problems. By finite element method, 

a eontinuous physical problem will be transformed into a discretized finite element problem. The 

following paragraphs elaborate how finite element method can be applied in the case o f concrete 

pavement design.
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2.4.1 Discretize the contmuum

For rigid concrete slabs, the shape o f rectangular is selected to discretize the whole concrete slab 

into numerous finite elements.

// / / / k
/ / / / /  / / x  y '

Wi

Fig. 16 Discretize rectangular concrete slab^^^

Each nodal point (i, j, k, 1) at each rectangular element has three degrees o f freedom (6%, Oy, co): 0%, 

the rotation about x axis; the rotation about y axis and w is the deflection along z axis. Nodal 

displacements for each rectangular element can be represented by the matrix as shown below 

which contains 12 items.

{ 6 } ^ =  [Ô] Ôj Ôjc Ôi] =  [COi 0xi ^y i ^xj ^yj ^xl ^yl ^xk ®yk] 2 . 1 0 )

2.4.2 Select interpolation functions

A polynomial containing x and y coordinate will be chosen, the degree o f the polynomial will be 

based on the number o f nodes assigned to the element. Since each elements contains four nodes, 

a forth degree polynomial is assigned to represent vertical deflection w, since for slender slabs
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under flexural bending, displacements, internal forces and stresses can all be expressed in term of 

w (0x = -dw/dy and 6y = dw/dx).

= B] + aix + asy + a^x^ + a^xy + a^y  ̂+ a?x^ + agx^y + a g x / + a,oy^ + &iix^y + ai2xy^ (Eq. 2.11)

W e randomly pick one element o f size a by b, if  the center of the rectangular element is defined 

as (0 , 0 ) o f  the xyz coordinate system, the coordinate reading of each node within the element 

can be found; and by inputting (x, y) coordinate o f each node, deflection w at each node can all 

be expressed by above polynomial with an as unknown coefficients. For instance, (-a/2) and ( -  

b/2 ) are the x and y coordinate for the nodal point i, deflection w, rotation 0% and 6y at point i can 

be expressed as three functions as shown below:

ü)i = ai + B2 X (-a/2) + as X (-b/2) + 34 x (a^/4) + as x (ab/4) + 86 x (b^/4) + a? x (-aVS) + ag x (- 

a^b/8 ) + 39 X (-ab^/8) + a,o x  ( - b V 8 )  + an  ^  (a^b/16) + a n  x  (abVl6 ) (Eq. 2 ,12)

(0x)i = - dw/dy = - [33 - as X (a/2 ) - 35 x b + ag x (a^/4) + a@x (ab/2 ) + a,o x (3b^/4) - an x (aVS) - 

ai2 X (3ab^/8)] (Eq.2.13)

(0y)i = dw/dx =  3 2  -  3 4  X a  -  as X (b/2) + 37 X (3a^/4) + ag x (ab/2) + a? x (b /̂4) - ai, x (a^b/8) - a,2
'y.

(bV8)3,0,  (Eq.2.14)
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Fig. 17 “Nodal displacemené^^

And for the rest three nodes j(-a/2, b/2), k(a/2, -b/2) and ](a/2, b/2), similarly, there are three 

polynomials to represent (0x, ŷ, w) for each node respectively. For such a rectangular element 

containing four nodes, there are totally 12 equations to represent the displacement matrix, in 

order to simplify, the displacement matrix can be expressed by [Ô] = [C] [a], where [C] is a 12 by 

12 matrix containing a and b (size of the element), and [a] contains a, to a^  twelve unknown 

coefficients.

2.4.3 Define the elem ent property

Stiffiiess matrix for the element shall be established at this step. Stiffiiess is the resistance o f an 

elastic body to the deflection induced by an external load. Stiffness can be measured by k = P/ô, 

where P is the external force and d represent the displacement. When both force and deflection 

are vectors, stiffiiess matrix can be expressed as a function o f two major characteristics o f 

material properties; E, the modulus of elasticity and v, the Poisson s ratio.
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(Eq. 2.15) 

(Eq. 2.16)

For elastic body, the following stress/strain relationships exist:

ffx = E X (Cx + f  XEy)/ ( 1-u^)

(7y = E X (ty + 1; (1-1/2)

Txy =  B X 7xy /  [2X (l+u)i (Eq. 2.17)'

And

£x = du/dx = -z X d^w / dx^ (Eq, 2.18)

Gy = àvtày = -z xd^w / d /  (Eq. 2.19)

7xy = du/dx + di'/dy = -2z x d^w / dxdy (Eq. 2.20)

W here €x, elastic strain along x direction equals du/dx, the deformation per unit length o f  the

object, du represents the size changes along x direction and dx represent the size o f the object

along X direction, dv and dy represent size changes and size o f the object along y direction 

respectively.

2.4.3.1 Stiffness of concrete slab

For slender slabs subject to flexural bending as shown below in Fig. 18, bending moment can be 

expressed in the following form:

M x =  1/2) zOxdz (Eq- 2 .21  )

M y =  | - t / 2 , t / 2 ) Z ( 7 y d z  (Eq. 2.22)

Mxy= j.t/2,t^)ZTxydz (Eq.2.23)
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Fig. 18 Slender slab subjected to bending moment

Integrating the above moment equations, the moment matrix can be expressed as [M] = [D] 

where [D] is called modulus o f rigidity o f the slab,^'^ it is comprised o f E, modulus o f 

elasticity, v Poisson’s ratio and t, thickness o f the slab.

r -  1 y 0

V 1 0

0 0 (l-u)/2

(Eq. 2.24)

m

^  -d^w/dx^

-d^w/dy^ 

_  -d^w/dxdy

(Eq. 2.25)

Element stifjBiess matrix can always be expressed in the following form. 

[K,] '  = \%[B] ^ [D] [B] dxdy (Eq. 2.26)
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Where, [B] is called displacement differentiation matrix. It is obtained by differentiation o f 

displacement expressed through shape functions and nodal displacements. For better 

understanding o f the form of [B], [B] = [Q] [C] ' and [B]^ = [Q]^ [C] '^ , as explained before, [C] 

IS a 12 by 12 matrix containing a and b (size o f the element), [Q] is a 3 by 12 matrix, it equals 

inputting coordinate reading at one node into [\p]. Thus [K] is a matrix containing only material 

properties, i.e. E and u.

In order to simulate real world situation, the stiffiiess of pavement should include stiffness o f 

concrete slab, foundation and the joint: [K]  ̂= [K)] ® + [Kn]  ̂+ [Km]

2.4.3.2 Stiffness of foundation

Two different types o f foundation can normally be considered: Winkler foundation and solid 

foundation. W inkler foundation was also called liquid foundation which assumes vertical force at 

node i depends only on the vertical deflection at node i and is independent o f all other nodes.

TTnTT 
I I I ) /  I

Fig 19 Winkler foundation^

The stiffiiess o f the Winkler foundation can be expressed as: k = P/w, where k is the modulus of 

subgrade reaction; P is the unit force and w stands for the vertical deflection.

Assume an element o f size a by b, nodal points right locate at the comer o f the slab, total 

resisting force fi-om the foundation can be expressed as F = a x b x k x Since fi-om the
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assumption, every nodal point is independent o f deflections from other nodal point, resisting 

force from each nodal point can be expressed a sF  = a x b x k x  w/4. Transforming into matrix 

form [F] [K] [Ô], we can easily get foundation stiffness matrix [Kn] (k x a x b/4) [1 0 0]/'^

W inkler foundation oversimplified the actual characteristics o f soil foundation. A solid 

foundation model is believed to be more realistic; the deflection at any nodal point depends not 

only on the force at the node itself but also on the forces at all other nodes. The following 

equation is used to determine the stiffness matrix: Wjj = Pj (1 - Uf)/ (tp x Ef x dij).^'^ Where cOjj is 

the deflection at nodal point i due to force at nodal point j; Pj is the force at nodal point j; L»r is the 

Poisson’s ratio for foundation and dj j is distance between nodal point i and j. The stiffness 

matrix o f  the foundation element is defined as deflection at one node due to forces at all other 

nodes. In order to determine the stif&iess matrix, a unit concentrated force can be transferred as 

distributed load over a “ 4  x a x b” area as a uniform pressure 1 / (4 x a x b), then integrate over 

the whole area.

E 3

Fig. 20 Solid foundation0)
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2.4.3.3 Stiffness of joints

The stif&iess o f joint is represented by shear spring constant C^, which can be expressed by: 

Cw = shear force per unit length o f joint / difference in deflection between two slabs.

CDl

Fig. 21 Shear transfers through joint by grain interlocl/’̂

W hen we use grain interlock to transfer the load over joint as shown above in Fig. 21, the shear 

force can be expressed as F = L x Cu x cOd, where F is the nodal force applied to both slabs; L is 

the average spacing between nodes at the joint and Wd is the deflection between two slabs.

W hen dowel bars are used to transfer loads, the situation can be simulated by Fig. 22, and the 

deflection between two slab can be expressed as Wd = AS + 2 x ŷ ,. Where AS is the deformation 

o f dowel under load and yo is deformation of concrete under the dowel. Both items can be 

expressed as a function o f Pt which is the force applied on each dowel bar and equals to F x Sb/L, 

where F is nodal force applied at the slab, Sy is dowel spacing and L is the average nodal spacing 

at joint. By knowing Wd, Cu, shear spring constant at the joint can be defined.
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Fig. 22 Shear transfers through joint by dowel ba/^^

2.4.4 Assemble the element equations

The core equation o f the finite element method is [F] = [K] where [F] is the force vector; 

[K] is the stiffness matrix and [K] =  [Kj] +  [Kn] +  [Km]; [6] is the displacement vector. [F] could 

contain external force and thermal stress due to temperature changes. Since [F] and [K] contain 

all known information, [6], the displacement vector can be found by solving a group o f 

equations.

In order to keep the consistency, external load P should be converted into 12 nodal loads (at 3 

directions at each nodal point and totally 4 nodal points for one element).

External load vector can be expressed by the following form: 

{F)" = [Zi Txi Tyi Zj Txj Tyj Z, Tx, Ty, Zk Txk Tyk] (Eq. 2.27)

From the Fig. 23 below we can see that, since the slab only subject to vertical loading, the ‘T ’ 

item at the above matrix should be equal zero.
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Fig. 23 Finite Element under external load^^^

I f  the curling effect considered, the above matrix can be expressed by another format:

[F] =  [Kp] [Ô] -  [Kf] [0’]/'^ Where [Kp] is the stiffness matrix o f the slab including the joint; [Ô] is 

the nodal displacement o f the slab; [Kf] is the stiffiiess matrix of the foundation; [ô’] is the nodal 

displacement o f  the foundation. The items in the [ô’] should equal to the numbers in [6 ] 

subtracted by the curling deformation, and the rotation items should equal zero in [Ô’], since 

foundation will have no rotations.

2.4.5 Solve the global equation system

Once the element equation [F]" = [K]' [d]" be set up, the global equation system will be 

established in the similar format: [F]^ = [K]^ [0]^ basing on the element equation. The global 

stiffiiess matrix and the global load vector can normally be expressed in the following form.

[K]"  ̂=  [A]"  ̂[K ]' [A] (^9. 2.28)
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[ F f  = [ A f  [F]® (Eq. 2.29)

W here [A] and [A] are the matrix providing transformation from local to global system, they 

contain all known numbers.

2.4.6 C om pute additional results

By solving the equation system [F] = [K] [ô], nodal displacements can be found. By following 

the similar procedure as mentioned above, internal force matrix [f] can also be found, [f] can be 

expressed as [f] = [D] [A] where [D] is a known member within stiffness matrix and [A] is a 

transformation matrix containing all known numbers. By solving [f], basing on the relationship 

[M] = [f] [Ô], [M], the moments can be determined. And finally stress and strain can be solved.
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Chapter 3: Comparison of KENSLABS and STAAD-III

3.1 Background on Finite element software

Various computer software has been developed with the application of Finite Element Method; 

the high-speed computation of PC makes the prediction of pavement distress and stress analysis 

much more convenient today than the past. EverFE delivered by Washington State Department 

o f Transportation and University of Washington (1997)^^ KENSLABS developed by Huang 

(1985) are both finite element program to investigate concrete pavement performance and 

rehabilitation alternatives. SAP2000 and STAAD are both the most commonly used finite element 

program for structural engineers to simulate plane and space structures responses.

KENSLABS developed by Huang (1985) and his colleagues is a concrete pavement stress 

analysis program basing on finite element method. The program allows the study o f a maximum 

o f 6  slabs, 7 joints and 420 nodes, and each slab can have a maximum of 15 nodes in x direction 

and 15 nodes in y d irection .^T he following example will elaborate how a combined warping 

and loading stress analysis case be solved by using KENSLABS program.

3.2 Design example 1 -  the study on combined effect of warping and loading

A  concrete slab, 10 meter (32.8 feet) long, 3 meter (9.8 feet) wide and 20 centimeter (7.9 inch) 

thick, is placed on a modulus o f subgrade reaction o f 55 MN/m (202.7 pci). The pavement is 

subjected to a temperature differential o f 0.5°C per centimeter (2.28 F per inch) at night when a 

45 KN (10100 lbs) single axle load is applied on the edge o f the slab over a circular area with a
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contact pressure o f 600 KPa (87 psi) as shown Irelow in Fig. 24. Determine the combined

pressure due to curling and loading at the edge beneath the load.

45KN 600KPa

Determine Oc due to combined effect of warping and loading 

Fig. 24 Pavement design example 1

3.2.1 Analysis using KENSLABS

In order to save computer storage and running time of computation, since the slab and loading 

condition is symmetrical about Y-axis, only half of the slab needs to be discretized into 

rectangular finite elements. We usually number the nodes by ‘from bottom to top’ and ‘fi-om left 

to right’ sequence. The general rule of numbering the nodes is trying to keep the maximum 

difference between nodal numbers on the opposite comers of the element low. The following 

Fig. 25 and Fig. 26 show how half of the slab was discretized and nodes were numbered. Half 

slab has been discretized into 5 7  = 35 elements, and half slab structure contains 6  x 8 — 48

nodes.
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Fig. 25 Discretize half slab fo r  design example 1 (KENSLABS)
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Fig. 26 Numbering o f nodes for design example 1 (KENSLABS)

KENSLABS can analyze the pavements under the combined effects o f temperature loading and 

physical loading. Since the pavement is subjected to a temperature differential 0.5 C per 

centimeter (2.28°F per inch) throughout the thickness of the slab, At, the temperature differential 

between the top and the bottom of the slab is 0.5 s 20 = lO X  (18“F). With knowing 45 KN 

(10100 lbs) load is applied uniformly on the circular area with a contact pressure 600 KPa (87
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psi), we need to convert the actual circular tire contact area to equivalent rectangular area (as 

shown in Fig. 27 below) which equals to 45 x loVôOO = 750 cm ' (116 sq. inch). On half o f the 

slab, 22.5 BCN (5050 lbs) load is uniformly applied on a approximate 11.5 cm x 33 cm (4.5 inch 

X 13 inch) rectangular area. When discretize the slab into finite elements, for concentrated loads, 

we always try to locate the external loads right on or close to the nodes. For uniformly 

distributed loads, we always try to locate the load boundaries right on or close to the boundaries 

o f  elements.

r = 0.3L

0.6 L

Actual area = 0.5227Z,' when actual area = 750 cm^ (116 sq. inch), L <=>38 cm (15 inch)

n 8 7 1 ? . . L

0.6 L

Equivalent area = 0.6L ^ 0.8712L -23  cm x 33 cm (9 inch x 13 inch)

Fig. 27 Conversion o f actual tire contact area into equivalent rectangular area^’̂

Other necessary input information is: coefficient of thermal expansion o f concrete slab is 9  x 10 

m m /m m /T  (5 x 1Q‘̂  in/in/°F); v. Poisson's ratio o f concrete is 0.15; E, the modulus o f elasticity 

o f  concrete is 27.6 x 10^ KPa (4 x 10  ̂psi). The following Fig. 28 shows the stress contour
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generated by KENSLABS for the studied slab under combined effect o f temperature loading and 

uniform loading. Maximum tensile stress at the bottom of the slab occurs at node ‘1 which is 

the com er o f the slab where the uniform load applies; the maximum compressive stress at the 

bottom o f  slab occurs along the edge of the slab due to the warping effect.

exampXe 1 - liquid foundation 
• Max. Stress in X Dir.=-1346 ★Max. ' + ' Stress in X Dir.= 1659.5 kPa
□ Uniform Load
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Fig. 28 Stress contour due to combined effect o f warping and loading (liquid foundation) 

Under the combined effect of warping and loading, stress level at node ‘ 1 ’ at the bottom o f the 

slab is 1346 KPa as a tensile stress. Combined stresses at other locations can refer to Appendix A 

as attached with this report.

/
MODE LAYER STR ESS X  /  STRESS Ï  STRESS XY MAX. SHEAR

1 1 -1346.006 0.000 0.000 673.003
2 1 -401.183 -20.808 0.000 190.187
3 1 427.547 793.160 0.000 182.807

MAJOR
0.000

-20.808
793.160

MINOR
-1346.006
-401.183
427.547

Fig. 29 Stresses at node 7  ’ due to combined effects o f warping and loading
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As shown above in Fig. 29, ‘Stress x ’ represents the stress in x direction, negative when bottom 

o f the slab is in tension; ‘Stress y’ is the stress in y direction, negative when bottom of the slab is 

in tension; ‘Stress xy’ represents shear stress in xy plane. ‘Major’ and ‘Minor’ are major and 

minor principle stresses in slab when shear stress equals zero, which is used to compare with 

flexural stress o f concrete, and ‘Max Shear’ represents maximum shear stress in slab. At node 1 ’ 

‘Stress y ’ equals zero, since node ‘1 ’ locates at the edge of slab.

W arping effect is a significant factor when designing concrete pavement joints; for the same 

concrete slab if  without the warping effect, maximum tensile stress occurs at node ‘1 ’ at the 

bottom o f the slab is 2608 KPa as a tensile stress as shown in Fig. 30 and Fig. 31.

examgple 1 - without warping effect/Xiguid foundation 
#  Max. Stress in X Dir.=-2608.4 "A" Max. ' + ' Stress in X Dir.= 379.7 kPa

□  U n i f o r m  L o a d

300

H 100

60
33

4003002 0 01000 50
S la b  l a y e r  1 X COORDINATES IH  cm Contours in 1000 kPa

Fig. 30 Stress contour due to uniform load alone (liquid foundation)
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ITODE LAYER STRESS X
1 1 -2608.392
2 1 -1681.987
3 1 -879.051

/ STRESS Y 
0 .000  

-146.780 
490.968

STRESS XY 
0.000 
0.000  
0.000

MAX.SHEAR 
1304.196 
767.603 
685.009

MAJOR 
0 . 000 

-146.780 
490.968

MINOR
-2608.392
-1681.987
-879.051

Fig. 31 Stresses at node 7  ’ due to uniform load

The result is quite reasonable: as shown in Fig. 32 and Fig. 33 below, the studied concrete slab is 

experiencing a temperature differential of 0.5°C per centimeter (2.28°F per inch) at night; the top 

o f the concrete slab is cooler than bottom of the slab. The top tends to contract and the bottom 

tends to expand, however, the weight of the slab restrains it from expansion and contraction, 

tensile stress will be induced at the top and compressive stress at the bottom. This pair o f the 

stress can balance part o f the stress induced by uniform loading at the edge which is in opposite 

direction, thus compare with 2608 KPa when uniform load alone applied on the slab, the tensile 

stress at node ‘T  become 1346 KPa when warping effect is also considered.

2608 KPa (compressive) 1262 KPa (tension) 1346 KPa (compressive)

Under only 
Uniform 
load /

2608 K Pa (tension)

+
Under only
Warping
effect

Under 
combined 
effect of 
warping 
Uniform 
lo ad

1262KPa (compressive) 1346 KPa (tension)

Fig. 32 Combined effect o f warping and loading at node 7
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Fig. 33 Upward curling^^^

Above calculation was based on the assumption that concrete slab was built on liquid foundation; 

since KENSLAB can offer three different types of foundation for analysis: liquid, soild or layer; 

even though liquid foundation is a simple approach as it requires less computer time and storage, 

solid foundation is still a more realistic solution to treat concrete pavement problems.

In stead o f providing modulus o f subgrade reaction k  for liquid foundation, resilient modulus M r  

and Poisson's ratio v o f  subgrade should be provided for solid foundation. Resilient modulus M r  

is the elastic modulus based on the recoverable strain under repeated loads, the value o f M r  for 

granular material and fine-grained soil is normally determined by repeated triaxial test/') A 

calibrated equation is recommended to determine M r  with knowing subgrade reaction k , ^ ' )  M r  =  

1 8 .8  X k ,  where k  is in pci and M r  in psi. In this design example, M r  = 18.8 x 2 0 2 .7  =  3 8 1 1  psi 

(26276 KPa), Poission’s ratio of subgrade soil v is assumed to be 0.45.

Solid foundation is able to provide more realistic result since subgrade reaction k used in liquid 

foundation is not a true characteristic of soil behaviors.^ ) Comparing with calculated tensile
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stress at node I on liquid foundation under the combined effect o f warping and loading as 1346 

KPa, stress level at node 1 become 1509 KPa on solid foundation as shown in Fig. 34.

example 1 - solid foundation 
• Max. Stress in X Dir .=-1509.3 *  Max. ' + ' Stress in X Dir.= 1628.4 kPa

□ U n ifo r m  L oad

t;4

M 1 0 0

60

33

500300 4002 0 050 1000
Slab layer 1 X COORDINATES IH cm Contours in 1000 MPa

Fig. 34 Stress contour due to combined effect o f  warping and loading (solid foundation)

Another important feature o f KENSLABS is to evaluate the contact condition between concrete 

pavement and sub grade foundation. The above design example 1 was solved basing on the 

assumption that slab and foundation are always in full contact. Under the full contact condition, 

the precompression due to the weight o f the slab is more than the deflection due to temperature 

curling effect; the spring supports of subgrade are always able to contact the slab within their

elastic range.
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Fig. 55 Negative reactive pressure at nodes

According to the report generated by KENSLABS as attached Appendix A (liquid foundation), as 

shown in Fig. 35 above, support reactive pressures at highlighted nodes are negative in sign 

(compression positive). That means under temperature curling effect, the slab at these nodes will 

curl up, since the slab and subgrade are always in full contact within the elastic range o f spring 

support o f subgrade, the springs of subgrade will pull the slab back into position, tensile stresses 

are induced at these nodes as support reactions.

Besides the condition of full contact, the slab and foundation can be in partial contact when the 

slab is subjected to curling or pumping before any load applications. Under the partial contact 

condition, initial gaps between slab and subgrade may or may not exist depending on whether 

there is pumping or plastic deformation of subgrade induced by repeated heavy traffic. Under a 

high intensity o f traffic, some supporting spring of subgrade will fail to function elastically, gaps

will form at these locations.
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KENSLABS is able to evaluate the contact condition for partial contact with applied load for both 

liquid and solid foundations, and a two-step analysis is recommended when analyzing such 

cases. Most importantly, in the case o f partial contact, the weight o f the slab must be considered 

in order to counterbalance the positive reactive forces.

In the case o f liquid foundation, firstly, the gaps and precompression due to temperature curling, 

weight o f the slab and initial gaps are pre-determined (gaps are positive in sign and 

precompression is negative in sign); secondly, using the gaps and precompression obtained from 

the first step to calculate the stresses and displacements under the applied load. In the case o f 

solid foundation, the contact condition is determined by the reactive forces and precompression 

due to temperature curling, weight o f the slab and initial gaps. Compressive reactive forces are 

positive in sign, which means slab and subgrade are in contact. Negative (tensile) reactive force 

means slab and subgrade are not in contact. All tensile reactive forces are assigned to zero and 

the program will automatically run iteration cycles until there is no negative (tensile) reactive 

force o f subgrade. The procedure o f two-step analysis will be briefly introduced in Appendix A.

3.2.2 Analysis nsisï̂ g STAAD-III

STAAD-III. developed by REI, Research Engineers Inc., is another powerful finite element 

program for analyzing linear and nonlinear, static and dynamic three-dimensional concrete, 

aluminum, timber and steel structures. The above stress analysis example will be solved once 

again by 5TÆ4Z )-///program.
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STAAD-III grouped all types o f structures into four c a t e g o r i e s a  SPACE structure is a three- 

dimensional framed structure with loads applied on any plane; a PLANE structure is a two- 

dimensional structure bound by a global X-Y coordinate system with loads in the same plane; a 

TRUSS structure is a structure consists o f truss members which can have only axial forces and no 

bending in members; a FLOOR structure is a two-dimensional or three-dimensional structure 

with no horizontal movement. In this case, we define the concrete pavement slab as a SPACE 

structure.

In order to specify the structure geometry, STAAD-III uses Cartesian coordinate system as global 

coordinate system to define joint locations and loading directions. The Cartesian coordinate 

system as shown in Fig. 36 follows the orthogonal right hand rule; the translational degrees o f 

freedom are denoted by ui, U2, U3 and the rotational degrees of freedom are denoted by U4, uj and 

U6-

Z

Fig. 36 Cartesian coordinate system!P)
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Z

X

Fig. 37 Association o f global and local coordinate system

The local coordinate system also follows the right hand rule, but it associates with each member. 

As shown in Fig. 37 above, the beam member with starting node “i” and end node “j ”, the 

positive direction o f local X axis is joining node “i” to “j ” and projecting in the same direction. 

All element force output is in the local coordinate system.

Similar to other finite element software, in order to save computing time, similar elements should 

be numbered sequentially in STAAD-III; and when assigning nodes to elements, nodes should be 

specified either clockwise or counter clockwise. The program also automatically generate a node 

at element center; after running the program, element force output is available at the center o f the 

element.

STAAD-III hm\ds the finite element model through text input file. The text file contains a series 

o f  commands such as ‘joint coordinates’ and ‘repeat’, ‘joint coordinate command specifies joint
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IScoordinates for specific elements in the global Cartesian coordinate system; ‘repeat’ command i 

used to define joint locations by same size increments. The following Fig. 38 and Fig. 39 show 

how the joint coordinates are specified and elements are numbered for design example 1.

z
(0,0, 300)

375 cm

(0 , 0 , 0)

10 @ 4S.85 cm

Center
Line

(1000,0. 300)

X
(1000, 0 , 0)

10 (ftl 48.85 cm

2 @11.5 cm

Fig. 38 Discretize the slab fo r  design example 1 (STAAD-III)

52



Center
Line

Node 11 Node 253

8

2
Node 1 Node 243

10 elements 10 elements

Elem ent 101 2 elements
& 102 Element 111 

& 112

Fig. 39 Numbering the nodes for design example 1 (STAAD-III)

The whole slab has been discretized into 10 % 22 -  220 elements; and the whole structure 

contains 11 x 23 = 253 nodes as shown above. The 45 KN (10100 lbs) uniformly distributed load 

is applied on a 23 cm x 33  cm -7 5 0  cm^ (116 inch^) area where element 101, 102 and element 

111, 112 are located. Similar as KENSLABS, when discretize the slab into finite elements, for 

concentrated loads, we always try to locate the external loads right on or close to the nodes, and 

for uniform distributed loads, we always try to locate the boundary of area load right on 

boundary o f  the elements.

53
-  PflOPWTYOF 

PYERKRWWbHelTY LliiFiAHt



STAAD-III can specify temperature load on members and elements by applying ‘temp load’ 

command. Within the temp load command line, both f] and f2 should be specified where f] 

is the change in temperature which will cause axial elongation in the members or uniform 

expansion in element; f2 is the temperature differential from the top to the bottom of the member 

or element (Ttop — Tbottom), it is the f; that cause the member to bend. In this case, fi = 0 and f  ̂— - 

10°C(18T).

For analysis purpose, STAAD-III can separately calculate the stress under different loading cases 

with the using o f ‘load combination’ command. In this case, four group of load cases are 

specified: load case 1: uniformly distributed external load alone; load case 2: temperature load 

alone (upward curling); load case 3: uniformly distributed load with upward curling (Ttop -  

Tbottom = -10°C); load case 4: uniformly distributed load with downward curling (Ttop -  Tbottom = 

10°C).

The other necessary information to be provided is modulus o f elasticity o f concrete slab E = 27.6 

X 10^ KPa (4 X 10* psi) and Poisson’s ratio u = 0.15. STAAD-III is also capable o f modeling 

elastic spring support for sub grade foundation by using ‘support’ and ‘elastic mat command, in 

this case, subgrade reaction k = 55 MN/m^ (202.7 pci), this means the analysis is basing on the 

assumption that the slab is built on liquid foundation.

After running the STAAD-III input file, a report containing joint displacements, support 

reactions, member end forces, element principle stress, shear force Q%, Qy, membrane force F%,
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Fy, Fxy, Mx, My and Mxy will be printed. The positive directions o f element forces are as shown 

below in Fig. 40.

Qy 4

-xy

-xy

Lyx

Fig. 40 Sign convention o f  element forces

Refer to attached Appendix B for detailed report o f results; the critical stresses at the centre o f  

element ‘101’ under uniformly distributed load are listed as below.

Element forces at centre o f element ‘101’:

Load case 1 (uniformly distributed load alone):

Bottom o f  slab: 2229 KPa (tension)

Load case 2 (upward curling):

Bottom o f slab: -1246 KPa (compression)

Load case 3 (uniformly distributed load with upward curling):

Bottom o f slab: 988 KPa (tension)

Load case 4 (uniformed distributed load with downward curling):

Bottom o f slab: 3474 KPa (tension)
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Comparing the result from KENSLABS and STAAD-III based on the assumption that the slab is 

built on liquid foundation, when only external load applies, 2608 KPa at node ‘1’ was calculated 

by KENSLABS and 2229 KPa at the center o f element ‘101’ was calculated by STAAD-III. When 

considering external load combined with upward curling effect, 1346 KPa at node ‘1’ was 

calculated by KENSLABS and 988 KPa at the center o f element ‘101 ’ was calculated by STAAD- 

III.

Many factors may affect the precision o f the calculation. First o f all, the size o f finite elements 

can be one o f the important factors. Normally the coarser the finite element mesh, the smaller 

stresses and deflections we can get, thus the coarser mesh may lead to unsafe design. Secondly, 

KENSLABS program provides the stresses at nodes, while STAAD-III provides the stresses at the 

center o f  the elements.

As a finite element program designed specifically for pavement stress analysis, KENSLABS has 

several advantages in term of simplicity. For KENSLABS, When the slab and loading exhibit 

symmetry, only one-half or one-quarter of the slab need to be considered. While for STAAD-III, 

the finite element program for general plane and space structures, the program was not tailored to 

recognize ‘free edge’, ‘jo in t’ or ‘centerline’ of the slab like KENSLABS. Especially for the design 

example 1, the slab is subjected to combined effect of edge loading at center o f slab and 

temperature loading, the whole pavement slab need to be studied since center portion o f slab 

experience critical stresses when the whole slab curling upward or downward. Besides, 

KENSLABS is able to provide straightforward answers as far as we are concerned in the 

pavement design problems, for instance, stress at the comer of the slab. Furthermore,
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KENSLABS has three foundation options to choose, and solid foundation is believed to be the 

solution close to real conditions. The ability to evaluate contact condition between slab and 

subgrade is another advantage of KENSLABS program. In reality, the slab and subgrade are not 

always in full contact due to temperature curling or pumping. For old pavements under high 

intensity o f traffic, plastic deformation will form at some locations o f subgrade at where initial 

gaps exist. KENSLABS is able to determine the contact condition for partial contact cases with 

applied load; the stresses and displacements of slab can be analyzed basing on pre-determined 

gaps and precompression.

3.3 Design example 2 -  the study on dowel bars at transverse joint

We will now use both KENSLABS and STAAD-LLL to solve another stress analysis example 

dealing with dowel bars at transverse joint as load transferring devices.

h = 20 cm 
k  — SOMN/m^

area 30cm x 30cm 
60KNload

210 cm

0.5 cm

Fig. 41 Pavement design example 2
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As shown m Fig. 41 above, a concrete slab bas a width o f 3.6 meter (141.7 inch) wide, a

thickness o f 20 centimeter (7.9 inches) and a modulus of subgrade reaction of 80 MN/m^ (294.9 

pci). Two 30 centimeter (11.8 inch) by 30 centimeter (11.8 inch) loaded area, each weighing 60 

KN (13470 lbs) and spaced at 210 centimeter (82.7 inch) apart, are applied at the joint with the 

outside loaded area adjacent to the pavement edge as shown below. Determine the maximum 

bearing stress between concrete and dowel. The joint has an opening of 0.5 centimeter (0.2 inch) 

and the dowels are 2.5 centimeter (0.98 inch) in diameter and 30 centimeter (11.8 inch) on 

centers.

3.3.1 A nalysis using STAAD-III

360

60

30

0 30 60

0.5cm joint

300 300.5 600.5

Fig. 42 Discretize the slab for design example 2 (STAAD-III)
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(0 ,0 , 360) (300,0,360) (300.5.0,360) (600.5,0,360)

12 20

.16
115

.14

13
4 ,12

3 .11
.10

1 09

.32 140

21 129

(0, 0. 0) (300, 0, 0) (300.5, 0, 0)

Fig. 43 Numbering o f nodes for design example 2 (STAAD-III)

(600.5, 0, 0)

Firstly, we use STAAD-III program to solve the problem. In this case, 3 m (118 inches) o f the 

pavement slab on both sides o f the transverse joint is studied. 30 cm (11.8 inch) by 30 cm (11.8 

inch) square elements are defined; there are totally 12 x 20 = 240 finite elements. Fig. 42 and 

Fig. 43 above showed how the joint coordinates are specified and elements are numbered.

In order to properly simulate the dowel bars, we have to fully understand how dowel bars 

function at transverse joint. Dowel bars are fixed at one end and free to move at other end, they 

are used across transverse joints to transfer only vertical loads. Thus dowel bars can be simulated 

as a group o f steel beams members fixed at one end and hinged at other end between two 

concrete slabs. From the given information, 2.5 cm (1 inch) diameter dowel bars are arranged at
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30 cm (11.8 inch) center to center, there are totally 13 steel beam members are defined, for 

instance, the steel beam member connecting node 131 and node 144 represent one dowel bar.

Since dowel bars do not transfer any moment or horizontal movement, STAAD-III allows 

specification o f release o f degrees of freedom for specific members by using “release” command. 

In this case, since dowel bars transfer only vertical load along Y-axis, member force F%, Fg and 

moment Mx, My and Mg has to be released.

Node 143 Node 156
0.5cm joint

360

60
30

600.5

ode 144Node 131'

X

Fig. 44 Simulate dowel bars as steel beam members (STAAD-III)
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4  Z

560

60

50

0.5cm joint 
 ►

0 50 60

Elem ent 116

'500 500.5

Element 109

600.5

Fig. 45 Uniformly distributed load on element 109 & 116 (STAAD-III)

Finally, 60 KN (13470 lbs) uniformly distributed loads are applied on two 30 cm (11.8 inch) by 

30 cm (11.8 inch) areas, which are 210 cm (82.7 inch) apart, STAAD-III can specify uniformly 

distributed load applied directly on elements by the ‘pressure’ command. As show in Fig. 45 

below, area loads are applied on element 109 and 116, uniform pressure equals to 60 x 10 /900 

cm^ — 667 KPa (96.7 psi).

Other necessary information shall be provided including modulus o f elasticity o f concrete slab E 

= 27.6 X 10^ KPa (4 x 10^ psi); Poisson’s ratio v = 0.15; modulus of elasticity o f steel dowel 

beam Ed = 2 x 10^ KPa (29 x 10^ psi); cross sectional area o f steel bar A = x  x d^/4 = 4.9 cm^
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(0.76 square inch); moment o f inertia o f steel dowel beam ly = Iz = t  x d'* /  64 = 1.92 cm'* (0.045 

inch" ) and torsional constant h  = x  x r" / 2 = 3.83 cm" (0.09 inch"). STAAD-Ill is also capable o f 

modeling elastic spring support for subgrade foundation by using ‘support’ and ‘elastic mat’ 

command, in this case, subgrade reaction k = 80 MN/m^ (294.9 pci). This means the analysis is 

based on the assumption that the slab is built on liquid foundation.

The steel member stress are listed as below, a detail report of results is attached in Appendix C. 

Maximum shear force occur at steel members under area loads are as shown below.

0.5cm joint
A Z

560

60

50

MM

m

m

M’em )er 0̂9
em )er 0̂8

m

/
em )er 102

m

/
/

em )er 301

0 50 60 300 500.5

Fig. 46 Maximum stress and deflection at critical locations

600.5
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Member end forces:

Member 301, shear-Y = -13.11 KN (-2937 pounds)

Member 302, shear-Y = -11.88 KN (-2661 pounds)

Member 308, shear-Y = -10.78 KN (-2415 pounds)

Member 309, shear-Y = -10.82 KN (-2424 pounds)

The relative stif&iess o f dowel bars embedded in concrete, /3, can be defined by jS = [(K x d) / (4 

X Ed X Id)]'^\/^) W here K is the modulus of dowel support, in this case we assume K = 406950 

K N W  ( 1 .5  X 10^ pci); the modulus of elasticity o f steel dowel Ed = 2  x lo* KPa (29 x lO* 

psi); moment o f inertia o f dowel bar Id =  tt x dV  64 =  1 .92  cm"* (0 .0 4 5  inch'^ ); diameter o f dowel 

bars d = 2 .5  cm ( 0 .9 8  inch). Thus /3 = 1.85  cm (0 .7 3  inch).

Since the maximum shear force on the steel member ‘301’ Pt is 13.11 KN (2937 pounds), 

concrete bearing stress 0\, can be determined by Ub = K x p, x (2 + jS x z) / (4 x x Ed x Id), 

where the joint width z = 0.5 cm (0.2 inch). (7b= 4655 psi (32 Mpa).

Relative stiffness o f dowel bar f  = [(E x h^) / (12  x (1 -  y^) x where modulus o f elasticity

o f concrete E = 27.6 x IQ  ̂ KPa (4 x 10  ̂ psi); thickness of the slab h = 20 cm (7.9 inches); 

Poisson’s ratio o f concrete u = 0.15 and modulus of subgrade reaction k = 80 MN/m^ (294.9 pci). 

£ = 27.5 inch (70 cm). From the above discussion about dowel group reaction, we normally 

assume that the shear in each dowel decreases with the distance o f the dowel from the point o f 

loading. Being maximum for the dowel under or nearest to the point of loading and zero at a 

distance o f 1.8f, 1.8 x f  -  126 cm; since two uniformly distributed area loads are 210 cm apart.
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the shear force on steel member 308 wUl not affect the concrete bearing stress under steel

member 301. Thus, the maximum bearing stress between concrete and dowel is 32 Mpa {4655 

psi).

3.3.2 Analysis using KENSLABS:

Now we use KENSLABS to solve the same problem, a different set of finite element arrangement 

is laid out as shown in Fig. 47 and Fig. 48 as below. 4 m (157.5 inch) length o f the pavement 

slab on both sides o f transverse joint is studied. On one slab, there are total 8 x 5 = 4 0  elements 

and 9 X 6 — 54 nodes. The system of units for this example is English (length in inch, force in 

pound, stress in psi and dowel K value and subgrade reaction in pci).

KENSLABS can define area loads by specifying the boundaries of the load, in this case, the 

boundary along X-axis o f two area loads is the same, from 145.7 inch (370 cm) to 157.5 inch 

(400 cm); the Y boundaries are from 0 to 11.8 inch (30 cm) and from 82.7 inch (210 cm) to 94.5 

inch (240 cm).
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Fig. 47 Discretize the slab fo r design example 2 (KENSLABS)
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Fig. 48 Numbering o f nodes for design example 2 (KENSLABS)

Other necessary information is modulus of elasticity of concrete slab E = 4 ^ 10  ̂psi (27. 6 x 10  ̂

KPa); Poisson 's ratio v = 0.15; modulus of subgrade reaction k = 295 pci (80 MN/m ); dowel 

bars are 0.98 inch (2.5 cm) in diameter and 11.8 inch (30 cm) on centers, thus totally 13 dowel 

bars are used at the transverse joint; joint is 0.2 inch (0.5 cm) wide. Two uniformly distributed 

area loads 13470 pounds (60 KN) were applied on two 11.8 inch (30 cm) by 11.8 inch (30 cm) 

areas, load pressure equals to 13470 / (11.8 x 11.8) = 96.7 psi (667 KPa). Assume modulus o f 

dowel support K — 1.5 x 10  ̂pci (406950 KN/m ).

Since KENSLABS is a computer program designed specifically for concrete pavement stress 

analysis, after running the program, the report contains the critical stresses such as bearing stress 

o f  ecmcnete and shear stress ()f dmvel akmf; joints. Itelèr to attaclied /appendix D for mone
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detailed report; maximam shear force in dowel bars and nraximtun concrete bearing stress is

listed as below.

Maximum shear force at the dowel bars occur at the first dowel which connects node '4 6 ' to 

node 55 , the force value equals to 2653 pounds (11.8 KN). Maximum bearing stress o f concrete 

occurs at node 46 , the stress value equals 4226 psi (29 Mpa). Stress contour is as shown in Fig. 

49 below.

e>tatn(ile 2 - Mquiâ foundation 
• Max. Stress in X Dir,=-115.9 *  Max. ' + ' Stress in X Dir.= 167.8 psi

0 Uniform Load
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Fig. 49 Stress contour (liquidfoundation)
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FOR JOINT NO. 1 j^fEAR IN ONE DOWEL BAR <FAJPD) AT THE NODES IS;
46 -2652.8 47 -1778.6 48 -813.9 49 -288.3 50 -357.4
51 -962.3 52 -1851.8 53 -1367.7 54 -160.3

FOR JOINT NO. 1 BEARING STRESS (BEARS) OF CONCRETE AND SHEAR STRESS
(SHEARS) OF DOWELS AT THE NODES ARE:

46 -4226.2 -3516.9 47 -2833.5 -2357.9 48 -1296.6 -1079.0
49 -459.4% -382.3 50 -569.4 -473.8 51 -1533.0 -1275.7
52 -2950.2 -2455.1 53 -2179.0 -1813.2 54 -255.4 -212.5

Fig. 50 Maximum shear in one dowel and maximum bearing stress

Now if  we change the foundation as solid foundation while remain rest o f the information. In 

stead o f providing modulus of subgrade reaction k for liquid foundation, resilient modulus M r  

and Poisson's ratio u o f subgrade should be provided for solid foundation. A calibrated equation 

is recommended to determine M r with knowing subgrade reaction k, '̂* M r = 18.8 x k, where k is 

in pci and M r  in psi. In this design example, M r = 18.8 x 295 = 5546 psi (3 8 2 3 8  KPa), 

Poission’s ratio o f subgrade soil v is assumed to be 0.45.

Comparing with the results basing on liquid foundation, maximum shear force occurs at dowel 

bar connecting node ‘46’ and ‘55’ as 2653 pounds (11.8 KN) and maximum bearing stress of 

concrete occurs at node ‘46’ as 4226 psi (29 Mpa); when the analysis is based on solid 

foundation as shown in Fig. 51 and Fig. 52 below, maximum shear force occurs at the dowel bar 

connecting node ‘46’ and node ‘55’ as 2760 pounds (12.3 KN) and maximum bearing stress o f 

concrete occurs at node ‘46’ as 4397 psi (30 Mpa). Solid foundation is able to provide more 

realistic results since subgrade reaction k used in liquid foundation is not a true characteristic o f

soil behavior.^’^
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example 2 - solid foundation 
•  Hax. Stress in X Dir.=-140.6 *  Max. ' + ' S t r e s s in X Dir.= 120.2 psi
□ Uniform Load
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Fig. 51 Stress contour (solid foundation)

FOR JOINT NO. l^sitEAR IN ONE DOWEL BAR (FAJPD) AT THE NODES IS:
46 -2760.1 47 -1953.2 48 -1043.2 49 -542.6 50

-1650.2 54 353.6
-615.0

51 -1222.4 52 2127.5 53

FOR JOINT NO. 1 BEARING STRESS (BEARS) OF CONCRETE AND SHEAR STRESS 
(SHEARS) OF DOWELS AT THE NODES ARE:

46 -4397.2ĵ -3659.2 47 -3111.6 -2589.4 48 -1661.9 -1383.0
49 -864.4\ -719.3 50 -979.7 -815.3

53 -2629.0 -2187.8
51 -1947.4 -1620.5 
54 -563.4 -468.852 -3389.4 y-2820.5

Fig. 52 Maximum shear in one dowel and maximum bearing stress

Comparing the result o f two programs, when we use STAAD-III, maximum member shear force 

occur at m ember ‘301 ’ which is the first dowel located at the edge of the slab, shear-Y = -13.11 

KN (-2937 pounds); maximum bearing stress between concrete and that dowel is 32 Mpa (4655 

psi). For KENSLABS, i f  under the assumption that the slab was built on liquid foundation, 

maximum shear in one dowel bar occurs under node ‘46’ where locates the first dowel at the
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edge o f  the slab, shear-Y -2653 pounds (-11.8 KN); maximum bearing stress o f concrete

between concrete and that dowel is 4226 psi (29 Mpa).

As we discussed before, many factors may affect the accuracy of the calculation, the size o f 

elements can be one important factor. Normally the coarser the finite element mesh, the smaller 

stresses and deflections we can get, thus the coarser mesh may lead to unsafe design. Secondly, 

KENSLABS program provides the stresses at nodes, while STAAD-III provides the stresses at the 

center o f  the elements.

As a finite element program designed specifically for pavement stress analysis, KENSLABS has 

several advantages in term of simplicity. For the design example 2, KENSLABS is able to provide 

straightforward answers that we concern in the pavement design, for instance, concrete bearing 

stress under the dowel bar. Furthermore, KENSLABS has three foundation options to choose, and 

solid foundation is believed to be the solution close to real conditions.
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Chapter 4: Conclusions

Over the past few decades, pavement engineering has gone through considerable developments. 

Even though Empirical Method is a simple design approach which has been adopted by many 

agencies, there are still some drawbacks. One o f the drawbacks might be that the set o f  calibrated 

equations or Nomograph can only be applied to common environmental, material and traffic 

conditions; when these conditions change for specific jobs, the design outputs will no longer be 

reliable. As a design method combining engineering experience and the analysis o f mechanical 

characteristics o f  materials, the Mechanistic-Empirical method has been widely accepted and the 

transition from Empirical Design Method to Mechanistic-Empirical Method is becoming a near

future trend.

The m ost practical and widely used stress analysis method for flexible pavement is Burmister’s 

Elastic Layered Theory. Horizontal tensile strain at the bottom of the asphalt layer and the 

vertical compressive strain at the top of the subgrade layer are two critical measurements for 

quantitatively predicting fatigue and rutting damage under repeated traffic load. The most 

practical method for analyzing rigid pavement is Finite Element Method. Transverse cracking 

and jo int faulting are two major types of distress that adversely affect the concrete pavement 

performance. Transverse cracking is the effect of fatigue damage, and joint faulting is the result 

o f  a combination o f many factors: repeated heavy axle load, poor load transfer across the joint, 

erosion o f the supporting base material and upward curling of the slab, etc. Joint faulting has 

adverse impact on riding quality.
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KENSLABS and STAAD-III are both commercial Finite Element software. They are both capable 

o f analyzing stress state and deflection o f concrete pavement under applied loads and 

temperature loads. For KENSLABS, when the slab and loading exhibit symmetry, only one-half 

or one-quarter o f  the slab need to be considered. While for STAAD-III, the finite element 

program for general plane and space structures, the program is not tailored to recognize ‘free 

edge , jo int or centerline’ o f the slab, the whole pavement slab information need to be input 

into the system.

KENSLABS is designed specifically for studying concrete pavement; it is able to provide 

straightforward solutions for pavement design purpose. For instance, the bearing stress o f  

concrete under dowel bar and stress at comer o f the slab under load. Moreover, KENSLABS has 

three types o f foundation, liquid, solid and layered. Since the modulus o f subgrade reaction k is 

not a true characteristic o f  subgrade soil behaviors, solid foundation is a more realistic solution to 

treat pavem ent problems. The ability to evaluate contact condition between slab and subgrade is 

another advantage o f KENSLABS program. In reality, the slab and subgrade are not always in full 

contact due to temperature curling or pumping. For old pavements under high intensity o f traffic, 

plastic deformation will form at some locations o f subgrade at where initial gaps exist. 

KENSLABS is able to determine the contact condition for partial contact cases with applied load; 

the stresses and displacements o f slab can be analyzed basing on pre-detcrmined gaps and 

precompression.

As one o f  the Finite Element software commonly used by many structure engineers, STAAD-III 

is m ore suitable for studying general plane and space structures. Comparing with KENSLABS,
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STAAD-III is a relatively complicated Finite Element software. Training and experience are 

necessary for writing the text input file properly. Even though STAAD-III can provide precise 

calculations for general plane and space structures containing more elements and nodes, 

KENSLABS is m ore suitable for pavement design purposes.
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Appendix A: Use KENSLABS to solve pavement design example 1 

1. General Information screen.

General Information of SLABSINP
TITLE j d e s i g n  e x a m p l e  1

T ype of fo u n d a tio n  [0=liquid, 1=solid, 2=layer) (NFOUND] 0
D am ag e  an a ly s is  (0=no, 1=PCA criteria, 2=usei specified] [NDAMAI 0
N um ber of p e rio d s p er year (NPY) 1
N um ber of load  g roups (NLG) 1
N um ber of s lab  layers (N LAYER) 1
B ond  b e tw e e n  tw o slab  layers (O=unbonded, 1 ^bonded) (NBOND) 0
N um ber of s la b s (NSLSiB) 1
N um ber of jo in ts (NJGINT) 0
N odal num ber for ch e c k in g  co n v erg en ce (NNCK) 1
N um ber of n o d e s  for s tre s s  printout (NPRINT) 0
N um ber of n o d e s  on X axis of symmetry (NSX) 0
N um ber of n o d e s  on Y axis of symmetry (NSY) 6
M ore d e ta ile d  prin tout (0=no, 1=yes] (MDPG) 1
N um ber of n o d e s  with different th ick n esses  of slab layer 1 (NAT1) 0
N um ber of n o d e s  with different th ick n esses  of slab layer 2 (NAT2) 0
S ystem  of un its (U=Lngltsh, 1=SIJ (NUNIT) 1

D efault options are  show n by 
b lack  dots. If not true , p lease  
click th e  o ther bu tton

<'» witfi uniform load  
r  witfiout uniform load

witfi tem pera ture  g radient 
a n d /o r  ch ec k in g  c o n ta c t

^  w ithout tem pera tu re  g radient 
a n d /o r  c h e c k in g  c o n ta c t

with c o n c e n tra te d  load 

without c o n c e n tra te d  load

Ptint j //a/d" S e f  J  H01

NFOUND -  type of foundation; ‘0’ for liquid foundation, ‘1’ for solid foundation and ‘2 ’ 

for layered foundation. Modulus of subgrade reaction k (pci or KN/m^) in the case o f 

liquid foundation, resilient modulus M r  (psi or KPa) and Poisson’s ration u in the case o f 

solid foundation should be provided at the foundation information screen as shown 

below. Layered foundation (up to six layers) is recommended when the slab is placed on 

one or m ore layers o f granular materials. Thickness, elastic modulus and Poisson s ratio 

o f each foundation layer shall be specified.

Uguid Foundation

Double click (or p ress  the E

U n i t  M N / m  3

S U B M O D  N A S  1
5 5  i 0  1

SUBMOD -  modulus o f subgrade reaction k (pci or Kn W ) .  Provide one 

modulus o f subgrade reaction k i f  the foundation is uniform and assign NAS = ‘0’

(refer to ‘NAS’ below).
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NAS — numbers o f additional modulus o f subgrade reaction if  the foundation is 

not uniform. Maximum 120 additional k and nodal numbers at where subgrade 

modulus is different can be assigned.

Solid Foundation

Y oung 's  m odulus of subgrade  in kP a lYMS)
P o isso n  s  ratio  of subgrade (PRS)

2G27G
0.45

■ YMS -  Young’s modulus (resilient modulus) o f subgrade in the case o f rigid 

foundation (psi or KPa). Resilient modulus M r  is the elastic modulus based on 

recoverable strain under repeated loads, the value of M r  for granular material and 

fine-grained soil is normally determined by repeated triaxial test. A calibrated 

equation is recommended to determine M r  with knowing subgrade reaction k ,  M r  

=  18.8 X k, where k is in pei and M r  in psi.

■ PRS -  Poisson’s ratio o f subgrade for rigid foundation.

NDAM A — damage analysis, 'O’ for no damage analysis is required; for damage 

analysis based on fatigue equations recommended by Portland Cement Association and 

‘2 ’ for fatigue damage analysis based on user specified fatigue coefficients. Damage 

analysis is based on fatigue cracking only, the allowable number o f repetitions o f loading 

is expressed as logNf = f , -  fa x (a/Sc), where o is the flexural stress in concrete slab and 

Sc is the modulus o f rupture of concrete, f| and fa are coefficients. When the program is 

asked to perform damage analysis, a damage analysis screen as shown below will ask for 

information such as modulus o f rupture o f concrete pavement slab Sc (psi or KPa) and 

total number o f load repetitions for each load group during each period (refer to NPY and

NLG below).
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input input

U n i t '■ ]<.Pa -

Layer No. PMR I
1 3450 1

■ PMR — modulus of rupture o f concrete pavement slab Sc (psi or KPa).

P e r io d l Period? P erio d s Period* P erio d s | P e rio d s |
input input input input input input

P erio d ? P eriods P eriods PeriodIO Period i 1 j P eriod i 2  j

input input input input input input

L#adRep#jDnfq^go^,% .%  _

Load Group 1 TNLR
1 0

(1) This form appears when the peril 
button on the Load Repetitions of each

■ TNLR - total predicted number of load repetitions for each load group in each 

period.

■ NPY -  number o f periods per year. Maximum 12 periods can be specified for each year

for damage analysis. Modulus o f subgrade reaction k varies with the season o f the year, 

after the allowable number o f load repetitions is determined based on predicted number 

o f  load repetitions for each load group in each period, pavement design life can be 

estimated.
m NLG — number o f load groups. Axle loads can be divided into maximum o f 12 groups for

damage analysis. In the case o f no applied load and only temperature curling effect is

considered, NLG = ‘1
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NLAYER number o f slab layers, maximum 2 layers o f slab can be specified in the case

o f  asphalt overlay on top o f concrete slab as a rehabilitation method or concrete slab over 
a cement-treated base.

■ NBOND — bond between two slab layers, ‘0’ for unbonded and ‘1’ for bonded slab 

layers. In the case of bonded slab layers, flexural stress in the concrete is reduced by a 

composite moment o f inertia about neutral axis; while in the case o f unbonded slab 

layers, each layer works as an independent slab with the same displacements at nodes.

■ NSLAB — number o f slabs, maximum 6 slabs can be studied.

■ NJGINT — number o f joints, maximum 7 joints can be specified. In the case o f single 

slab, NJGINT should be assigned ‘O’.

■ N NCK — nodal number for checking convergence. The program recommends using nodal 

num ber under the heaviest load to check convergence. In design example 1, node ‘ 1 ’ 

under uniform load is assigned for checking convergence.

■ NPRINT — number o f nodes for stress printout, stresses at maximum 420 nodes are 

printed. When NPRINT = ‘O’, the stresses at every node will be computed and printed.

■ NSX -  number o f nodes on X-axis o f symmetry, maximum 50 nodes can be defined. 

W hen NSX = ‘O’, it represents X-axis is not an axis of symmetry; when NSX = ‘1’, it 

represents X-axis o f symmetry is along a joint. In design example 1, X-axis is not an axis 

o f symmetry, thus NSX = ‘O’.

■ NSY - number o f nodes on Y-axis of symmetry, maximum 50 nodes can be defined. 

W hen NSY = ‘O’, it represents Y-axis is not an axis of symmetry; when NSY = ‘1’, it 

represents Y-axis o f symmetry is along a joint. In design example 1, there are 6 nodes on 

Y-axis o f  symmetry, thus NSY = ‘6’.

» M DPG -  more detailed printout, ‘1’ for yes and ‘0’ for no.

■ N A T l -  number o f nodes with different thickness of pavement slab layer 1, maximum

120 nodes can be specified with different thickness. When NATl = ‘O’, the slab layer 1 is

o f  uniform thickness. In design example 1, NATl — 0 .

■ NAT2 -  number o f nodes with different thickness of pavement slab layer 2, maximum

120 nodes can be specified with different thickness. When NAT2 = ‘O’, the slab layer 2 is

o f  uniform thickness. In design example 1, NAT2 = ‘O’.
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■ NUNIT -  system of units, ‘0’ for English (length in inch, force in pounds, stress in psi, 

subgrade reaction and dowel support K value in pci and temperature in °F) and ‘ 1 ’ for SI 

(length in cm, force in KN, stress in KPa, subgrade reaction and dowel support K value in 

KN/m^ and temperature in ”C).

2. Temperature load screen.

Curling and Contact Conditions

N um ber of n o d e s  not in co n tac t (NOTCON)
N um ber of n o d e s  with initial gaps (NGAP)
Inpu t of g a p s  from previous problem (1=yes, 0=no) (INPUT)
T em p era tu re  curling (1 =yex, 0=no) (NTEMP)
W eigh t of s la b s  (1=ves, 0=no) (NWT)
Maximum num ber of cyc les for check ing  co n tac t (NCYCLE)
T em p era tu re  differential be tw een  top and  bottom in C (TEMP)
C oeffic ien t of therm al expansion per C (CT)
T o ie ra n c e  for iteration (DEL)
Maximum allow able deflection  in cm (FMAX)

0
0
1
0
1
10
0 .000009
0.001
2 .54

■ NOTCON — number o f nodes not in contact, maximum 120 nodes can be specified where 

slab and subgrade are assumed not in contact. The concrete slab and subgrade foundation 

can be in full contact or partial contact depending on whether there is separation due to 

curling or pumping before any load applications. Nodal numbers at which the slab and 

subgrade are not in contact have to be specified, and at those nodes subgrade reactive 

forces are assumed to be 0.

In the case o f  liquid foundation, at these nodes initially not in contact, the slab and 

subgrade may or may not be in contact with load applications depending on how many 

iteration cycles (refer to NCYCLE below) is specified. If only one iteration cycle is 

specified, the slab and foundation at these nodes will never be m contact with the load 

applications. In the case o f solid foundation, the nodes specified as not in contact will 

never be in contact, thus in the case o f solid foundation NOTCON should be assigned ‘0 ’ 

unless users are very sure that these nodes will definitely be out o f contact.
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default default input

IS 
in 
' G 
ad

de

This form appears when the
Nodes Not in Contact

S e q u e n c e NODNC
1 0 j

2 0

■ NODNC nodal numbers at where the slab and subgrade are not in contact (nodal 

numbers do not have to be in sequence).

NGAP — number o f nodes with initial gaps, maximum 120 nodes can be specified. When 

the pavement slab and subgrade foundation are assumed to be in partial contact, initial 

gap m ay or may not exist depending on whether there is pumping or plastic deformation 

o f subgrade induced by repeated heavy traffic. For old pavements under high intensity o f 

traffic, plastic deformation will form at the subgrade; elastic support of subgrade will fail 

to function at some nodes. For new pavements, each elastic spring of foundation is in 

good condition thus no initial gap exists. In the case of partial contact will no initial gaps, 

NGAP = ‘O’; otherwise, nodal numbers at where initial gaps exist and the sizes o f the gap 

shall be specified.

Initial gaps, temperature curling and the weight of the slab are used to determine contact 

condition at nodes before any load applications for partially contacted problems; a two- 

step analysis is recommended when using KENSLABS to solve such problems (refer to 

INPUT below).

INPUT -  input o f gaps from previous problem, ‘1’ for yes and ‘0 ’ for no. KENSLABS 

studies partial contact condition with applied load by two-step analysis: In the case o f 

liquid foundation, (1) determine the gap and precompression between slab and subgrade 

due to temperature curling, self-weight and initial gaps; (2) use the gap and 

precompression obtained from first step to determine the stresses and displacements 

under applied load. As shown below, in ‘data set 1 , INPUT -  0 , NCYCLE — 10 and 

NW T = ‘1’ (refer to NCYCLE and NWT below); in ‘data set 2 ’, INPUT = ‘1’, NCYCLE 

= 10 and NW T = ‘O’. These two data sets are established in one study case, the first data
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set studies the gaps and precompression of slab under temperature curling, self-weight

and initial gaps; the second data set determines the stresses and displacement o f slab

under applied load. These two steps are executed in the same run and one immediately 
after the other.

mn Menu of SLABSINPs ___
File General Curling Slab Uniform Raft Optior

co n tac t input input input default default input

(* D a ta  S e t 1 C  D ata  S e t 2
Y es Y es

In the case o f  solid foundation, similar to the two-step analysis for liquid foundation, the 

contact condition of slab and subgrade is determined by analyzing reactive forces and 

precompression due to temperature curling, initial gaps and self-weight o f the slab. When 

the reactive forces are compressive forces that mean slab and subgrade are in contact, 

when the reactive forces are negative (tensile) forces, they are assigned to zero and the 

program runs iteration cycles until no negative (tensile) reactive force is calculated at any 

node.

NTEM P -  temperature curling, ‘1 ’ for yes and 'O' for no.

NW T -  weight o f slabs, assign 'O' if  weight is not considered and assign ‘1’ if  weight is 

considered. In the case of full contact o f slab and foundation, it is not necessary to 

consider the weight o f the slab; while in the case o f partial contact, the weight o f the slab 

must be considered.

Under the full contact condition, the weight of the slab will cause uniform 

precompression before temperature effect and load application, the slab and foundation 

will remain in contact under temperature gradient because the deflections due to curling 

are smaller than the precompression. The stresses and deflections due to curling and 

loading can be determined separately and each independently of the other.

Under the partial contact condition, in order to determine the stresses and deflection due 

to applied load, the deformed shape of the slab before any load applications must be 

determined first. Thus, a two-step analysis is recommended for partial contact condition 

with applied load. As stated above for INPUT, in dataset 1, NWT = ‘1’, the gaps and 

precompression due to self-weight o f the slab, initial gap and temperature curling is

80



firstly determined, in dataset 2, NWT = ‘O’, the stresses and deflection due to applied 

load is calculated basing on the gaps and precompression obtained from the first step. 

NCYCLE — maximum number o f  cycles for checking contact condition. In the case o f 

full contact, NCYCLE = ‘0’ and in the case of partial contact, NCYCLE = ‘10’.

In the case o f liquid foundation, the program initially assumes the slab and foundation are 

in full contact for all partially contacted problems and calculate the gaps and 

precompression due to temperature curling, initial gaps and self-weight o f the slab. If it 

turn out there is no gap between slab and sub grade due to temperature curling, initial gap 

and self-weight, no iteration cycle is necessary; otherwise up to 10 iterations cycles will 

be performed until the gaps at nodes calculated are same in sign and within tolerance o f 

iteration (as per DEL below) as that in the previous cycle.

In the case o f solid foundation, reactive forces and precompression is used to determine 

the contact condition for slab under temperature curling, self-weight and initial gaps. If 

the reactive forces at nodes calculated are all positive in sign (compressive forces), that 

means the slab and sub grade are in full contact, no iteration cycle is needed; otherwise, 

all negative reactive forces are assigned to zero and the program will run iteration cycles 

until there is no negative reactive force calculated.

TEMP — temperature differential between top and bottom, TEMP = temperature at 

bottom o f slab - temperature at top of slab. Positive for upward curling and negative for 

downward curling.

CT -  coefficient of thermal expansion of concrete, recommended value is 5 x 10'^ 

in/in/°F or 9 x 10'Vmm/mm/°C.

DEL -  tolerance for iteration, 0.001 is suggested by the program.

FM AX — maximum allowable vertical deflection at node NNCK (as per above). 1.0 inch 

(2.54 cm) is recommended by the program, if  the vertical displacement calculated by the 

program is greater than FMAX, the program will stop.
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3. Slab information screen.

A risrig sm en t X -coofd ir.âk  

input input input

r'fopeihes
input

This form appears when the 'Slab' 
click!”  
there! 
data.

Arrangement of Slabs and Joints

descr 
' done 
forms 

I
at. t.h

U se <Ctrl>-<Del> to delete a line.

Slab No. NX NY 1
1 8 G , ■

NX - number o f nodes in X direction for each slab, maximum 15 nodes can be defined. In 

design example 1, NX = ‘8’.

NY — number of nodes in Y direction for each slab, maximum 15 nodes can be defined. 

In design example 1, NY -  ‘6’.

Slabi

U n i t

S e q u e n c e X

1 0

2 20

3 50

4 100

5 200

6 300

7 400

8 500

X  - X  coordinate o f each node on each slab starting from 0 and increase fi-om left to right.
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Y Caqrdi

S lab!

input

Y Coordinates of Grid for Slab No. 1

U n i t =m
S e q u e n c e Y  I

1 0
2 3 3
3 6 0
4 1 0 0
5 2 0 0
G 3 0 0

Y  - Y coordinate o f each node on each slab starting from 0 and increase from bottom to 

top.

Thickness, Poi55an‘s  Ratio, Young!s Modulus, and Unit Weight of Concrete

U n i t . c m k P a

L ayer No. T PR YM

1 2 0 i .15 2.7GE+Ü7

T - thickness o f slabs when uniform (cm or inch).

PR -  Poisson’s ratio o f the pavement slab.

YM  -  Young’s modulus o f concrete pavement slab (psi or KPa).
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4. Uniform load screen.

Loaded Areas for Load Group No. 1

U se  <Ctrl>-<Del> to delete n line, <Ctrl>-<lns> to insert a line, and <Del
U n i t  c m  c m  c m  c m  k P a

L o a d  S e q u e n c e L S X L l X L 2 Y L l Y L 2 Q Q  1
1 1 0 1 1 . 5 0 3 3 G O O  1

■ LS - slab number on which load is applied.

■ X L l - left limits o f loaded area in X local coordinate system.

■ XL2 -  right limits o f loaded area in X local coordinate system.

• Y L l - lower limits o f loaded area in Y local coordinate system.

■ YL2 — upper limits o f loaded area in Y local coordinate system.

Y
Area load

YL2

YLl

XXL2XLl0

QQ -  tire contact pressure o f each loaded area (psi or KPa).
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I N P U T  F I L E  NAME - C : \ K E N P A V E \ d e s i g n  e x a m p le  l.T X T  

NUM BER O F  PR O B L EM S TO  BE SO LV ED  = 1

T I T L E  - e x a m p l e  1  -  l i q u i d  f o u n d a t i o n

T Y P E  O F  FO U N D A T IO N  (N FOU ND ) = q

T Y P E  O F  DAMAGE A N A L Y S IS  (NDAMA) =  0
NUM BER O F  P E R IO D S  P E R  YEAR (N PY ) = 1
NUM BER O F  LO A D  G R O U PS (N LG ) = ^

T O T A L  NUM BER O F  SL A B S  (N SL A B ) = 1
T O T A L  NUM BER O F  J O I N T S  (N J O IN T )  = 0

A RRA N G EM EN T O F  S L A B S

S L A B  N O . N O D ES (N X ) N O . NODES (NY) J O IN T  NO. AT FOUR SID E S (JONG) 
N O . I N  X D IR E C T IO N  I N  Y D IR E C T IO N  LEFT RIGHT BOTTOM TOP

1  8 6 0 0 0 0

NUM BER O F  L A Y E R S  (N L A Y E R )-------------------------------------------------------------------------------------- --  1
N O D A L NUM BER U S E D  TO CHECK CONVERGENCE (N N C K )-----------------------------------------  1
NUM BER O F  N O D E S N OT I N  CONTACT (N O T C O N )----------------------------------------------------- --  0
NUM BER O F  G A P S  (N G A P )------------------------------------------------------------------------------------------------ = 0
N UM BER O F  P O IN T S  FO R  P R IN T O U T  ( N P R I N T ) -------------------------------------------------------- = 0
CO D E FO R  IN P U T  O F G A PS OR P R E C O M PR E SSIO N S ( IN P U T )   --------------------------= 0
BOND B ETW EEN  TWO L A Y E R S (N B O N D )--------------------------------------------------------------------------  0
C O N D IT IO N  O F  W A R PIN G  (N T E M P )--------------------------------------------------------------------------------- 1
CO D E IN D I C A T IN G  W HETHER SLAB W EIG HT I S  C O N SID E R E D  (N W T )---------------- = 0
MAX N O . O F  C Y C L E S  FO R  C H EC K IN G  CONTACT (N C Y C L E )-----------------------------------= 1
N UM BER O F  A D D IT IO N A L  T H IC K N E S S E S  FO R SLA B  LAYER 1 ( N A T l ) ---------------= 0
N UM BER O F  A D D IT IO N A L  T H IC K N E S S E S  FOR SL A B  LAYER 2 ( N A T 2 ) ---------------= 0
N UM BER O F  P O IN T S  ON X A X IS  O F SYMMETRY ( N S X ) ------------------------------------------= 0
NUM BER O F  P O IN T S  ON Y A X IS  O F SYMMETRY ( N S Y ) ------------------------------------------= 6
MORE D E T A IL E D  P R IN T O U T  FO R  EACH CONTACT CYCLE (M D P O )----------------------- = 1
T O L E R A N C E  FO R  IT E R A T IO N S  ( D E L ) --------------------------------------------------------------------------- = 0 . 0 0 1
MAXIMUM A LLO W A B LE V E R T IC A L  D ISPL A C E M E N T  (F M A X )----------------- = 2.54
D IF F E R E N C E  I N  T E M P . BETW EEN T O P AND BOTTOM O F SLA B  (TEM P)----------- = 1 0
C O E F F I C I E N T  O F  THERM AL E X P A N SIO N  ( C T ) -----------------------------------------------------------= 0 . 0 0 0 0 0 9

S Y S T E M  O F  U N IT S  ( N U N I T ) --------------------------------------------------------------------------------------------- 1
L e n g t h  i n  c m , f o r c e  i n  k N , s t r e s s  i n  k P a ,  u n i t  w e i g h t  i n  k N /m  3 
s u b g r a d e  a n d  d o w e l  K v a l u e  i n  M N /m ^ 3 , a n d  t e m p e r a t u r e  i n  C

F O R  S L A B  N O . 1  C O O R D IN A T E S O F F I N I T E  ELEM EN T G R ID  A R E :
X =  0 2 0  5 0  1 0 0  2 0 0  3 0 0  4 0 0  5 0 0
Y  =  0 3 3  6 0  1 0 0  2 0 0  3 0 0

L A Y E R  T H IC K N E S S  (T ) P O IS S O N 'S  YOUNG’ S
n o .  R A T IO  (P R ) MODULUS (YM)
I  2 0 . 0 0 0 0 0  0 . 1 5 0 0 0  2 . 7 6 0 E + 0 7

N o .  O F  LO A D ED  A R E A S (N UD L) FOR EACH LOAD GROUP A R E : 1
N O . O F  NODAL F O R C E S  (N C N F) AND MOMENTS (NCMX AND NCMY) A R E : 0 0 0

FO R  LO A D  G R O U P N O . 1  LOADS ARE A P P L IE D  A S FO LLO W S:
S L A B  N O . X C O O R D IN A T E S  Y C O O R D IN A TES INTENSITY

( L S )  ( X L l )  (X L 2 )  ( Y L l )  (Y L 2 )
I  0 . 0 0 0 0 0  1 1 . 5 0 0 0 0  0 . 0 0 0 0 0  3 3 . 0 0 0 0 0  6 0 0 . 0 0 0 0 0
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N O D E S ON Y A X I S  O F  SYMMETRY (N O D SY ) ARE: 1 2 3 4 5 6

F O U N D A T IO N  A D JU S T M E N T  FA CTO R (F S A F )  FO R  EACH P E R IO D  A R E : 1 

N UM BER O F  A D D IT IO N A L  SUBGRADE M O DU LI (N A S) TO BE READ I N    0
SU BG R A D E: M ODULUS (S U B M O D )- -

S L A B  N O . , I N I T I A L NODAL N UM BER( I N I T N P ) ,  :LA ST NODAL N U M B E R (L A S T N P ).
I N I T I A L E L E M E N T  N O . ( IN IT E N ) , AND L A S T  ELEM EN T N O .(L A S T E N ) A R E :

1  1  4 8  1  3 5

N OD AL C O O R D IN A T E S (XN AND YN) OF IN D IV ID U A L  SLAB ARE :
1 0 . 0 0 0 0 . 0 0 0 2 0 . 0 0 0 3 3 . 0 0 0 3 0 . 0 0 0 6 0 . 0 0 0
4 0 . 0 0 0 1 0 0 . 0 0 0 5 0 . 0 0 0 2 0 0  . 0 0 0 6 0 . 0 0 0 3 0 0 . 0 0 0
7 2 0 . 0 0 0 0 . 0 0 0 8 2 0 . 0 0 0 3 3 . 0 0 0 9 2 0 . 0 0 0 6 0 . 0 0 0

1 0 2 0 . 0 0 0 1 0 0 . 0 0 0 1 1 2 0 . 0 0 0 2 0 0 . 0 0 0 1 2 2 0  . 0 0 0 3 0 0 . 0 0 0
1 3 5 0 . 0 0 0 0 . 0 0 0 1 4 5 0 . 0 0 0 3 3 . 0 0 0 1 5 S O . 0 0 0 6 0 . 0 0 0
1 6 5 0 . 0 0 0 1 0 0 . 0 0 0 1 7 5 0 . 0 0 0 2 0 0 . 0 0 0 1 8 5 0 . 0 0 0 3 0 0 . 0 0 0
1 9 1 0 0 . 0 0 0 0 . 0 0 0 2 0 1 0 0 . 0 0 0 3 3 . 0 0 0 2 1 1 0 0 . 0 0 0 6 0 . 0 0 0
2 2 1 0 0 . 0 0 0 1 0 0  . 0 0 0 2 3 1 0 0 . 0 0 0 2 0 0  . 0 0 0 2 4 1 0 0 . 0 0 0 3 0 0 . 0 0 0
2 5 2 0 0 . 0 0 0 0 . 0 0 0 2 6 2 0 0 . 0 0 0 3 3 . 0 0 0 2 7 2 0 0 . 0 0 0 6 0 . 0 0 0
2 8 2 0 0 . 0 0 0 1 0 0 . 0 0 0 2 9 2 0 0 . 0 0 0 2 0 0 . 0 0 0 3 0 2 0 0 . 0 0 0 3 0 0 . 0 0 0
3 1 3 0 0 . 0 0 0 0 . 0 0 0 3 2 3 0 0 . 0 0 0 3 3 , 0 0 0 3 3 3 0 0 . 0 0 0 6 0 . 0 0 0
3 4 3 0 0 . 0 0 0 1 0 0 . 0 0 0 3 5 3 0 0  . 0 0 0 2 0 0 . 0 0 0 3 6 3 0 0 . 0 0 0 3 0 0 . 0 0 0
3 7 4 0 0 . 0 0 0 0 . 0 0 0 3 8 4 0 0 . 0 0 0 3 3 . 0 0 0 3 9 4 0 0 . 0 0 0 6 0 . 0 0 0
4 0 4 0 0 . 0 0 0 1 0 0 . 0 0 0 4 1 4 0 0 . 0 0 0 2 0 0 . 0 0 0 4 2 4 0 0 . 0 0 0 3 0 0 . 0 0 0
4 3 5 0 0 . 0 0 0 0 . 0 0 0 4 4 5 0 0  . 0 0 0 3 3 . 0 0 0 4 5 5 0 0 . 0 0 0 6 0 . 0 0 0
4 6 5 0 0 . 0 0 0 1 0 0  . 0 0 0 4 7 5 0 0  . 0 0 0 2 0 0 . 0 0 0 4 8 5 0 0 . 0 0 0 3 0 0 . 0 0 0

AMOUNT O F  I N I T I A L  C U R L IN G  AND GAP' (C U R L ) AT THE NODES I S
1 0 . 0 5 0 6 3 2 0 . 0 3 0 8 0 3 0 . 0 1 8 2 3 4 0 . 0 0 5 6 3 5 0 . 0 0 5 6 3
6 0 . 0 5 0 6 3 7 0 . 0 5 1 5 3 8 0 . 0 3 1 7 0 9 0 . 0 1 9 1 3 1 0 0 . 0 0 6 5 3

1 1 0 . 0 0 6 5 3 1 2 0 . 0 5 1 5 3 1 3 0 . 0 5 6 2 5 1 4 0 . 0 3 6 4 3 1 5 0 . 0 2 3 8 5

1 6 0 . 0 1 1 2 5 1 7 0 . 0 1 1 2 5 1 8 0 . 0 5 6 2 5 1 9 0 . 0 7 3 1 3 2 0 0 . 0 5 3 3 0

2 1 0 . 0 4 0 7 3 2 2 0 . 0 2 8 1 3 2 3 0 . 0 2 8 1 3 2 4 0 . 0 7 3 1 3 2 5 0 . 1 4 0 6 3

2 6 0 . 1 2 0 8 0 2 7 0 . 1 0 8 2 3 2 8 0 . 0 9 5 6 3 2 9 0 . 0 9 5 6 3 3 0 0 . 1 4 0 6 3

3 1 0 . 2 5 3 1 3 3 2 0 . 2 3 3 3 0 3 3 0 . 2 2 0 7 3 3 4 0 . 2 0 8 1 3 3 5 0 . 2 0 8 1 3

3 6 0 . 2 5 3 1 3 3 7 0 . 4 1 0 6 3 3 8 0 . 3 9 0 8 0 3 9 0 . 3 7 8 2 3 4 0 0 . 3 6 5 6 3

4 1 0 . 3 6 5 6 3 4 2 0 . 4 1 0 6 3 4 3 0 . 6 1 3 1 3 4 4 0 . 5 9 3 3 0 4 5 0 . 5 8 0 7 3

4 6 0 . 5 6 8 1 3 4 7 0 . 5 6 8 1 3 4 8 0 . 6 1 3 1 3

L O A D S A R E  A P P L I E D  ON TH E ELEM ENT N O . (NE)  W ITH  C O O R D IN A T E S (X D A AND YDA)

1 - 1 . 0 0 0 0 .  1 5 0 - 1 . 0 0 0  1 . 0 0 0 0 . 0 6 0

2 4H A L F  BAND W ID T H  ( NB)  =

P E R IO D  1  LO A D  G RO U P 1 AND CYCLE N O . 1 

D E F L E C T IO N S  O F  S L A B S  ( F )  A R E : (DOWNWARD P O S I T I V E )

1 0 . 0 1 8 7 1 2 0 . 0 2 3 6 5 3 0 . 0 2 4 5 2 4 0 . 0 2 3 1 8 5 0 . 0 1 1 6 4

6 - 0  . 0 2 1 5 4 7 0 . 0 1 7 1 1 8 0 . 0 2 2 5 9 9 0 . 0 2 3 8 8 1 0 0 . 0 2 2 8 7

1 1 0 . 0 1 1 6 1 1 2 - 0 . 0 2 1 5 1 1 3 0 . 0 1 0 9 6 1 4 0 . 0 1 8 3 1 1 5 0 . 0 2 0 9 9

1 6 0 . 0 2 1 3 9 1 7 0 . 0 1 1 4 6 1 8 - 0 . 0 2 1 3 6 1 9 - 0 . 0 0 1 3 2 2 0 0 . 0 0 9 2 1

2 1 0 . 0 1 4 3 1 2 2 0 . 0 1 7 6 1 2 3 0 . 0 1 1 0 8 2 4 - 0 . 0 2 0 8 0 2 5 - 0 . 0 1 7 4 1

2 6 - 0 . 0 0 2 9 2 2 7 0 . 0 0 5 2 2 2 8 0 . 0 1 2 3 9 2 9 0 . 0 1 1 4 3 3 0 - 0 . 0 1 8 3 5

3 1 - 0 . 0 2 1 0 3 3 2 - 0 . 0 0 5 1 6 3 3 0 . 0 0 4 1 1 3 4 0 . 0 1 2 7 5 3 5 0 . 0 1 4 1 3

3 6 - 0 . 0 1 4 1 9 3 7 - 0 . 0 2 3 0 5 3 8 - 0 . 0 0 7 1 5 3 9 0 . 0 0 2 2 7 40 0 . 0 1 1 2 2
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4 1
4 6

0 . 0 1 3 2 2  
- 0 . 0 1 0 7 6

4 2  - 0 . 0 1 4 0 2
4 7  - 0 . 0 0 8 7 2

4 3  - 0 . 0 4 4 3 9
4 8  - 0 . 0 3 5 0 6

4 4  - 0 . 0 2 8 8 5 4 5 - 0 . 0 1 9 5 8

N O D A L N UM BER AND R E A C T IV E  P R E S S U R E  (S U B R ) A R E :
1
6

11
1 6
21
2 6
3 1
3 6
4 1
4 6

1 0 . 2 9 0  
- 1 1 . 8 4 8  

6 . 3 8 5  
1 1 . 7 6 7  

7  . 8 7 2  
- 1 . 6 0 5  

- 1 1 . 5 6 7  
- 7 . 8 0 3  

7 . 2 7 2  
- 5 . 9 1 7

2
7

12
1 7
2 2
2 7
3 2
3 7
4 2
4 7

1 3 . 0 0 5  
9 . 4 0 9  

- 1 1 . 8 3 1  
6 . 3 0 3  
9 . 6 8 4  
2 . 8 7 2  

- 2 . 8 3 6  
- 1 2 . 6 7 5  

- 7 . 7 1 0  
- 4 . 7 9 7

3
8

1 3
1 8
2 3
2 8
3 3
3 8
4 3
4 8

1 3 . 4 8 8  
1 2 . 4 2 6  

6 .  0 2 6  
- 1 1 . 7 4 5  

6 . 0 9 6  
6 .  8 1 5  
2 . 2 5 8  

- 3 . 9 3 2  
- 2 4 . 4 1 7  
- 1 9 . 2 8 4

(C O M P R E S S IO N  P O S I T I V E )
4
9

1 4
1 9
2 4
2 9
3 4
3 9
4 4

1 2 . 7 4 9  
1 3 . 1 3 4  
1 0 . 0 6 8  
- 0 . 7 2 6  

- 1 1 . 4 4 1  
6 . 2 8 8  
7 . 0 1 0  
1 . 2 5 1  

- 1 5 . 8 6 9

5
10
1 5
2 0
2 5
3 0
3 5
4 0
4 5

6 . 4 0 1  
1 2 . 5 7 9  
1 1 . 5 4 4  
. 5 . 0 6 8  

- 9 . 5 7 6  
- 1 0 . 0 9 5  

7 . 7 7 0  
6 . 1 7 4  

- 1 0 . 7 7 0

N O D E R O T A T . X R O T A T . Y NODE R O T A T . X R O T A T . ■f  1NODE R O R A T . X R O TA T
1 4 . 5 7 5 E - 0 4 - 1 . 2 1 9 E - 1 8 2 4 . 4 6 9 E - 0 4 - 8 . 9 1 9 E - 1 9 3 4 . O B l E - 0 4 9 . 8 5 2 E - 1 9
4 2  . 8 0 8 E - 0 4 4 . 7 4 8 E - 1 8 5 - 3  . 5 0 5 E - 0 5 8 . 4 9 8 E - 1 8 6 - 1 . 4 1 Q E - 0 4 4 . 3 4 9 E - 1 8
7 4  . 3 7 4 E - 0 4 - 5 . 6 8 1 E - 0 5 8 4 . 3 1 0 E - 0 4 - 8 . 5 3 7 E - 0 6 9 3 . 9 5 7 E - 0 4 2 . 7 4 2 E - 0 5

1 0 2  . 7 5 2 E - 0 4 5 . 9 5 8 E - 0 5 1 1 - 3  . 6 4 1 E - 0 5 8 . 7 0 3 E - 0 5 1 2 - 1 . 4 1 4 E - 0 4 9 . 3 0 0 E - 0 5
1 3 3 . 7 4 4 E - 0 4 - 1 . 5 2 9 E - 0 5 1 4 3 . 7 7 0 E - 0 4 5 . 1 6 7 E - 0 5 1 5 3 . 4 9 6 E - 0 4 1 . 0 3 4 E - 0 4
1 6 2 . 4 9 8 E - 0 4 1 . 6 0 1 E - 0 4 1 7 - 4 . 2 9 5 E - 0 5 2 . 1 8 4 E - 0 4 1 8 - 1 . 4 3 2 E - 0 4 2 . 3 2 4 E - 0 4
1 9 2 . 7 3 1 E - 0 4 2 . 2 4 4 E - 0 4 2 0 2 . 8 4 1 E - 0 4 2 . 7 6 4 E - 0 4 2 1 2 . 6 5 3 E - 0 4 3 . 1 9 1 E - 0 4
2 2 1 . 9 1 6 E - 0 4 3 . 7 2 7 E - 0 4 2 3 - 6 . 0 5 4 E - 0 5 4 . 4 3 1 E - 0 4 24 - 1 . 4 9 2 E - 0 4 4 . 6 4 9 E - 0 4
2 5 1 . 5 1 5 E - G 4 8 . 0 7 8 E - 0 4 2 6 1 . 6 7 1 E - 0 4 8 . 3 4 1 E - 0 4 2 7 1 .  5 7 8 E - 0 4 8 . 5 4 0 E - 0 4
2 8 1 . 0 6 8 E - 0 4 8 . 7 9 3 E - 0 4 2 9 - 9 . 2 7 6 E - 0 5 9 . 1 7 6 E - 0 4 3 0 - 1 . 6 4 5 E - 0 4 9 . 3 5 7 E - 0 4
3 1 1 . 1 1 2 E - 0 4 1 . 3 4 7 E - 0 3 3 2 1 . 2 4 7 E - 0 4 1 . 3 5 4 E - 0 3 3 3 1 . 1 7 7 E - 0 4 1 . 3 5 9 E - 0 3
3 4 7 . 3 7 4 E - 0 5 1 . 3 6 6 E - 0 3 3 5 - 1 . 0 8 8 E - 0 4 1 . 3 7 8 E - 0 3 3 6 - 1 . 8 0 2 E - 0 4 1 . 3 9 0 E - 0 3
3 7 1 . 1 5 1 E - 0 4 1 . 7 2 3 E - 0 3 3 8 1 .  2 0 4 E - 0 4 1 . 7 2 2 E - 0 3 3 9 1 .  1 0 4 E - 0 4 1 . 7 2 1 E - 0 3
4 0 6 . 6 2 6 E - 0 5 1 . 7 2 2 E - 0 3 4 1 - 1 . 1 4 7 E - 0 4 1 . 7 2 4 E - 0 3 4 2 - 2 . O O l E - 0 4 1 . 7 3 3 E - 0 3
4 3 1 . 3 0 8 E - 0 4 1 . 8 5 4 E - 0 3 4 4 1 . 2 7 6 E - 0 4 1 . 8 5 0 E - 0 3 4 5 1 . 1 4 9 E - 0 4 1 . 8 4 6 E - 0 3
4 6 6 . 8 0 8 E - 0 5 1 . 8 4 1 E - 0 3 4 7 - 1 . 1 7 9 E - 0 4 1 . 8 3 9 E - 0 3 4 8 - 2 . 1 9 0 E - 0 4 1 . 8 5 4 E - 0 3

SUM O F  F O R C E S  (FO SU M ) = 2 2 . 8 SUM OF  R E A C T IO N S  (SUBSUM ) = 2 2 . 8

NODE L A Y E R S T R E S S  X S T R E S S  Y S T R E S S  XY MAX. SHEAR MAJOR M INO R

1 1 - 1 3 4 6 . 0 0 6 0 . 0 0 0 0 . 0 0 0 6 7 3 . 0 0 3 0 . 0 0 0 - 1 3 4 6 . 0 0 6

2 1 - 4 0 1 . 1 8 3 - 2 0 . 8 0 8 0 . 0 0 0 1 9 0 . 1 8 7 - 2 0 . 8 0 8 - 4 0 1 . 1 8 3

3 1 4 2 7 . 5 4 7 7 9 3 . 1 6 0 0 . 0 0 0 1 8 2 . 8 0 7 7 9 3 . 1 6 0 4 2 7 . 5 4 7

4 1 9 7 8 . 4 2 3 1 1 6 8 . 8 4 2 0 . 0 0 0 9 5 . 2 1 0 1 1 6 8 . 8 4 2 9 7 8 . 4 2 3

5 1 1 3 4 5  . 5 3 3 9 7 1 . 7 1 5 0 . 0 0 0 1 8 6 . 9 0 9 1 3 4 5  . 5 3 3 9 7 1 . 7 1 5

6 1 1 2 8 1 . 3 2 8 0 . 0 0 0 0 . 0 0 0 6 4  0 .  6 6 4 1 2 8 1 . 3 2 8 0  . 0 0 0

7 1 - 2 4 0  . 9 8 4 0 . 0 0 0 0 . 0 0 0 1 2 0 . 4 9 2 0 . 0 0 0 - 2 4 0 . 9 8 4

8 1 1 8 0  . 0 1 4 9 7 . 5 9 8 - 3 3 4 . 7 8 7 3 3 7 . 3 1 4 4 7 6 . 1 2 0 - 1 9 8 . 5 0 8

9 1 5 6 4 . 3 2 1 7 2 6 . 3 5 5 - 2 7 0 . 3 1 0 2 8 2 . 1 9 0 9 2 7  . 5 2 7 3 6 3 . 1 4 8

1 0 1 1 0 1 3 . 0 9 9 1 1 5 3 . 1 3 4 - 1 3 4 . 1 7 7 1 5 1 . 3 4 7 1 2 3 4  . 4 6 3 9 3 1 . 7 7 0

1 1 1 1 3 4 7 . 0 7 8 9 6 8 . 4 6 8 - 3 1 . 5 7 8 1 9 1 . 9 2 1 1 3 4 9 . 6 9 4 9 6 5 . 8 5 2

1 2 1 1 2 8 0 . 9 2 6 0 . 0 0 0 0 . 0 0 0 6 4 0 . 4 6 3 1 2 8 0 . 9 2 6 0 . 0 0 0

1 3 1 9 6 1 . 8 6 3 0 . 0 0 0 0 . 0 0 0 4 8 0 . 9 3 2 9 6 1 . 8 6 3 0 . 0 0 0

1 4 1 9 8 8 . 3 1 1 2 4 3 . 3 2 6 - 4 7 2 . .  8 4 3 6 0 1 . 9 4 0 1 2 1 7 . 7 5 8 1 3 . 8 7 9

1 5 1 1 0 3 6 . 2 2 9 6 2 5 . 6 4 3 - 4 1 8 . 4 0 5 4 6 6 . 0 5 6 1 2 9 6 . 9 9 2 3 6 4  . 8 8 0

1 6 1 1 1 7 5 . 3 8 3 1 0 6 5 . 6 6 9 - 2 5 6 . 3 4 1 2 6 2 . 1 4 5 1 3 8 2 . 6 7 0 8 5 8 . 3 8 1

1 7 1 1 3 5 7 . 3 3 2 9 5 0 . 1 6 8 - 7 0 . 4 5 5 2 1 5 . 4 2 9 1 3 6 9 . 1 7 9 9 3 8 . 3 2 1

1 8 1 1 2 8 0  . 7 6 4 0 . 0 0 0 0 . 0 0 0 6 4 0 . 3 8 2 1 2 8 0 . 7 6 4 0 .  0 0 0

1 9 1 1 6 5 9 . 4 8 6 0 . 0 0 0 0 . 0 0 0 8 2 9 . 7 4 3 1 6 5 9 . 4 8 6 0 .  0 0 0

2 0 1 1 5 5 8 . 5 5 5 2 8 9 . 8 0 2 - 3 7 9 . 7 9 9 7 3 9 . 3 7 9 1 6 6 3 . 5 5 7 1 8 4 . 8 0 0

2 1 1 1 5 1 7 . 9 3 4 5 5 9 . 2 6 7 - 3 6 2 . 3 2 4 6 0 0 . 8 6 6 1 6 3 9 . 4 6 6 4 3 7 . 7 3 5
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2 2 1 1 4 7 3  . 1 8 6 9 1 2 . 7 8 1 - 2 6 7 . 5 2 1 3 8 7 . 4 0 3 1 5 8 0 . 3 8 6 805.5812 3 1 1 4 0 7 . 2 8 7 8 9 6 . 6 6 5 - 9 3 . 4 6 7 2 7 1 . 8 8 2 1 4 2 3 . 8 5 8 880.0942 4 1 1 2 8 6  . 0 9 4 0 .  0 0 0 0 . 0 0 0 6 4 3 . 0 4 7 1 2 8 6 . 0 9 4 0.0002 5 1 1 6 5 9 . 2 0 2 0 . 0 0 0 0 . 0 0 0 8 2 9 . 6 0 1 1 6 5 9 . 2 0 2 0. 0002 6 1 1 6 0 4 . 4 2 6 2 2 5 . 5 6 7 - 1 8 5 . 6 7 7 7 1 3 . 9 9 5 1 6 2 8 . 9 9 1 201.001
2 7 1 1 5 8 1 . 9 9 8 4 4 4 . 0 0 5 - 1 6 8 . 6 9 1 5 9 3 . 4 7 6 1 6 0 6 . 4 7 8 4 1 9 . 5 2 6
2 8 1 1 5 5 5  . 1 3 7 7 3 5 . 2 5 6 - 1 3 5 . 6 6 9 4 3 1 . 8 0 7 1 5 7 7 . 0 0 4 7 1 3 . 3 9 0
2 9 1 1 4 6 0 . 7 8 6 8 0 9 . 2 7 5 - 5 6 . 7 9 3 3 3 0 . 6 6 9 1 4 6 5 . 7 0 0 8 0 4 . 3 6 2
3 0 1 1 3 1 4 . 8 3 7 0 . 0 0 0 0 . 0 0 0 6 5 7 . 4 1 9 1 3 1 4 . 8 3 7 0 . 000
3 1 1 1 3 3 2  . 4 9 8 0 . 0 0 0 0 . 0 0 0 6 6 6 . 2 4 9 1 3 3 2 . 4 9 8 0 . 000
3 2 1 1 3 2 2 . 6 5 7 1 7 3 . 2 6 8 - 4 8 . 9 2 7 5 7 6 . 7 7 4 1 3 2 4 . 7 3 6 1 7 1 . 1 8 9
3 3 1 1 3 2 8  . 3 3 5 3 6 7 . 2 4 3 - 4 5  . 2 4 9 4 8 2 . 6 7 2 1 3 3 0 . 4 6 1 3 6 5 . 1 1 7
3 4 1 1 3 4 1 . 5 2 6 6 4 1 . 3 1 2 - 3 9 . 6 3 7 3 5 2 . 3 4 3 1 3 4 3 . 7 6 2 6 3 9 . 0 7 6
3 5 1 1 3 1 6 . 6 2 2 7 6 3  . 9 3 4 - 2 2 . 3 7 5 2 7 7 . 2 4 8 1 3 1 7 . 5 2 6 7 6 3 . 0 2 9
3 6 1 1 1 9 6 . 0 5 4 0 . 0 0 0 0 . 0 0 0 5 9 8 . 0 2 7 1 1 9 6 . 0 5 4 0 . 000
3 7 1 7 2 7 . 0 5 8 0 . 0 0 0 0 . 0 0 0 3 6 3 . 5 2 9 7 2 7 . 0 5 8 0.000
3 8 1 7 4 6 . 6 6 6 1 3 3 . 3 0 4 5 . 1 6 5 3 0 6 . 7 2 4 7 4 6 . 7 0 9 1 3 3 . 2 6 1
3 9 1 7 6 9 . 1 4 8 2 9 8 . 9 1 2 - 0 . 5 2 7 2 3 5 . 1 1 9 7 6 9 . 1 4 9 2 9 8 . 9 1 1
4 0 1 8 0 2 . 5 3 2 5 4 7 . 3 6 4 - 4 . 4 8 9 1 2 7 . 6 6 3 8 0 2 . 6 1 1 5 4 7 . 2 8 5
4 1 1 8 1 5 . 0 7 2 6 9 2 . 1 8 2 - 8 . 1 8 3 6 1 . 9 8 8 8 1 5 . 6 1 4 6 9 1 . 6 3 9
4 2 1 6 9 0 . 0 8 2 0 . 0 0 0 0 . 0 0 0 3 4 5 . 0 4 1 6 9 0 . 0 8 2 0 . 000
4 3 1 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0. 000
4 4 1 0 . 0 0 0 5 5 . 1 0 5 0 . 0 0 0 2 7 . 5 5 3 5 5 , 1 0 5 0 . 000
4 5 1 0 . 0 0 0 2 0 1 . 5 4 7 0 . 0 0 0 1 0 0 . 7 7 3 2 0 1 . 5 4 7 0 . 000
4 6 1 0 . 0 0 0 4 4 2 . 1 0 7 0 . 0 0 0 2 2 1 . 0 5 4 4 4 2 . 1 0 7 0 .000
4 7 1 0 . 0 0 0 5 8 5  . 6 7 0 0 . 0 0 0 2 9 2 . 8 3 5 5 8 5 . 6 7 0 0 . 000
4 8 1 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0

MAXI MUM S T R E S S  ( SMAX) I N  LAYER 1 I S  1 6 6 3 . 5 5 7  ( NODE: 2 0  )

MAXI MUM N E G A T I V E S T R E S S I N X D I R E C T I O N  = - 1 3 4 6 . 0 ( NODE 1 )
MAXI MUM P O S I T I V E S T R E S S I N X D I R E C T I O N  = 1 6 5 9 . 5 { NODE 1 9
MAXI MUM N E G A T I V E S T R E S S I N Y D I R E C T I O N  = - 2 0 . 8 { NODE 2 )
MAXI MUM P O S I T I V E S T R E S S I N Y D I R E C T I O N  = 1 1 6 8 . 8 ( NODE 4  )
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Appendix B: Use STAAD-III to solve pavement design example 1

* *
*  S T A  A D -  I I I  *
* R e v i s i o n  2 2 . 3 b  *
* P r o p r i e t a r y  P r o g r a m  o f  *
* R e s e a r c h  E n g i n e e r s ,  I n c .  *
* D a t e =  AUG 1 5 ,  2  0 0 5  *
* T i m e =  1 1 : 4 0 : 5 2  *
* B u i l d  N o .  2 5 0 0  *
* U S E R  I D :  K a w n e e r  C o m p a n y  C a n a d a  L i m i t e d  *
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

1 .  S T A A D  S P A C E  W A R P I N G - 1
2 .  U N I T  ME T E R  KN
3 .  J O I N T  C O O R D I N A T E S
4 .  1 0 0 0 3 0 0  0 . 3 3  1
5 .  4 0 0 0 . 6  1 1  0 0 3 1
6 .  R E P E A T  A L L  1 0  0 . 4 8 8 5  0 0
7 .  1 2 2  5  0 0  1 2 4  5  0 0 . 3 3  1
8 .  1 2 5  5  0 0 . 6  1 3 2  5 0 3  1
9 .  R E P E A T  A L L  1  0 . 1 1 5  0 0

1 0 .  1 4 4  5 . 6 0 3 5  0 0 1 4 6  5 . 6 0 3 5  0 0 . 3 3  1
1 1 .  1 4 7  5 . 6 0 3 5  0 0 . 6  1 5 4  5 . 6 0 3 5  0 3 1
1 2 .  R E P E A T  A L L  9 0 . 4  8 8 5  0 0
1 3 .  * F I N I S H
1 4 .  E L E M E N T  I N C I D E N C E S
1 5 .  1  1  2  1 3  1 2  TO 1 0  1 1
1 6 .  R E P E A T  2 1  1 0  1 1
1 7 .  E L E M E N T  P R O P E R T I E S
1 8 .  1  T O  2 2  0 TH 0 . 2
1 9 .  U N I T  KN ME T E R  
2  0 .  C O N S T A N T S
2 1 .  E  2 7 . 6 E 6  E LE M 1 TO 2 2 0
2 2 .  P O I S S O N  0 . 1 5  ELEM 1  TO 2 2 0
2 3 .  A L P H A  9 E - 6  E LEM 1 TO 2 2 0
2 4 .  S U P P O R T
2 5 .  1 T O  2 5 3  E L A S T I C  MAT D I R E C T I O N  Y SUB 5 5 0 0 0
2 6 .  L O A D  1
2  7 .  E L E M E N T  LOAD
2 8 .  1 0 1  1 0 2  1 1 1  1 1 2  P R  GY - 6 0 0
2  9 .  L O A D  2
3 0 .  T E M P  L OAD
3 1 .  1  T O  2 2 0  T EMP  0 - 1 0
3 2 .  L O A D  COMB 3
3 3 .  1 1 2  1
3 4 .  L O A D  COMB 4
3 5 .  1 1 2 - 1
3 6 .  P E R F O R M  A N A L Y S I S
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3 7 .  P R I N T  J O I N T  D I S P L  L I S T  1 0 0  T O  1 3 2  

J O I N T  D I S P L A C E M E N T  (CM R A D I A N S )  S T RUC T UR E  T Y P E  = S P A C E

J O I N T  LOAD X - T R A N S  Y - T R A N S  Z - T R A N S  X - R O T A N  Y - R O T A N  Z - R O T A N

1 0 0 1 . 0 0 0 0 - . 0 3 9 9 . 0 0 0 0 - . 0 0 0 3 . 0 0 0 0 -.0003
2 . 0 0 0 0 . 0 2 7 4 . 0 0 0 0 . 0 0 0 6 . 0 0 0 0 . 0 0 0 0
3 . 0 0 0 0 - . 0 1 2 5 . 0 0 0 0 . 0 0 0 3 . 0 0 0 0 -  . 0 0 0 2
4 . 0 0 0 0 - . 0 6 7 3 . 0 0 0 0 - . 0 0 0 9 . 0 0 0 0 - . 0 0 0 3

1 0 1 1 . 0 0 0 0 - . 0 3 5 1 . 0 0 0 0 - . 0 0 0 3 . 0 0 0 0 - . 0 0 0 2
2 . 0 0 0 0 . 0 1 8 3 . 0 0 0 0 . 0 0 0 5 . 0 0 0 0 . 0 0 0 0
3 . 0 0 0 0 - . 0 1 6 8 . 0 0 0 0 . 0 0 0 2 . 0 0 0 0 - . 0 0 0 2
4 . 0 0 0 0 - . 0 5 3 3 . 0 0 0 0 - . 0 0 0 8 . 0 0 0 0 - . 0 0 0 3

1 0 2 1 . 0 0 0 0 - . 0 3 0 3 . 0 0 0 0 - . 0 0 0 3 . 0 0 0 0 - . 0 0 0 2
2 . 0 0 0 0 . 0 1 0 5 . 0 0 0 0 . 0 0 0 4 . 0 0 0 0 . 0 0 0 0
3 . 0 0 0 0 - . 0 1 9 8 . 0 0 0 0 . 0 0 0 1 . 0 0 0 0 - . 0 0 0 2
4 . 0 0 0 0 - . 0 4 0 8 . 0 0 0 0 - . 0 0 0 7 . 0 0 0 0 - . 0 0 0 2

1 0 3 1 . 0 0 0 0 - . 0 2 2 9 . 0 0 0 0 - . 0 0 0 3 . 0 0 0 0 - . 0 0 0 1
2 . 0 0 0 0 . 0 0 0 6 . 0 0 0 0 . 0 0 0 3 . 0 0 0 0 . 0 0 0 0
3 . 0 0 0 0 - . 0 2 2 3 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 - . 0 0 0 1
4 . 0 0 0 0 - . 0 2 3 5 . 0 0 0 0 - . 0 0 0 6 . 0 0 0 0 - . 0 0 0 2

1 0 4 1 . 0 0 0 0 - . 0 1 4 8 . 0 0 0 0 - . 0 0 0 2 . 0 0 0 0 - . 0 0 0 1
2 . 0 0 0 0 - . 0 0 7 6 . 0 0 0 0 . 0 0 0 2 . 0 0 0 0 . 0 0 0 0
3 . 0 0 0 0 - . 0 2 2 4 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 - . 0 0 0 1
4 . 0 0 0 0 - . 0 0 7 2 . 0 0 0 0 -  . 0 0 0 4 . 0 0 0 0 - . 0 0 0 1

1 0 5 1 . 0 0 0 0 - . 0 0 8 6 . 0 0 0 0 - . 0 0 0 2 . 0 0 0 0 - . 0 0 0 1

2 . 0 0 0 0 - . 0 1 1 6 . 0 0 0 0 . 0 0 0 1 . 0 0 0 0 . 0 0 0 0

3 . 0 0 0 0 - . 0 2 0 2 . 0 0 0 0 - . 0 0 0 1 . 0 0 0 0 . 0 0 0 0

4 . 0 0 0 0 . 0 0 3 1 . 0 0 0 0 - . 0 0 0 2 . 0 0 0 0 - . 0 0 0 1

1 0 6 1 . 0 0 0 0 -  . 0 0 4 1 . 0 0 0 0 - . 0 0 0 1 . 0 0 0 0 . 0000
2 . 0 0 0 0 - . 0 1 2 1 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0000
3 . 0 0 0 0 - . 0 1 6 2 . 0 0 0 0 -  . 0 0 0 1 . 0 0 0 0 .0000
4 . 0 0 0 0 . 0 0 8 0 . 0 0 0 0 - . 0 0 0 1 . 0 0 0 0 . 0000

1 0 7 1 . 0 0 0 0 - . 0 0 1 1 . 0 0 0 0 - . 0 0 0 1 . 0 0 0 0 . 0 0 0 0

2 . 0 0 0 0 - . 0 0 9 1 . 0 0 0 0 - . 0 0 0 1 . 0 0 0 0 . 0 0 0 0

3 . 0 0 0 0 - . 0 1 0 2 . 0 0 0 0 - . 0 0 0 2 . 0 0 0 0 . 0000
4 . 0 0 0 0 . 0 0 8 0 . 0 0 0 0 . 0 0 0 1 . 0 0 0 0 . 0000

1 0 8 1 . 0 0 0 0 . 0 0 1 0 . 0 0 0 0 - . 0 0 0 1 . 0 0 0 0 . 0000
2 . 0 0 0 0 - . 0 0 2 2 . 0 0 0 0 - . 0 0 0 3 . 0 0 0 0 . 0000
3 . 0 0 0 0 - . 0 0 1 1 . 0 0 0 0 - . 0 0 0 3 . 0 0 0 0 . 0000
4 . 0 0 0 0 . 0 0 3 2 . 0 0 0 0 . 0 0 0 2 . 0 0 0 0 . 0000

1 0 9 1 . 0 0 0 0 . 0 0 2 6 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0000
2 . 0 0 0 0 . 0 0 9 4 . 0 0 0 0 - . 0 0 0 4 . 0 0 0 0 . 0000
3 . 0 0 0 0 . 0 1 2 0 . 0 0 0 0 - . 0 0 0 5 . 0 0 0 0 . 0000

1 1 0
4
1

. 0 0 0 0  

. 0 0 0 0

- . 0 0 6 8  
. 0 0 4 0

. 0 0 0 0  

. 0 0 0 0

. 0 0 0 4  

.0000
. 0000 
. 0000

. 0000 

. 0000
2 . 0000 . 0 2 6 6 .0000 - . 0 0 0 6 . 0000 . 0000
3 .0000 . 0 3 0 6 . 0000 - . 0 0 0 6 . 0000 . 0000
4 . 0000 - . 0 2 2 5 . 0 0 0 0 . 0 0 0 5 . 0 0 0 0 . 0000

1 1 1 1
2

. 0 0 0 0  

. 0 0 0 0

- . 0 5 0 7
. 0 2 7 6

. 0 0 0 0  

. 0 0 0 0

- . 0 0 0 4  
. 0 0 0 6

. 0 0 0 0  

. 0 0 0 0
-  . 0001 

. 0000
3 . 0 0 0 0 - . 0 2 3 1 . 0 0 0 0 . 0 0 0 2 . 0 0 0 0 - . 0001
4 . 0 0 0 0 - . 0 7 8 3 .0000 -.0010 .0000 -.0001
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JO IN T  DISPLACEMENT (CM RADIANS) STRUCTURE TYPE = SPACE

J O I N T LOAD X - TRANS Y - T R A N S 2 - T R AN S X - R O T A N Y - R O T A N Z - R O T A N

1 1 2 1 . 0 0 0 0 -  . 0 4 4 1 . 0 0 0 0 - . 0 0 0 4 . 0 0 0 0 - . 0 0 0 1
2 . 0 0 0 0 . 0 1 8 4 . 0 0 0 0 . 0 0 0 5 . 0 0 0 0 . 0 0 0 0
3 . 0 0 0 0 - . 0 2 5 7 . 0 0 0 0 . 0 0 0 1 . 0 0 0 0 -  . 0 0 0 1
4 . 0 0 0 0 - . 0 6 2 5 . 0 0 0 0 - . 0 0 0 9 . 0 0 0 0 - . 0 0 0 1

1 1 3 1 . 0 0 0 0 - . 0 3 7 7 . 0 0 0 0 - . 0 0 0 4 . 0 0 0 0 - . 0 0 0 1
2 . 0 0 0 0 . 0 1 0 7 . 0 0 0 0 . 0 0 0 4 . 0 0 0 0 . 0 0 0 0
3 . 0 0 0 0 - . 0 2 7 0 . 0 0 0 0 . 0 0 0 1 . 0 0 0 0 - . 0 0 0 1
4 . 0 0 0 0 -  . 0 4 8 3 . 0 0 0 0 - . 0 0 0 8 . 0 0 0 0 -  . 0 0 0 1

1 1 4 1 . 0 0 0 0 - . 0 2 7 8 . 0 0 0 0 -  . 0 0 0 3 . 0 0 0 0 . 0 0 0 0
2 . 0 0 0 0 . 0 0 0 8 . 0 0 0 0 . 0 0 0 3 . 0 0 0 0 . 0 0 0 0
3 . 0 0 0 0 - . 0 2 7 1 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0
4 . 0 0 0 0 -  . 0 2 8 6 . 0 0 0 0 - . 0 0 0 6 . 0 0 0 0 . 0 0 0 0

1 1 5 1 . 0 0 0 0 - . 0 1 7 7 . 0 0 0 0 - . 0 0 0 3 . 0 0 0 0 . 0 0 0 0
2 . 0 0 0 0 - . 0 0 7 4 . 0 0 0 0 . 0 0 0 2 . 0 0 0 0 . 0 0 0 0
3 . 0 0 0 0 - . 0 2 5 1 . 0 0 0 0 -  . 0 0 0 1 . 0 0 0 0 . 0 0 0 0
4 . 0 0 0 0 - . 0 1 0 3 . 0 0 0 0 - . 0 0 0 4 . 0 0 0 0 . 0 0 0 0

1 1 6 1 . 0 0 0 0 - . 0 1 0 2 . 0 0 0 0 - . 0 0 0 2 . 0 0 0 0 . 0 0 0 0
2 . 0 0 0 0 - . 0 1 1 5 . 0 0 0 0 . 0 0 0 1 . 0 0 0 0 . 0 0 0 0
3 . 0 0 0 0 - . 0 2 1 7 . 0 0 0 0 -  . 0 0 0 1 . 0 0 0 0 . 0 0 0 0
4 . 0 0 0 0 . 0 0 1 3 . 0 0 0 0 - . 0 0 0 2 . 0 0 0 0 . 0 0 0 0

1 1 7 1 . 0 0 0 0 -  . 0 0 5 0 . 0 0 0 0 -  . 0 0 0 1 . 0 0 0 0 . 0 0 0 0
2 . 0 0 0 0 - . 0 1 1 9 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0
3 . 0 0 0 0 - . 0 1 7 0 . 0 0 0 0 - . 0 0 0 2 . 0 0 0 0 . 0 0 0 0
4 . 0 0 0 0 . 0 0 6 9 . 0 0 0 0 - . 0 0 0 1 . 0 0 0 0 . 0 0 0 0

1 1 8 1 . 0 0 0 0 - . 0 0 1 5 . 0 0 0 0 - . 0 0 0 1 . 0 0 0 0 . 0 0 0 0

2 . 0 0 0 0 - . 0 0 8 9 . 0 0 0 0 - . 0 0 0 1 . 0 0 0 0 . 0 0 0 0

3 . 0 0 0 0 - . 0 1 0 5 . 0 0 0 0 - . 0 0 0 2 . 0 0 0 0 . 0 0 0 0

4 . 0 0 0 0 . 0 0 7 4 . 0 0 0 0 . 0 0 0 1 . 0 0 0 0 . 0 0 0 0

1 1 9 1 . 0 0 0 0 . 0 0 0 8 . 0 0 0 0 - . 0 0 0 1 . 0 0 0 0 . 0 0 0 0

2 . 0 0 0 0 - . 0 0 2 0 . 0 0 0 0 - . 0 0 0 3 . 0 0 0 0 . 0 0 0 0

3 . 0 0 0 0 - . 0 0 1 2 . 0 0 0 0 - . 0 0 0 3 . 0 0 0 0 . 0 0 0 0

4 . 0 0 0 0 . 0 0 2 8 . 0 0 0 0 . 0 0 0 2 . 0 0 0 0 . 0 0 0 0

1 2 0 1 . 0 0 0 0 . 0 0 2 6 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0

2 . 0 0 0 0 . 0 0 9 6 . 0 0 0 0 - . 0 0 0 4 . 0 0 0 0 . 0 0 0 0

3 . 0 0 0 0 . 0 1 2 2 . 0 0 0 0 - . 0 0 0 5 . 0 0 0 0 . 0 0 0 0

4 . 0 0 0 0 - . 0 0 7 0 . 0 0 0 0 . 0 0 0 4 . 0 0 0 0 . 0 0 0 0

1 2 1 1 . 0 0 0 0 . 0 0 4 1 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0

2 . 0 0 0 0 . 0 2 6 7 . 0 0 0 0 - . 0 0 0 6 . 0 0 0 0 . 0 0 0 0

3 . 0 0 0 0 . 0 3 0 8 . 0 0 0 0 - . 0 0 0 6 . 0 0 0 0 . 0 0 0 0

4 . 0 0 0 0 -  . 0 2 2 6 . 0 0 0 0 . 0 0 0 5 . 0 0 0 0 . 0 0 0 0

1 2 2 1 . 0 0 0 0 - . 0 5 1 5 . 0 0 0 0 - . 0 0 0 4 . 0 0 0 0 . 0 0 0 0

2 . 0 0 0 0 . 0 2 7 6 . 0 0 0 0 . 0 0 0 6 . 0 0 0 0 . 0 0 0 0

3 . 0 0 0 0 - . 0 2 3 9 . 0 0 0 0 . 0 0 0 2 . 0 0 0 0 . 0 0 0 0

4 . 0 0 0 0 - . 0 7 9 0 . 0 0 0 0 - . 0 0 1 0 . 0 0 0 0 . 0 0 0 0

1 2 3 1 . 0 0 0 0 - . 0 4 4 7 . 0 0 0 0 - . 0 0 0 4 . 0 0 0 0 . 0 0 0 0

2 . 0 0 0 0 . 0 1 8 4 . 0 0 0 0 . 0 0 0 5 . 0 0 0 0 . 0 0 0 0

3 . 0 0 0 0 -  . 0 2 6 3 . 0 0 0 0 . 0 0 0 1 . 0 0 0 0 , 0 0 0 0

4 . 0 0 0 0 - . 0 6 3 2 . 0 0 0 0 - . 0 0 0 9 . 0 0 0 0 . 0 0 0 0
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JO IN T  DISPLACEMENT (CM RADIANS) STRUCTURE TYPE = SPACE

J O I N T L OAD X - T R A N S Y - T R A N S 2 - T R AN S X- R OT AN Y - R O T A N Z - R O T A N

1 2 4 1 . 0 0 0 0 - . 0 3 8 1 . 0 0 0 0 - . 0 0 0 4 . 0 0 0 0 . 0 0 0 0
2 . 0 0 0 0 - . 0 1 0 7 . 0 0 0 0 . 0 0 0 4 . 0 0 0 0 . 0 0 0 0
3 . 0 0 0 0 - . 0 2 7 4 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0
4 . 0 0 0 0 - . 0 4 8 8 . 0 0 0 0 - . 0 0 0 8 . 0 0 0 0 . 0 0 0 0

1 2 5 1 . 0 0 0 0 - . 0 2 8 1 . 0 0 0 0 - . 0 0 0 3 . 0 0 0 0 . 0 0 0 0
2 . 0 0 0 0 . 0 0 0 8 . 0 0 0 0 . 0 0 0 3 . 0 0 0 0 . 0 0 0 0
3 . 0 0 0 0 - . 0 2 7 3 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0
4 . 0 0 0 0 - . 0 2 8 8 . 0 0 0 0 - . 0 0 0 6 . 0 0 0 0 . 0 0 0 0

1 2 6 1 . 0 0 0 0 - . 0 1 7 8 . 0 0 0 0 - . 0 0 0 3 . 0 0 0 0 . 0 0 0 0
2 . 0 0 0 0 - . 0 0 7 4 . 0 0 0 0 . 0 0 0 2 . 0 0 0 0 . 0 0 0 0
3 . 0 0 0 0 - . 0 2 5 2 . 0 0 0 0 -  . 0 0 0 1 . 0 0 0 0 . 0 0 0 0
4 . 0 0 0 0 - . 0 1 0 4 . 0 0 0 0 - . 0 0 0 4 . 0 0 0 0 . 0 0 0 0

1 2  7 1 . 0 0 0 0 - . 0 1 0 3 . 0 0 0 0 - . 0 0 0 2 . 0 0 0 0 . 0 0 0 0
2 . 0 0 0 0 - . 0 1 1 5 . 0 0 0 0 . 0 0 0 1 . 0 0 0 0 . 0 0 0 0
3 . 0 0 0 0 - . 0 2 1 7 . 0 0 0 0 -  . 0 0 0 1 . 0 0 0 0 . 0 0 0 0
4 . 0 0 0 0 . 0 0 1 2 . 0 0 0 0 - . 0 0 0 2 . 0 0 0 0 . 0 0 0 0

1 2  8 1 . 0 0 0 0 - . 0 0 5 1 . 0 0 0 0 - . 0 0 0 1 . 0 0 0 0 . 0 0 0 0
2 . 0 0 0 0 - . 0 1 1 9 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0
3 . 0 0 0 0 - . 0 1 7 0 . 0 0 0 0 - . 0 0 0 2 . 0 0 0 0 . 0 0 0 0
4 . 0 0 0 0 . 0 0 6 9 . 0 0 0 0 - . 0 0 0 1 . 0 0 0 0 . 0 0 0 0

1 2 9 1 . 0 0 0 0 - . 0 0 1 6 . 0 0 0 0 - . 0 0 0 1 . 0 0 0 0 . 0 0 0 0
2 . 0 0 0 0 - . 0 0 8 9 . 0 0 0 0 - . 0 0 0 1 . 0 0 0 0 . 0 0 0 0
3 . 0 0 0 0 - . 0 1 0 5 . 0 0 0 0 - . 0 0 0 2 . 0 0 0 0 . 0 0 0 0
4 . 0 0 0 0 . 0 0 7 4 . 0 0 0 0 . 0 0 0 1 . 0 0 0 0 . 0 0 0 0

1 3  0 1 . 0 0 0 0 . 0 0 0 8 . 0 0 0 0 -  . 0 0 0 1 . 0 0 0 0 . 0 0 0 0

2 . 0 0 0 0 - . 0 0 2 0 . 0 0 0 0 - . 0 0 0 3 . 0 0 0 0 . 0 0 0 0

3 . 0 0 0 0 - . 0 0 1 2 . 0 0 0 0 - . 0 0 0 3 . 0 0 0 0 . 0 0 0 0

4 . 0 0 0 0 . 0 0 2 8 . 0 0 0 0 . 0 0 0 2 . 0 0 0 0 . 0 0 0 0

1 3 1 1 . 0 0 0 0 . 0 0 2 6 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0

2 . 0 0 0 0 . 0 0 9 6 . 0 0 0 0 - . 0 0 0 4 . 0 0 0 0 . 0 0 0 0

3 . 0 0 0 0 . 0 1 2 2 . 0 0 0 0 - . 0 0 0 5 . 0 0 0 0 . 0 0 0 0

4 . 0 0 0 0 - . 0 0 7 0 . 0 0 0 0 . 0 0 0 4 . 0 0 0 0 . 0 0 0 0

1 3 2 1 . 0 0 0 0 . 0 0 4 1 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0

2 . 0 0 0 0 . 0 2 6 7 . 0 0 0 0 - . 0 0 0 6 . 0 0 0 0 . 0 0 0 0

3 . 0 0 0 0 . 0 3 0 8 . 0 0 0 0 - . 0 0 0 6 . 0 0 0 0 . 0 0 0 0

4 . 0 0 0 0 - . 0 2 2 6 , 0 0 0 0 . 0 0 0 5 . 0 0 0 0 . 0 0 0 0

* * * * * * * * * * * * * *  e n d  o f  l a t e s t  a n a l y s i s  r e s u l t
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3 8 .  P R I N T  E L E M E N T  FO RC E L I S T  1 0 0  TO 1 1 0  

E L E M E N T  F O R C E S  F O R C E ,L E N G T H  U N IT S =  KN METE 

F O R C E  O R  S T R E S S  = F O R C E /U N IT  W ID T H /T H IC K , MOMENT 

E L E M E N T  LOAD QX
VONT

QY
VONB

MX
FX

= FORCE-LENGTH/UNIT WIDTH

MY
FY

MXY
FXY

100

T O P  : SMAX:
B O T T  : SMAX:

2

T O P  : SMAX:
B O T T  : SMAX:

3

T O P  : SMAX:
B O T T  : SMAX:

4

T O P  : SMAX:
B O T T  : SMAX:

- 2 . 5 8  2 . 1 0  . 1 4
3 0 . 2 8  3 0 . 2 8  . 0 0

= 2 9 . 6 6  SM IN = - 1 . 2 1  TMAX=
1 . 2 1  SM IN = - 2 9 . 6 6  TMAX=

- 1 1 . 3 5  . 0 4  . 4 3
1 2 5 2 . 4 8  1 2 5 2 . 4 8  . 0 0

1 2 8 3 . 7 5  SM IN = 6 5 . 0 9  TMAX=
- 6 5 . 0 9  SM IN = - 1 2 8 3 . 7 5  TMAX=

- 1 3 . 9 3  2 . 1 4  . 5 7
1 2 5 1 . 3 9  1 2 5 1 . 3 9  . 0 0

= 1 2 9 1 . 9 0  SM IN = 8 5 . 3 9  TMAX=
- 8 5 . 3 9  SM IN = - 1 2 9 1 . 9 0  TMAX=
8 . 7 7  2 . 0 7  - . 3 0

1 2 5 4 . 3 0  1 2 5 4 . 3 0  . 0 0
- 4 4 . 4 6  SM IN = - 1 2 7 5 . 9 4  TMAX=

= 1 2 7 5 . 9 4  SM IN = 4 4 . 4 6  TMAX=

. 0 5  

. 00 
1 5  . 4 3  
1 5  . 4 3  

8 . 5 6  
. 00

6 0 9 . 3 3
6 0 9 . 3 3

8 . 6 1  
. 0 0

6 0 3 . 2 5
6 0 3 . 2 5  

- 8 . 5 0
. 00

6 1 5 . 7 4
6 1 5 . 7 4

A N G LE = 
A N G LE=

A N G LE :
A N G L E :

A N G L E :
A N G L E :

A N G LE :
A N G LE :

- .09 
. 0 0

-33.2 
■33.2 

. 0 2  

. 0 0  
- . 2  
-  . 2

- .07 
.00
.5 
. 5

-  .  12 
. 00 
- . 8 
-  . 8

101

T O P  : SMAX:
B O T T  : SMAX:

2

T O P  : SMAX:
B O T T  ; SMAX:

3

T O P  : SMAX:
B O T T : SMAX:

4

T O P  : SMAX:
B O T T  : SMAX:

- 6  . 8 5  
2 2 4 2 . 7 0

3 0 . 1 4  
= 2 2 2 7 . 4 8

6 . 9 5  
1 2 3 9 . 6 8  

= 1 2 4 5 . 8 3
- 1 2 . 3 9  

. 10  
1 0 1 1 . 3 1

4 7 . 5 7  
9 8 6 . 6 9  

- 1 3 . 8 0  
3 4 7 9 . 9 8

1 6 . 2 7  
: 3 4 7 1 . 8 2

102

T O P  : 
B O T T  :

T O P  : 
B O T T :

TOP :
BOTT:

1 1 0 3 . 4 8  
1 8 9 9 . 5 9

SM AX= - 5 5 . 4 7  
SM AX= 1 9 2 6 . 7 2

2 1 6 . 0 4  
1 2 3 0 . 0 8

SM AX= 1 2 5 9 . 7 5  
SM AX= - 6 1 . 6 6

3 1 1 9 . 5 2  
6 9 4 . 6 3

SM AX= 2 2 . 3 9  
SM AX= 6 8 3 . 1 7

- 1 5 4 . 8 8  . 1 8
2 2 4 2 . 7 0  . 0 0
SM IN = - 2 2 2 7 . 4 8  TMAX= 
SM IN = - 3  0 . 1 4  TMAX= 

. 3 6  . 0 8
1 2 3 9 . 6 8  . 0 0
SM IN = 1 2 . 3  9 TMAX= 
SM IN = - 1 2 4 5 . 8 3  TMAX= 
- 1 5 4 . 5 2  . 2 6
1 0 1 1 . 3 1  . 0 0
SM IN = - 9 8 6 . 6 9  TMAX= 
SM IN = - 4 7 . 5 7  TMAX= 
- 1 5 5 . 2 3  . 0 9
3 4 7 9 . 9 8  . 0 0
SM IN = - 3 4 7 1 . 8 2  TMAX= 
SM IN = - 1 6 . 2 7  TMAX=

- 9 4 . 2 3  - . 4 3
1 8 9 9 . 5 9  . 0 0
SM IN = - 1 9 2 6 . 7 2  TMAX= 
SM IN = 5 5 . 4  7 TMAX= 

. 4 3  . 4 1
1 2 3 0 . 0 8  - 0 0
SM IN = 6 1 . 6 6  TMAX= 
SM IN = - 1 2 5 9 . 7 5  TMAX= 

- 9 3 . 8 0  - . 0 2
6 9 4 . 6 3  . 0 0

SM IN = - 6 8 3 . 1 7  TMAX= 
SM IN = - 2 2 . 3 9  TMAX=

- 1 4 . 8 2  
. 00  

1 1 2 8 . 8 1  
1 1 2 8 . 8 1  

8 .  3 1  
. 00

6 1 6 . 7 2
6 1 6 . 7 2  

- 6  . 5 2
. 00

5 1 7 . 1 3
5 1 7 . 1 3  

- 2 3 . 1 3
. 0 0

1 7 4 4 . 0 4
1 7 4 4 . 0 4

- 1 2 . 7 9  
. 0 0

9 3 5 . 6 2
9 3 5 . 6 2  

8 . 4 0
. 0 0

5 9 9 . 0 5
5 9 9 . 0 5  

- 4  . 3 9
.00

3 5 2 . 7 8
3 5 2 . 7 8

A N G L E :
A N G L E :

A N G L E :
A N G LE :

A N G L E :
A N G L E :

A N G L E :
A N G L E :

A N G L E :
A N G L E :

A N G L E :
A N G L E :

A N G L E :
A N G L E :

- .62 
. 0 0  

-2.4 
-2.4 
- . 02 

. 0 0  
. 1 
. 1

- .64 
.00

-5.3
-5.3
— . 60 

. 0 0
-1.5
-1.5

- .85 
. 0 0

- 3 , 9
- 3 , 9
-  .02 
.00
.2 
,2 

- .87 
. 0 0  

- 10.8 
- 1 0 , 8
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ELEMENT FORCES

FORCE OR STRESS

ELEMENT LOAD

FORCE, LENGTH ONITS= KN METE

FORCE/UNIT WIDTH/THICK, MOMENT

QX
VONT

4  8 7 . 4 4
3 1 2 4 . 1 9  

T O P  : SM AX= - 1 2 0 . 7 7  
B O T T : SMAX= 3 1 8 2 . 8 3

1 0 3

T O P  : SMAX:
B O T T  : SMAX:

2

T O P  : SMAX:
B O T T  : SMAX:

3

T O P  : SMAX:
B O T T  : SMAX:

4

T O P  : SMAX:
B O T T  : SMAX:

QY
VONB

MX
FX

1 1 4 . 8 6  
1 3 9 3 . 2 0

2 9 9 . 2 4  
= 1 2 1 9 . 2 6

2 4  . 4 7  
1 2 0 6 . 3 7  

= 1 2 8 6 . 8 1  
= - 1 8 1 . 4 2

1 3 9  . 3 3  
4 7 2 . 7 1  

4 9 6 . 4 6  
- 5 1 . 7 5  

9 0  . 3 8  
2 5 6 3 . 0 5

1 1 5 . 2 4  
= 2 5 0 3 . 4 8

- 9 4 . 6 6  - . 8 4
3 1 2 4 . 1 9  . 0 0  
SM IN = - 3 1 8 2 . 8 3  TMAX= 
SM IN = 1 2 0 . 7 7  TMAX=

- 3 2 . 2 1  1 . 9 6
1 3 9 3 . 2 0  . 0 0  
SM IN = - 1 2 1 9 . 2 6  TMAX= 
SM IN = - 2  9 9 . 2 4  TMAX=

. 2 4  1 . 2 1
1 2 0 6 . 3 7  . 0 0
SM IN = 1 8 1 . 4 2  TMAX= 
SM IN = - 1 2 8 6 . 8 1  TMAX= 

- 3 1 . 9 7  3 . 1 7
4 7 2 . 7 1  . 0 0

SM IN = 5 1 . 7 5  TMAX= 
SM IN = - 4  9 6 . 4 6  TMAX= 

- 3 2 . 4 5  . 7 5
2 5 6 3 . 0 5  . 0 0
SM IN = - 2 5 0 3 . 4 8  TMAX= 
SM IN = - 1 1 5 . 2 4  TMAX=

= FORCE-LENGTH/UNIT WIDTH

M Y  M X Y

F Y  F X Y

- 2 1 . 1 9  - . 8 2
. 0 0  . 0 0

1 5 3 1 . 0 3  A N G LE= - 2 . 3
1 5 3 1 . 0 3  A N G LE= - 2 . 3

- 8 . 0 9  - . 5 9
. 0 0  . 0 0

7 5 9 . 2 5  A N G LE= - 3 . 3
7 5 9 . 2 5  A N G LE= - 3 . 3

8 . 5 8  - . 0 4
. 0 0  . 0 0

5 5 2 . 6 9  A N G LE= . 3
5 5 2 . 6 9  A N G LE= . 3

. 4 8  - . 6 3

. 0 0  . 0 0
2 2 2 . 3 5  A N G LE= - 1 2 . 5
2 2 2 . 3 5  A N G LE= - 1 2 . 5

- 1 6 . 6 7  - . 5 5
. 0 0  . 0 0

1 3 0 9 . 3 6  A N G LE= - 1 . 8
1 3 0 9 . 3 6  A N G LE= - 1 . 8

1 0 4

T O P  : SMAX:
B O T T : SMAX:

2

T O P  : SMAX:
B O T T : SMAX:

3

T O P  : SMAX: 
B O T T  : SMAX:

4

T O P  : SMAX:
B O T T : SMAX:

1 0 5

T O P  : 
B O T T :

TOP :
BOTT:

2 9 . 1 3  
1 0 0 8 . 8 9  

5 4 7 . 2 2  
6 1 7 . 0 4  

2 6  . 1 5  
1 1 8 3 . 6 1  

: 1 3 2 5 . 9 4
: - 3 7 6 . 0 3

5 5  . 2 9  
8 3 9 . 9 7  

9 3 0 . 9 2  
: - 7 0 1 . 2 3

2 . 9 8  
2 0 3 2 . 7 4  

1 7 0 . 3 9  
: 1 9 4 2 . 1 8

1 -  . 6 9  
7 4 2  . 5 7

SM AX= 5 4 6 . 9 9  
SMAX= 2 9 8 . 3 5

2 1 6 . 5 6  
1 1 8 3 . 6 1

SM AX= 1 3 5 9 . 1 5  
SM AX= - 5 5 5 . 1 8

- 3 . 8 5  3 . 6 4
1 0 0 8 . 8 9  . 0 0
SM IN = - 6 1 7 . 0 4  TMAX= 
SM IN = - 5 4  7 . 2 2  TMAX= 

- . 1 6  2 . 5 1
1 1 8 3 . 6 1  . 0 0  
SM IN = 3 7 6 . 0 3  TMAX= 
SM IN = - 1 3 2  5 . 9 4  TMAX=

- 4 . 0 1  6 . 1 5
8 3 9 . 9 7  . 0 0

SM IN = 7 0 1 . 2 3  TMAX= 
SM IN = - 9 3 0 . 9 2  TMAX= 

- 3 . 6 9  1 . 1 3
2 0 3 2 . 7 4  . 0 0
SM IN = - 1 9 4 2 . 1 8  TMAX= 
SM IN = - 1 7  0 . 3 9  TMAX=

- . 8 8  3 . 6 5
7 4 2 . 5 7  - 0 0

SM IN = - 2 9 8 . 3 5  TMAX= 
SM IN = - 5 4 6 . 9 9  TMAX= 

- . 4 1  3 . 7 0
1 1 8 3 . 6 1  - 0 0  
SM IN = 5 5 5 . 1 8  TMAX= 
SM IN = - 1 3 5 9 . 1 5  TMAX=

- 4  . 1 1  
. 00

5 8 2 . 1 3
5 8 2 . 1 3  

8 . 8 4
. 00

4 7 4 . 9 6
4 7 4 . 9 6  

4 . 7 3
. 00

1 1 4 . 8 5
1 1 4 . 8 5  

- 1 2 . 9 5
. 00

1 0 5 6 . 2 9
1 0 5 6 . 2 9

A N G LE :
A N G LE :

A N G LE :
A N G L E :

A N G L E :
A N G L E :

A N G L E :
A N G L E :

- 1 .  9 9  
. 00

4 2 2 . 6 7  ANGLE*
4 2 2 . 6 7  ANGLE* 

9 . 0 6
. 00

4 0 1 . 9 8  A N G L E :
4 0 1 . 9 8  A N G L E :

-  .2 5  
. 00

- 1.8
- 1.8
-  . 0 5  

. 0 0
. 4
. 4

-  .2 9  
. 00

- 1 1 . 3
• 1 1 . 3

-  .20 
. 00  
- . 8 
- .8

-  . 0 9  
.0 0
- . 9
- . 9  

- . 0 3
.0 0

,3
.3
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ELEMENT FORCES

FORCE OR STRESS

ELEMENT LOAD

FORCE, LENGTH UNITS= KN METS

FORCE/UNIT WIDTH/THICK, MOMENT = FORCE-LENGTH/üNiT WIDTH

QX
VONT

T O P  : 
B O T T :

T O P  : 
B O T T :

3  . 1 5 . 8 7
1 0 8 2 . 5 5  

SM AX= 1 1 0 9 . 1 9  
SMAX= - 1 0 5 3 . 7 8

4  - 1 7 . 2 5  
1 6 5 3 . 1 1

SMAX= - 8 . 4 0  
SMAX= 1 6 5 7 . 2 9

1 0 6

T O P  : SMAX:
B O T T  : SMAX:

2

T O P  : SMAX:
B O T T  : SMAX:

3

T O P  : SMAX:
B O T T  : SMAX:

4

T O P  : SMAX:
B O T T : SMAX:

1 0 7

T O P  : SMAX
B O T T  : SMAX:

2

T O P  : SMAX:
B O T T  : SMAX:

3

T O P  : SMAX:
B O T T  : SMAX:

4

T O P  : SMAX:
B O T T  : SMAX:

QY MX
VONB FX

- 1 . 2 8  7 , 3 5
1 0 8 2 . 5 5  . 0 0
SM IN = 1 0 5 3 . 7 8  TMAX= 
SM IN = - 1 1 0 9 . 1 9  TMAX= 

- . 4 7  - . 0 6
1 6 5 3 . 1 1  . 0 0
SM IN = - 1 6 5 7 . 2 9  TMAX= 
SM IN = 8 . 4  0 TMAX=

- 1 0 . 6 4  
5 3 3 . 3 6  

4 4 6 . 6 2  
1 4 3 . 9 3  
2 . 4 4  

1 1 9 0 . 4 6  
= 1 3 7 3 . 3 2
= - 6 3 4 . 7 4

- 8 . 2 1  
1 1 6 2 . 5 0  

= 1 2 2 9 . 5 7
= - 1 0 8 1 . 1 7  

- 1 3 . 0 8  
1 4 3 2  . 4 6  

= - 1 8 8 . 1 4
= 1 5 1 7 . 2 3

- 1 3 . 3 4  
3 5 6  . 3 2  

3 1 9 . 3 9  
6 4 . 9 3  

- 1 2 . 2 4  
1 1 8 6 . 2 5  

= 1 3 6 5 . 8 8
= - 5 9 3 . 7 1

- 2 5 . 5 8  
1 1 5 6 . 8 6  

: 1 3 0 0 . 9 6
- 9 1 3 . 0 9  
- 1 . 10 

1 3 1 5 . 2 8  
= - 2 7 4 . 3 3
: 1 4 3 0 . 8 1

5 3 3
SM IN:
SM IN:

1 1 9 0
SM IN:
SM IN:

1 1 6 2
SM IN:
SM IN:

1 4 3 2
SM IN:
SM IN:

3 5 6
SM IN:
SM IN:

1 1 8 6
SM IN:
SM IN:

1 1 5 6
SM IN:
SM IN:

1 3 1 5
SM IN:
SM IN:

12
3 6

: - 1 4 3
: - 4 4 6 .
5 1  
4 6

6 3 4  , 
= - 1 3 7 3  
3 9  
5 0  

: 1 0 8 1 .  
: - 1 2 2 9 ,  
. 6 3  
4 6

= - 1 5 1 7 .  
1 8 8  .

3 3
3 2

- 6 4  . 
: - 3 1 9 .
4 6  
2 5

5 9 3  . 
: - 1 3 6 5 .  
1 3  
86

9 1 3  . 
: - 1 3 0 0 .  
7 9  
2 8

: - 1 4 3 0 .  
2 7 4  .

2 , 9 8  
. 00 
TMAX= 
TMAX= 

4 .2 3  
. 00 
TMAX= 
TMAX= 

7 . 2 1  
. 00 

TMAX= 
TMAX= 

- 1 . 2 5  
. 00 

2 3  TMAX= 
1 4  TMAX=

93
6 2

7 4
3 2

1 7
5 7

2 . 13  
. 00 
TMAX= 
TMAX=

3 . 96  
. 00 

TMAX= 
TMAX=

6 . 0 9  
. 00 

TMAX= 
TMAX= 

- 1 .  8 3  
. 00 

8 1  TMAX= 
3 3 TMAX=

9 3
3 9

7 1
88

0 9
9 6

MY
FY

7 . 0 7  
. 0 0  

2 7 .  7 0  
2 7  . 7 0  
- 1 1 . 0 5  

. 0 0  
8 2 4  . 4 5  
8 2 4 . 4 5

- . 9 6  
. 0 0

2 9 5 . 2 8
2 9 5 . 2 8

9 . 1 6  
. 0 0

3 6 9 . 2 9
3 6 9 . 2 9  

8 . 2 0
. 0 0  

7 4  . 2 0  
7 4  . 2 0  
- 1 0 . 1 1  

. 0 0
6 6 4 . 5 5
6 6 4 . 5 5

-  . 4 3  
. 0 0

1 9 2 . 1 6
1 9 2 . 1 6  

9 .  1 1
. 0 0

3 8 6 . 0 9
3 8 6 . 0 9  

8 . 6 7
. 0 0

1 9 3 . 9 4
1 9 3 . 9 4  

- 9 . 5 4
. 0 0  

5 7 8  . 2 4  
5 7 8 . 2 4

A N G LE:
A N G LE:

A N G LE:
A N G LE :

A N G LE:
A N G LE :

A N G LE:
A N G LE:

A N G LE:
A N G LE:

A N G LE:
A N G LE:

A N G LE:
A N G LE :

A N G LE :
A N G LE :

A N G LE:
A N G LE:

A N G LE:
A N G LE :

1 0 8

TOP :
BOTT:

L - 1 2 . 5 0
2 1 0 . 8 6  

SMAX= 1 9 6 . 4 0  
SMAX= 2  6 . 4 3

. 3 4  1 . 3 1
2 1 0 . 8 6  . 0 0

SM IN = - 2 6 . 4 3  TMAX: 
SM IN = - 1 9 6 . 4 0  TMAX:

-  . 1 8
. 00

1 1 1 . 4 1  A N G LE:
1 1 1 . 4 1  A N G LE:

MXY
FX Y

-.12 
.00 

-21.1 
-21.1 
- . 06 
. 00
- .3
- . 3

- .03 
. 00
- .4
-  . 4  
. 00 
.00
. 1 
.1

- . 03 
. 00
1.9
1.9

- . 02 
. 00
- .2 
- . 2

. 00 

. 00 
- .1 
- .1 
. 02 
. 00
- .3
- . 3 
.02 
.00
- .5
- .5 

- .03
. 00 
-.2
- .2

. 01 

. 00 
. 3  
.3
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ELEMENT FORCES

FORCE OR STRESS

ELEMENT LOAD

FORCE, LENGTH UNITS= KN METE

f o r c e / u n i t  WIDTH/THICK, MOMENT = FORCE-LENGTH/UNIT WIDTH

QX
VONT

T O P  : 
B O T T ;

T O P  : 
B O T T ;

T O P  : 
B O T T :

1 0 9

110

2  - 2 3 . 4 6  .
1 1 8 0 . 6 4

SMAX= 1 3 3 8 . 3 6  
SMAX= - 4 4 4 . 4 5

3  - 3 5 . 9 6  
1 1 3 6 . 3 0

SMAX= 1 3 1 1 . 9 7  
SMAX= - 6 4 0 . 8 0

4  1 0 . 9 6  
1 2 5 9 . 1 8

SMAX= - 2 4 8 . 0 8  
SMAX= 1 3 6 4 . 7 6

T O P  : SMAX:
B O T T : SMAX:

T O P  : SMAX:
B O T T : SMAX:

T O P  : SMAX:
B O T T  : SMAX:

T O P  : SMAX: 
B O T T  : SMAX:

T O P  : SMAX: 
B O T T  : SMAX:

T O P  : SMAX: 
B O T T  : SMAX:

T O P  : SMAX: 
B O T T  : SMAX:

T O P  : SMAX: 
B O T T  : SMAX:

QY
VONB

-  . 3 0  
1 1 8 0 . 6 4  
SM IN = 4 4 4 ,  
S M IN =  - 1 3  3 8 ,  

. 0 4  
1 1 3 6 . 3 0  
SM IN = 6 4 0 ,  
SM IN = - 1 3 1 1 ,  

. 6 4  
1 2 5 9 . 1 8  
SM IN =  - 1 3 6 4 ,  
SM IN = 2 4  8

MX 
FX

2 . 96  
. 00 
TMAX= 
TMAX= 

4 . 2 7  
. 00 
TMAX= 
TMAX= 

- 1 . 6 5  
. 00 

7 6 TMAX= 
0 8 TMAX=

4 5
3 6

8 0
9 7

- 1 0 . 0 5  
9 6  . 8 1  

9 3 . 6 5  
6 . 0 3  

- 2 6 . 6 8  
1 1 9 7 . 4 6  

= 1 2 9 7 . 7 5
= - 2 3 5 . 6 2

- 3 6 . 7 4  
1 1 6 2 . 6 4  

= 1 2 9 1 . 7 6
= - 3 2 9 . 2 4

1 6 . 6 3  
1 2 3 8 . 8 7  

= - 1 4 1 . 9 9
= 1 3 0 3 . 7 5

- 5  . 1 5  
1 9  . 2 4  

2 0 . 4 7  
- 2 . 7 5  

- 1 6 . 1 3  
1 2 2 7  . 0 4  

= 1 2 5 5 . 7 8
- 5 9 . 6 6  

- 2 1 . 2 8  
1 2 2 0 . 4 9  

: 1 2 5 8 . 5 6
- 8 0 . 1 0  

1 0  . 9 8  
1 2 3 3 . 8 5  

- 3 9 . 2 2  
: 1 2 5 3 . 0 0

. 1 6  . 6 2
9 5 . 8 1  . 0 0

SM IN = - 6 . 0 3  TMAX= 
SM IN = - 9 3 . 6 5  TMAX= 

- . 1 1  1 . 5 7
1 1 9 7 . 4 6  . 0 0
SM IN = 2 3 5 . 6 2  TMAX= 
SM IN = - 1 2 9 7 . 7 5  TMAX= 

. 0 6  2 . 2 0
1 1 6 2 . 6 4  . 0 0
SM IN = 3 2 9 . 2 4  TMAX= 
SM IN = - 1 2 9 1 . 7  6 TMAX= 

. 2 7  - . 9 5
1 2 3 8 . 8 7  . 0 0
SM IN = - 1 3 0 3 . 7 5  TMAX= 
SM IN = 1 4 1 . 9  9 TMAX=

. 7 7  . 1 4
1 9 . 2 4  . 0 0

SM IN = 2 . 7 5  TMAX=
SM IN = - 2 0 . 4 7  TMAX= 

. 7 1  . 4 0
1 2 2 7 . 0 4  . 0 0
SM IN = 5 9 . 6 6  TMAX= 
SM IN = - 1 2 5 5 . 7  8 TMAX= 

1 . 4 8  . 5 3
1 2 2 0 . 4 9  . 0 0
S M IN = 8 0 . 1 0  TMAX= 
S M IN = - 1 2 5 8 . 5 6  TMAX= 

. 0 6  -  . 2 6  
1 2 3 3 . 8 5  . 0 0
S M IN = - 1 2 5 3 . 0 0  TMAX= 
SM IN = 3 9 . 2 2  TMAX=

MY
FY

8 . 9 2  
. 00

4 4  6 . 9 5  A N G LE= 
4 4  6 . 9 5  A N G LE= 

8 . 7 5
. 00

3 3 5 . 5 9  A N G LE=
3 3 5 . 5 9  A N G LE= 

- 9 . 1 0
. 00

5 5 8 . 3 4  A N G LE=
5 5 8 . 3 4  A NG LE=

-  . 0 4  
. 0 0  

4 9  . 8 4  
4 9 . 8 4  

8  . 6 5  
. 0 0

5 3 1 . 0 7
5 3 1 . 0 7

8 . 6 1  
. 0 0

4 8 1 . 2 6
4 8 1 . 2 6  

- 8  . 6 9
. 0 0

5 8 0 . 8 8
5 8 0 . 8 8

. 0 2  

. 0 0  
8 . 8 6  
8 . 8 6  

8 . 3 7  
. 0 0

5 9 8 . 0 6
5 9 8 . 0 6

8 . 3 9  
. 0 0

5 8 9 . 2 3
5 8 9 . 2 3  

- 8 . 3 5
. 0 0

6 0 6 . 8 9
6 0 6 . 8 9

A N G L E :
A N G LE :

A N G L E :
A N G L E :

A N G LE:
A N G LE:

A N G LE :
A N G LE:

A N G LE:
A N G LE :

A N G L E :
A N G L E :

A N G L E :
A N G L E :

A N G LE :
A N G L E :

MXY
FX Y

.04

.00
- .4
- .4 
.05 
.00
-  . 7
-  . 7

- .04 
.00
- . 3
- . 3

.01 

.00 
. 5 
.5 

.05 

.00
-  . 4
-  . 4  
. 06 
. 00
- .5
- .5

- .05 
.00
- .3
- .3

. 00 

. 00 
2 . 0 
2 . 0 
.04 
. 00
- .3
- .3 
. 05 
. 00
- . 3
- .3

- , 04 
. 00
- .3
- .3

************ * * * * * * * * E N D  O F  ELEM EN T FO R C ES
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3 9 .  PR IN T SUPPORT REACTION L IS T  1 0 0  TO 1 3 2

SUPPORT REACTIONS -U N IT KN METE STRUCTURE TYPE = SP A C E

J O I N T LO A D F O R C E -X F O R C E -Y F O R C E - 2 MOM-X MOM-Y MOM Z

1 0 0 1 . 0 0 . 8 8 . 0 0 .0 0 . 0 0 . 0 0
2 . 0 0 -  . 6 1 . 0 0 . 0 0 . 0 0 . 0 0
3 . 0 0 . 2 8 . 0 0 . 0 0 . 0 0 . 0 0
4 . 0 0 1 . 4 9 . 0 0 . 0 0 . 0 0 . 0 0

1 0 1 1 . 0 0 1 . 5 6 . 0 0 . 0 0 . 0 0 . 0 0
2 . 0 0 - . 8 1 . 0 0 . 0 0 . 0 0 . 0 0
3 . 0 0 . 7 5 . 0 0 . 0 0 . 0 0 . 0 0
4 . 0 0 2 . 3 7 . 0 0 . 0 0 . 0 0 . 0 0

1 0 2 1 . 0 0 1 . 7 7 . 0 0 . 0 0 . 0 0 . 0 0
2 . 0 0 - . 6 1 . 0 0 . 0 0 . 0 0 . 0 0
3 . 0 0 1 . 1 6 . 0 0 . 0 0 . 0 0 . 0 0
4 . 0 0 2 . 3 9 . 0 0 . 0 0 . 0 0 . 0 0

1 0 3 1 . 0 0 1 . 8 9 . 0 0 . 0 0 . 0 0 . 0 0
2 . 0 0 -  . 0 5 . 0 0 . 0 0 . 0 0 . 0 0
3 . 0 0 1 . 8 4 . 0 0 . 0 0 . 0 0 . 0 0
4 . 0 0 1 . 9 4 . 0 0 . 0 0 . 0 0 . 0 0

1 0 4 1 . 0 0 1 . 3 6 . 0 0 . 0 0 . 0 0 . 0 0
2 . 0 0 . 7 0 . 0 0 . 0 0 . 0 0 . 0 0
3 . 0 0 2 .  0 6 . 0 0 . 0 0 . 0 0 . 0 0
4 . 0 0 . 6 7 . 0 0 . 0 0 . 0 0 . 0 0

1 0 5 1 . 0 0 . 7 9 . 0 0 . 0 0 . 0 0 . 0 0
2 . 0 0 1 .  0 7 . 0 0 . 0 0 . 0 0 . 0 0

3 . 0 0 1 . 8 6 . 0 0 . 0 0 . 0 0 . 0 0

4 . 0 0 -  . 2 8 . 0 0 . 0 0 . 0 0 . 0 0

1 0 6 1 . 0 0 . 3 8 . 0 0 . 0 0 . 0 0 . 0 0

2 . 0 0 1 . 1 2 . 0 0 . 0 0 . 0 0 . 0 0

3 . 0 0 1 . 5 0 . 0 0 . 0 0 . 0 0 . 0 0

4 . 0 0 -  . 7 4 . 0 0 . 0 0 . 0 0 . 0 0

1 0 7 1 . 0 0 . 1 0 . 0 0 . 0 0 . 0 0 . 0 0

2 . 0 0 . 8 4 . 0 0 . 0 0 . 0 0 . 0 0

3 . 0 0 . 9 4 . 0 0 . 0 0 . 0 0 . 0 0

• 4 . 0 0 -  . 7 4 . 0 0 . 0 0 . 0 0 . 0 0

1 0 8 1 . 0 0 - . 1 0 . 0 0 . 0 0 . 0 0 . 0 0

2 . 0 0 . 2 0 . 0 0 . 0 0 . 0 0 . 0 0

3 . 0 0 . 1 0 . 0 0 . 0 0 . 0 0 . 0 0

4 . 0 0 -  . 3 0 . 0 0 . 0 0 . 0 0 . 0 0

1 0 9 1 . 0 0 -  . 2 4 . 0 0 . 0 0 . 0 0 . 0 0

2 . 0 0 -  . 8 7 . 0 0 . 0 0 . 0 0 . 0 0

3 . 0 0 - 1 . 1 1 . 0 0 . 0 0 . 0 0 . 0 0

4 . 0 0 . 6 3 . 0 0 . 0 0 . 0 0 . 0 0

1 1 0 1 . 0 0 -  . 1 9 . 0 0 . 0 0 ■ 0 0 . 0 0

2 . 0 0 - 1 . 2 2 . . 0 0 . 0 0 . 0 0 . 0 0

3 . 0 0 - 1 . 4 1 . 0 0 . 0 0 . 0 0 . 0 0

4 . 0 0 1 . 0 4 . 0 0 . 0 0 . 0 0 . 0 0

1 1 1 1
2

. 0 0  
, 0 0

. 6 9
- . 3 8

. 0 0

. 0 0

. 0 0

. 0 0
. 0 0  
. 0 0

. 0 0  

. 0 0

3
4

. 0 0  

. 0 0

. 3 2
1 . 0 7

. 0 0

. 0 0

. 0 0

. 0 0
. 0 0  
. 0 0

. 0 0  
. 0 0
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SUPPORT REACTIONS -U N IT KN METE STRUCTURE TYPE = SPACE

J O I N T LO A D F O R C E -X F O R C E -Y F O R C E -Z

1 1 2 1 . 0 0 1 . 2 1 . 0 0
2 . 0 0 - . 5 0 . 0 0
3 . 0 0 . 7 0 . 0 0
4 , 0 0 1 . 7 1 . 0 0

1 1 3 1 . 0 0 1 . 3 6 . 0 0
2 . 0 0 -  . 3 9 . 0 0
3 . 0 0 . 9 7 . 0 0
4 . 0 0 1 . 7 4 . 0 0

1 1 4 1 . 0 0 1 . 4 2 . 0 0
2 . 0 0 - . 0 4 . 0 0
3 . 0 0 1 . 3 8 . 0 0
4 . 0 0 1 . 4 5 . 0 0

1 1 5 1 . 0 0 1 . 0 1 . 0 0
2 . 0 0 . 4 2 . 0 0
3 . 0 0 1 . 4 3 . 0 0
4 . 0 0 . 5 8 . 0 0

1 1 6 1 . 0 0 . 5 8 . 0 0
2 . 0 0 . 6 5 . 0 0
3 . 0 0 1 . 2 3 . 0 0
4 . 0 0 -  . 0 7 . 0 0

1 1 7 1 . 0 0 . 2 9 . 0 0
2 . 0 0 . 6 8 . 0 0
3 . 0 0 . 9 7 . 0 0
4 . 0 0 - . 3 9 . 0 0

1 1 8 1 . 0 0 . 0 9 . 0 0
2 . 0 0 . 5 1 . 0 0
3 . 0 0 . 6 0 . 0 0

4 . 0 0 - . 4 2 . 0 0

1 1 9 1 . 0 0 - . 0 5 . 0 0

2 . 0 0 . 1 1 . 0 0

3 . 0 0 . 0 7 . 0 0

4 . 0 0 -  . 1 6 . 0 0

1 2 0 1 . 0 0 -  . 1 5 . 0 0

■ 2 . 0 0 -  . 5 5 . 0 0

3 . 0 0 -  . 6 9 . 0 0

4 . 0 0 . 4 0 . 0 0

1 2 1 1 . 0 0 -  . 1 2 . 0 0

2 . 0 0 -  . 7 6 . 0 0

3 . 0 0 - . 8 8 . 0 0

4 . 0 0 . 6 4 . 0 0

1 2 2 1 . 0 0 . 2 7 . 0 0

2 . 0 0 - . 1 4 . 0 0

3 . 0 0 . 1 2 . 0 0

4 . 0 0 . 4 1 , 0 0

1 2 3 1 . 0 0 . 4 7 . 0 0

2 . 0 0 - . 1 9 . 0 0

3 . 0 0 . 2 7 . 0 0

4 . 0 0 . 6 6 . 0 0

MOM-X MOM-Y MOM 2

.00  . 00  .00

.00 .00 .00

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

.00  . 0 0  . 00

.00  . 00  . 00

.00 .00 .00

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0

. 0 0  . 0 0  . 0 0
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SUPPORT REACTIONS -U N IT KN METE STRUCTURE TYPE = SPACE

JOINT LOAD FORCE-X FORCE-Y FORCE-Z MOM-X MOM-y MOM 2

124 1 . 00 .52 . 00 .00 .00 . 002 . 00 - .15 .00 .00 . 00 .003 . 00 .38 .00 .00 .00 . 004 . 00 .67 .00 .00 .00 . 00125 1 . 00 .54 . 00 .00 .00 . 002 .00 - . 02 .00 .00 .00 .003 .00 .53 .00 .00 . 00 .004 . 00 .56 .00 .00 .00 .00126 1 . 00 .39 .00 .00 . 00 .002 . 00 .16 . 00 .00 .00 .003 .00 .55 . 00 .00 .00 .004 .00 .23 .00 .00 .00 .00127 1 . 00 .22 . 00 . 00 . 00 .002 . 00 .25 .00 . 00 .00 .003 .00 .47 .00 . 00 .00 . 00
4 .00 - .03 . 00 .00 .00 .00

128 1 . 00 .11 . 00 . 00 . 00 .00
2 .00 .26 .00 . 00 .00 .00
3 . 00 .37 . 00 .00 . 00 . 00
4 .00 -.15 .00 .00 .00 .00

123 1 . 00 .03 . 00 .00 .00 .00
2 . 00 .19 .00 .00 .00 .00
3 . DO .23 .00 . 00 . 00 .00
4 .00 - .16 .00 .00 .00 .00

130 1 . 00 - .02 . 00 .00 . 00 . 00
2 . 00 .04 . 00 .00 .00 .00
3 . 00 . 03 . 00 .00 .00 .00
4 . 00 - .06 .00 .00 .00 .00

131 1 .00 -.06 .00 .00 .00 .00
2 .00 - .21 . 00 .00 .00 .00
3 . 00 - .26 . 00 .00 .00 .00
4 . 00 .15 . 00 .00 .00 .00

132 1 .00 - . 04 . 00 . 00 .00 .00
• 2 . 00 -.29 .00 .00 .00 .00
3 .00 - .33 . 00 .00 .00 .00
4 . 00 .24 . 00 .00 .00 .00

* * * * * * * * * * * * * *  e n d  o f  L A T E S T  A N A L Y S IS  R E S U L T  * * * * * * * * * * * * * *
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Appendix C. Use STAAD-III to solve pavement design example 2

********************
*

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

*
* S T A A D -  I I I  *
* R e v i s i o n  2 2 . 3 b  *
* P r o p r i e t a r y  P r o g r a m  o f  *
*  R e s e a r c h  E n g i n e e r s ,  I n c .  *
* D a t e =  AUG 1 6 ,  2 0 0 5  *
* T im e =  9 : 1 6 :  3  *
* B u i l d  N o .  2 5 0 0  *

U S E R  I D :  K a w n e e r  C o m p a n y  C a n a d a  L i m i t e d  *
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
*

1 .  ST A A D  S P A C E  DOW EL- 1
2 .  U N IT  CM
3 .  J O I N T  C O O R D IN A T E S
4 .  1 0 .  0 .  0 .  1 3  0 0  3 6 0  1
5 .  R E P E A T  1 0  3 0  0 0
6 .  1 4 4  3 0 0 . 5  0 0 1 5 6  3 0 0 . 5  0 3 6 0  1
7 .  R E P E A T  1 0  3 0  0 0
8 .  MEMBER I N C ID E
9 .  3 0 1  1 3 1  1 4 4  3 1 3

1 0 .  E L E M E N T  IN C ID E N C E S
1 1 .  1  1  2  1 5  1 4  TO  1 2  1  1
1 2 .  R E P E A T  9  1 2  1 3
1 3 .  1 2 1  1 4 4  1 4 5  1 5 8  1 5 7  TO 1 3 2  1  1
1 4 .  R E P E A T  9 1 2  1 3
1 5 .  M EM BER R E L E A S E
1 6 .  3 0 1  T O  3 1 3  S T A R T  F Z  FX  MX MY MZ
1 7 .  U N IT  KN CM
1 8 .  MEMBER P R O P E R T IE S
1 9 .  * DOW EL BAR
2 0 .  3 0 1  T O  3 1 3  P R I S  AX 4 . 9  IX  3 . 8 3  l Y  1 . 9 2  I Z  1 . 9 2
2 1 .  E L E M E N T  P R O P E R T IE S
2 2 .  1  TO  2 4 0  TH  2 0  
2  3 .  U N IT  KN M ETER
2 4 .  C O N S T A N T S
2 5 .  E  2 E B  MEMBER 3 0 1  TO 3 1 3
2 6 .  E  2 7 . 6 E 6  ELEM  1  TO  2 4 0
2 7 .  P O IS S O N  0 . 1 5  ELEM  1  TO 2 4 0
2 8 .  S U P P O R T
2 9 .  1  TO  2 8 6  E L A S T IC  MAT D IR E C T IO N  Y SU B  8 0 0 0 0
3 0 .  LO A D  1
3 1 .  E L E M E N T  LOAD
3 2 .  1 0 9  1 1 6  P R  GY - 6 6 7
3 3 .  P E R F O R M  A N A L Y S IS
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3 4 .  P R I N T  J O I N T  D I S P L  L I S T  1 3 1  TO  1 4 3

J O I N T  D IS P L A C E M E N T  (CM R A D IA N S ) STRU CTU RE T Y PE  = S P A C E

J O I N T LO A D X -T R A N S Y -T R A N S Z -T R A N S X -R O TA N Y -R O T A N Z-ROTAN

1 3 1 1 . 0 0 0 0 - . 0 7 3 8 . 0000 -.0004 . 0000 -.0004
1 3 2 1 . 0 0 0 0 - . 0 6 1 3 . 0 0 0 0 - . 0 0 0 4 .0000 - . 0004
1 3 3 1 . 0 0 0 0 - . 0 4 9 0 . 0 0 0 0 - . 0 0 0 4 . 0000 - . 0003
1 3 4 1 . 0 0 0 0 - . 0 3 9 6 . 0 0 0 0 - . 0 0 0 2 . 0 0 0 0 -.0003
1 3 5 1 . 0 0 0 0 - . 0 3 3 9 . 0 0 0 0 - . 0 0 0 1 . 0 0 0 0 -.0002
1 3 6 1 . 0 0 0 0 - . 0 3 1 6 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 -.0002
1 3  7 1 . 0 0 0 0 - . 0 3 2 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 -.0002
1 3 8 1 . 0 0 0 0 - . 0 3 3 2 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 - . 0003
1 3  9 1 . 0 0 0 0 - . 0 3 1 7 . 0 0 0 0 - . 0 0 0 1 . 0 0 0 0 -.0003
1 4  0 1 . 0 0 0 0 - . 0 2 6 9 . 0 0 0 0 - . 0 0 0 2 . 0 0 0 0 - . 0002
1 4 1 1 . 0 0 0 0 - . 0 2 1 9 . 0 0 0 0 - . 0 0 0 2 . 0 0 0 0 -.0002
1 4 2 1 . 0 0 0 0 - . 0 1 7 3 . 0 0 0 0 - . 0 0 0 1 . 0 0 0 0 - . 0002
1 4 3 1 . 0 0 0 0 - . 0 1 3 3 . 0 0 0 0 - . 0 0 0 1 . 0 0 0 0 -.0002

************** END OF  L A T E S T  A N A L Y S IS  R E SU L T **************
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3 5 .  P R IN T MEMBER FO RC E L I S T 3 0 1  TO 3 1 3

MEMBER EN D F O R C E S STRU CTU RE T Y P E = SPA C E

A L L  U N IT S  .A RE - -  KN METE

M EMBER LO A D  J T a x i a l  S H E A R -Y S H E A R -Z T O R S IO N MOM-Y M O M -2

3 0 1 1 1 3 1 .0 0 1 3 . 1 1 . 0 0 . 0 0 . 0 0 . 0 0
1 4 4 .0 0 1 3 . 1 1 . 0 0 . 0 0 . 0 0 - . 0 7

3 0 2 1 1 3 2 . 00 1 1 .  8 8 . 0 0 . 0 0 . 0 0 . 0 0
1 4 5 . 0 0 1 1 .  8 8 . 0 0 . 0 0 . 0 0 -  . 0 6

3 0 3 1 1 3 3 . 0 0 - 1 . 0 5 . 0 0 . 0 0 . 0 0 . 0 0
1 4 6 . 0 0 1 . 0 5 . 0 0 . 0 0 . 0 0 -  . 0 1

3 0 4 1 1 3 4 . 0 0 . 1 6 . 0 0 . 0 0 . 0 0 . 0 0
1 4 7 . 0 0 -  . 1 6 . 0 0 . 0 0 . 0 0 . 0 0

3 0 5 1 1 3 5 . 0 0 . 2 1 . 0 0 . 0 0 . 0 0 . 0 0
1 4 8 . 0 0 - . 2 1 . 0 0 . 0 0 . 0 0 . 0 0

3 0 6 1 1 3 6 . 0 0 - . 1 0 . 0 0 . 0 0 . 0 0 . 0 0
1 4 9 . 0 0 . 1 0 . 0 0 . 0 0 . 0 0 . 0 0

3 0 7 1 1 3 7 . 0 0 - 1 . 7 0 . 0 0 . 0 0 . 0 0 . 0 0
1 5 0 . 0 0 1 . 7 0 . 0 0 . 0 0 . 0 0 -  . 0 1

3 0 8 1 1 3 8 . 0 0 - 1 0 . 7 8 . 0 0 . 0 0 . 0 0 . 0 0

1 5 1 . 0 0 1 0 . 7 8 . 0 0 . 0 0 . 0 0 -  . 0 5

3 0 9 1 1 3 9 . 0 0 • 1 0 . 8 2 . 0 0 . 0 0 . 0 0 . 0 0

1 5 2 . 0 0 1 0 . 8 2 . 0 0 . 0 0 . 0 0 - . 0 5

3 1 0 1 1 4 0 . 0 0 - 1 . 8 0 . 0 0 . 0 0 . 0 0 . 0 0

1 5 3 . 0 0 1 . 8 0 . 0 0 . 0 0 . 0 0 - . 0 1

3 1 1 1 1 4 1 . 0 0 - . 3 2 . 0 0 . 0 0 . 0 0 . 0 0

1 5 4 . 0 0 . 3 2 . 0 0 . 0 0 . 0 0 . 0 0

3 1 2 1 1 4 2 . 0 0 - . 0 2 . 0 0 . 0 0 . 0 0 . 0 0

1 5 5 . 0 0 . 0 2 . 0 0 . 0 0 . 0 0 . 0 0

3 1 3 1 1 4 3 . 0 0 . 3 2 . 0 0 . 0 0 . 0 0 . 0 0

1 5 6 . 0 0 - . 3 2 . 0 0 . 0 0 . 0 0 . 0 0

* * * * * * * * * * * * * *  e n d O F  L A T E S T A N A L Y S IS  R E SU L T * * * * * * * * * * * * * *
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3 6 .  P R I N T  E L E M E N T  FO RCE L I S T  1 0 9  TO 1 2 0  

E L E M E N T  F O R C E S  F O R C E , LENGTH U N T T S =  KN METE

F O R C E  O R  S T R E S S  = F O R C E /U N IT  W ID T H /T H IC K , MOMENT 

E L E M E N T  LOA D

= FORCE-LENGTH/UNIT WIDTH

QX
VONT

QY
VONB

MX
FX

MY
PY

MXY
FX Y

1 0 9

T O P  : 
B O T T :

110

111

L 6 4 . 6 0
4 9 1 . 9 1  

SMAX= 2 2 8 . 7 2  
SMAX= 3 3 5 . 9 1

T O P  : 
B O T T :

SMAX=
SMAX=

1 5 0 . 3 4  
9 4 3 . 9 8  

7 2 9 . 4 8  
3 3 6 . 6 8

T O P  : 
B O T T :

L 7 0 . 6 2
1 1 0 6 . 0 9  

SM AX= 1 0 5 6 . 6 7  
SM AX= 9 2 . 9 7

4 2 . 1 8  1 . 0 4
4 9 1 . 9 1  . 0 0

SM 1N= - 3 3 5 . 9 1  TMAX= 
SM 1N= - 2 2 8 . 7 2  TMAX=

2 6 . 9 1  3 . 4 0
9 4 3 . 9 8  . 0 0

SM 1N= - 3 3 6 . 6 8  TMAX= 
SM 1N= - 7 2 9 . 4 8  TMAX=

- 3 . 1 0  6 . 4 1
1 1 0 6 . 0 9  . 0 0
SM 1N= - 9 2 . 9 7  TMAX= 
SM 1N= - 1 0 5 6 . 6 7  TMAX=

- 1 . 7 5  - 1 . 2 7
. 0 0  . 0 0

2 8 2 . 3 1  A N G LE = - 2 1 . 1
2 8 2 . 3 1  A N G LE= - 2 1 . 1

- . 7 9  - 2 . 8 7
. 0 0  . 0 0

5 3 3 . 0 8  A N G LE= - 2 6 . 9
5 3 3 . 0 8  A N G LE= - 2 6 . 9

.01 - 2.11 

. 0 0  . 0 0
5 7 4 . 8 2  A N G L E = - 1 6 . 7
5 7 4 . 8 2  A N G L E = - 1 6 . 7

112

T O P  : 
B O T T :

L 2 3 . 6 9
1 0 3 9 . 5 1  

SM AX= 1 0 4 6 . 7 7  
SM AX= - 1 4 . 6 7

- 6 . 2 9  6 . 7 3
1 0 3 9 . 5 1  . 0 0
SM 1N= 1 4 . 6 7  TMAX= 
SM 1N= - 1 0 4 6 . 7 7  TMAX=

. 3 5  - 1 . 2 9

. 0 0  . 0 0
5 1 6 . 0 5  A N G LE = - 1 1 . 0
5 1 6 . 0 5  A N G L E = - 1 1 . 0

1 1 3

T O P  : 
B O T T :

1 1 4

1 1 5

1 1 6

1 1 7

118

L - 1 5 . 3 9
8 3 9 . 3 8  

SM AX= 8 5 9 . 5 2  
SM AX= - 4 1 . 8 3

T O P  : 
B O T T :

SMAX=
SMAX=

- 5 8 . 6 7  
5 1 4 . 0 1  

5 0 2 . 1 1  
2 3  . 04

T O P  : 
B O T T :

T O P  : 
B O T T :

TOP :
BOTT:

1 - 1 3 7 . 9 9
3 1 0 . 1 7  

SMAX= - 1 9 . 6 1  
SMAX= 3 1 9 . 5 1

1 - 3 . 2 3
8 4 5 . 2 6  

SMAX= - 5 5 . 0 2  
SMAX= 8 7 1 . 4 2

L 1 3 2 . 9 7
6 4 2 . 4 8  

SMAX= 3 0 . 2 1  
SMAX= 6 2 6 . 8 4

L 5 8 . 2 0
3 5 1 . 0 2

- 5  . 5 5  
8 3 9 . 3 8  

SM1N= 
SM1N=

5 . 6 9  
. 00

4 1 . 8 3  TMAX= 
- 8 5 9 . 5 2  TMAX:

- . 1 3  3 . 3 3
5 1 4 . 0 1  . 0 0

SM1N= - 2 3 . 0 4  TMAX= 
SM1N= - 5 0 2 . 1 1  TMAX=

1 4 . 3 5  - 1 . 8 0
3 1 0 . 1 7  . 0 0

SM1N= - 3 1 9 . 5 1  TMAX= 
SM 1N= 1 9 . 6 1  TMAX=

2 5 . 1 9  
8 4 5 . 2 6  

SM 1N= 
SM 1N=

- 5 . 7 8  
. 00

- 8 7 1 . 4 2  TMAX= 
5 5 . 0 2  TMAX=

1 5 . 7 2  - 3 . 4 4
6 4 2 . 4 8  . 0 0

SM 1N= - 6 2  6 . 8 4  TMAX= 
SM 1N= - 3 0 . 2 1  TMAX=

2 . 5 6
3 5 1 . 0 2

. 0 6

.00

.32 -.45

. 0 0  . 0 0
408.84 ANGLE= -4.8
408.84 ANGLE= -4.8

-.13 .26
.00 .00

262.57 ANGLE= 4.3
262.57 ANGLE= 4.3

-.46 .74
. 0 0  . 0 0

149.95 ANGLE= -23.9
149.95 ANGLE= -23.9

-.40 -.42
. 0 0  . 0 0

408.20 ANGLE= 4.4
408.20 ANGLE= 4.4

-.54 -1.64
. 0 0  . 0 0

328.53 ANGLE® 24.2
328.53 ANGLE® 24.2

-.29 -1.34
.00  .00
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T O P  : SMAX= 1 8 5 . 4 1  S M IN =  - 2 1 9 . 4 4  TMAX= 202.42 ANGLE= -41.3
B O T T : SM AX= 2 1 9 . 4 4  S M IN =  - 1 8 5 . 4 1  TMAX= 202.42 ANGLE= -41.3

E L E M E N T  F O R C E S  

F O R C E  O R  S T R E S S  

E L E M E N T  LOA D

F O R C E ,L E N G T H  U N 1 T S =  KN METE

F O R C E /U N IT  W ID T H /T H IC K , MOMENT = F O R C E -L E N G T H/UNIT WIDTH
QX

VONT
QY

VONB
MX
FX

MY
FY

MXY
FXY

1 1 9  1  2 2 . 1 3
264.23 

T O P  : SMAX= 2 1 9 . 7 1
B O T T : SM AX= 7 3 . 4 8

1 2 0  1  - 1 . 9 1
1 0 9 . 5 9  

T O P  : SMAX= 1 0 9 . 0 8
B O T T : SMAX= 1 . 0 0

- 4  . 0 4  
2 6 4 . 2 3  

SM IN = 
SM IN =

. 8 2

. 0 0
- 7 3 . 4 8  TMAX= 
2 1 9 . 7 1  TMAX=

- 2 . 9 0  . 3 6
1 0 9 . 5 9  . 0 0

S M IN = - 1 . 0 0  TMAX=
S M IN = - 1 0 9 . 0 8  TMAX=

. 1 6  -.92

.00 .00
1 4 6 . 6 0  A N G LE = -35.2 
1 4  6 . 6 0  A N G L E = -35.2

.36 -.37

. 0 0  . 0 0
5 5 . 0 4  A N G LE = 44.8
5 5 . 0 4  A N G L E = 44.8

* * * * * * * * * * * * * * * * * * * * E N D  O F  ELEM EN T F O R C E S * * * * * * * * * * * * * * * * * * * *
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3 7  . PR IN T SUPPORT REACTION L IS T  1 3 1  TO 143

SUPPORT REACTIONS -U N IT KN METE STRUCTURE TYPE =  S P A C E

J O I N T LO A D F O R C E -X F O R C E -Y F O R C E - 2 MOM-X MOM-Y MOM Z

1 3 1 1 . GO 1 . 3 5 . 0 0 . 0 0 . 0 0 . 0 0
1 3 2 1 . 0 0 2  . 2 4 . 0 0 . 0 0 . 0 0 . 0 0
1 3 3 1 . 0 0 1 . 7 9 . 0 0 . 0 0 . 0 0 . 0 0
1 3 4 1 . 0 0 1 . 4 5 . 0 0 . 0 0 . 0 0 . 0 0
1 3 5 1 . 0 0 1 . 2 4 . 0 0 . 0 0 . 0 0 . 0 0
1 3 6 1 . 0 0 1 . 1 6 . 0 0 . 0 0 . 0 0 . 0 0
1 3 7 1 . 0 0 1 . 1 7 . 0 0 . 0 0 . 0 0 . 0 0
1 3 8 1 . 0 0 1 . 2 2 . 0 0 . 0 0 . 0 0 . 0 0
1 3 9 1 . 0 0 1 . 1 6 . 0 0 . 0 0 . 0 0 . 0 0
1 4 0 1 . 0 0 . 9 9 . 0 0 . 0 0 . 0 0 . 0 0
1 4 1 1 . 0 0 . 8 0 . 0 0 . 0 0 . 0 0 . 0 0
1 4 2 1 . 0 0 . 6 3 . 0 0 . 0 0 . 0 0 . 0 0
1 4 3 1 . 0 0 . 2 4 . 0 0 . 0 0 . 0 0 . 0 0

* * * * * * * * * * * * * *  e n d  o f  l a t e s t  a n a l y s i s  r e s u l t  * * * * * * * * * * * * * *
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Appendix D. Use KENSLABS to solve pavement design example 2

1. General Information screen.

Gene rat information o f SLABSINP
TITLE d e s i g n  e x a m p l e  2

T ype of fo u n d a tio n  (0=iiquid, 1=solid, 2=layer) (NFOUND) 0
D am age  an a ly s is  lU=no, 1=PCA criteria, 2=user specified) (NDAMAl 0
N um ber of p e rio d s  p er year (NPY) 1
N um ber of lo ad  g roups (NLG) 1
N um ber of s lab  layers (NLAYER) 1
B ond b e tw e e n  tw o slab  layers (O=unbonded. 1 =bonded) (NBOND) 0
N um ber of s la b s (NSIAB) 2
N um ber of jo in ts (NJOINT) 1
N odal num ber for ch e c k in g  con v erg en ce (NNCK.) 1
N um ber of n o d e s  for s tre s s  printout (NPRINT) 0
N um ber of n o d e s  on  X axis of symmetry (NSX) 0
N um ber of n o d e s  on  Y axis of symmetry (NSY) 0
M ore d e ta ile d  p rin tou t (0 -n o , 1 -y es) (MDPO) 0
N um ber of n o d e s  with different th ick n esses  of slab  layer 1 (NAT1) 0
N um ber of n o d e s  with different th ick n esses  of slab  layer 2 (NAT2) 0
System  of u n its  (U=hnglish, l= b l) (NUNIT) 0

Default options are  show n b) 
b lack  dots. If not true , p lea s  
click the o ther button.

with uniform load 
^  without unifotm load

f -  with temperature gradient 
and/or checking contact

without temperature gradient 
and/or checking contact

^  with concentrated load 
>'♦ without concentrated load

Print D â ta  S e t  /

2. Slab Information screen.

input input input

Arrangement of S la k a n d J fi^ b

U se  <Ctrl>-<Del> to delete a  line. <Ctrl>-<lns> to insert a  line, a n d  <C

S la b  No. NX NY JD N 01 J 0 N 0 2 J 0 N 0 3  J 0 N 0 4

1 G 9 0  1 U u

2 6 9 1 0 u u

■ JONOl/2/3/4 - joint number on four sides of each slab. Subscript ‘ 1 ’ indicates the joint

number on the left side of the slab, ‘2’ on right side, '3' on the bottom and '4' on the top.

I f  there is no joint on a given side, JONO -  0 .
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U n i t i n . p s i

L ayer No. T PR YM
1 7.9 : .15 4000000

3. Uniform load screen.

fD̂r U ail Gn.up„{S.,1

U s e  <Ctrl>-<Del> to dele te  a line, <CtrI>-<lns> to insert a  line, and <Del
U n i t i n i n , i n , i n ,

L o ad  S e q u e n c e LS XL1 XL2 YL1 YL2 QQ
1 1 i 145.7 157.5 0 11 .8 96  7
2 Ï 145.7 157 .5 82.7 94,2 96 .7

4. Foundation Information screen.

Mquid Equndation,

Double click (or p ress  the E
U n i t  p c i

SUBMOD NAS

" M g  " ' 1 0

Solid foundation

Y oung’s m odulus of sut>giade in psi (VMS}

P o isso n  s  ra tio  of su b g rad e IPRSJ
38238
0.45|

5. Joint Information screen.

D oub le  click  anyw here on a  line to get auxiliary form for NNAJ.

i n . - l b / i n .  p c i

Jo in t No. S P C 0 N 1

1 0 1

i n i n

S P C 0 N 2  SCKV BD BS VJ
0 1 500000  .98 11.8

i n

GDC NNAJ
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SPCO N l - spring constant for shear transfer for each joint. SPCONl = ‘0’ if  dowel bars 

are used. W hen grain interlock is used as loading transferring media, the stiffness o f joint 

is represented by shear spring constant C„ and moment spring constant C@ as mentioned 

above in Chapter 2.

SPCON2 -  spring constant for moment transfer for each joint. SPC0N2 = ‘0’ if  dowel 

bars are used. Since load is transferred across the joint mainly by shear, it is generally 

agreed that Ce = 0 in most occasions.

SCKV - modulus o f dowel support K, also called steel-concrete K value (pci or KN/m^) 

as mentioned above in Chapter 2. Suggested K values range from 3 x 10  ̂to 1.5 x 10^ pci 

(81.5 to 409 GN/m^). If SPCONl/2 SCKV = ‘O’.

BD — dowel bar diameter (inch or cm). If SPCONl/2 BD -  ‘O’.

BS -  dowel bar spacing (inch or cm). If SPCONl/2 t ‘̂0’, BS = ‘O’.

WJ — width o f the joint (inch or cm). If SPCONl/2 ?̂ ‘0 ’, WJ = ‘O’.

GDC -  gap between dowel bars and concrete. In the case o f no gap exists between dowel 

bars and concrete, GDC = ‘O’.

NNAJ - num ber o f nodes at each joint, maximum 15 nodes can be defined. In the case o f 

dowel bars are uniformly distributed along the joint, NNAJ = ‘O’.
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I N P U T  F I L E  NAME - C : \ K E N P A V E \ d e s i g n  e x a m p le  2 . TXT 

N UM BER O F  PR O B L E M S TO B E  SO LV ED  = 1

T I T L E  - e x a m p l e  2  -  l i q u i d  f o u n d a t i o n

T Y P E  O F  F O U N D A T IO N  (N FOU ND ) = q

T Y P E  O F  DAMAGE A N A L Y S IS  (NDAMA) = 0
N UM BER O F  P E R IO D S  P E R  Y EA R  (N P Y ) =
N UM BER O F  LOAD G R O U PS (N L G ) =
T O T A L  N UM BER O F  S L A B S  (N S L A B ) = 2
T O T A L  N UM BER O F  J O I N T S  (N J O IN T )  = 1

A R R A N G EM EN T  O F  S L A B S

S L A B  N O . N O D E S  ( NX)  NO.  NOD ES (NY) J O IN T  NO. AT FOUR SIDES (JONO) 
N O . I N  X D IR E C T IO N  I N  Y D IR E C T IO N  L E F T  RIGHT BOTTOM TOP
1 6 9 0 1 0  0
2  6  9 1 0  0 0

N UM BER O F  L A Y E R S  (N L A Y E R )-------------------------------------------------------------------------------------- --
N O D A L  N UM BER U S E D  TO CHECK CONVERGENCE (N N C K )---------------------------------------   1
N UM BER O F  N O D E S N OT I N  CONTACT (N O T C O N )---------------------------------------------------- -- 0
N UM BER O F  G A P S  (N G A P ) -------------------------------------------------------------------------------------------------- q

N UM BER O F  P O IN T S  FO R  P R IN T O U T  ( N P R I N T ) --------------------------------------------------------= Q
C O D E F O R  IN P U T  O F  G A PS  OR PR E C O M P R E S S IO N S  ( IN P U T )  -  -------------------------   0
BON D  B E T W E E N  TWO L A Y E R S (N B O N D )-------------------------------------------------------   = 0
C O N D IT IO N  O F  W A R P IN G  (N T E M P )--------------------------------------------------------------------------------- 0
CO D E IN D I C A T I N G  W HETHER SLA B  W EIG H T I S  C O N S ID E R E D  (N W T )------------------= 0
MAX N O . O F  C Y C L E S  FO R  C H E C K IN G  CONTACT (N C Y C L E )-----------------------------------= 1
N UM BER O F  A D D IT IO N A L  T H IC K N E S S E S  FO R SLAB LAYER 1 ( N A T l ) ---------------= 0
N UM BER O F  A D D IT IO N A L  T H IC K N E S S E S  FO R SLA B  LAYER 2 ( N A T 2 ) ---------------= 0
N U M B ER  O F  P O IN T S  ON X A X IS  O F SYMMETRY ( N S X ) ------------------------------------------= 0
N UM BER O F  P O IN T S  ON Y A X IS  O F SYMMETRY ( N S Y ) -------------------------------------------  0
MORE D E T A IL E D  P R IN T O U T  FO R  EACH CONTACT CYCLE (M D P O )----------------------- = 0
T O L E R A N C E  F O R  IT E R A T IO N S  ( D E L ) -------------------------------------------------------------------------- --  0.001
MAXIMUM A LLO W A B LE V E R T IC A L  D ISP L A C E M E N T  (F M A X )------------------------------------- = 1

S Y S T E M  O F  U N IT S  ( N U N I T ) ---------------------------------------------------------------------------------------------  0
( L e n g t h  i n  i n . ,  f o r c e  i n  l b ,  s t r e s s  i n  p s i ,  u n i t  w e i g h  i n  p c f  

s u b g r a d e  a n d  d o w e l  K v a l u e  i n  p c i ,  a n d  t e m p e r a t u r e  i n  F )

F O R  S L A B  N O . 1  C O O R D IN A T E S  O F F I N I T E  ELEM ENT G R ID  A R E :
X =  0 4 0  8 0  1 2 0  1 4 5 . 7  1 5 7 . 5
Y =  0 1 1 . 8  2 5  3 9  5 3  6 7  8 2 . 7  1 1 0  1 4 1 . 7

F O R  S L A B  N O . 2  C O O R D IN A T E S  O F F I N I T E  ELEM EN T G R I D  A R E ;
X = 1 5 7 . 7  1 6 9 . 5  1 9 5 . 2  2 3 5 . 2  2 7 5 . 2  3 1 5 . 2
Y  = 0 1 1 . 8  2 5  3 9  5 3  6 7  8 2 . 7  1 1 0  1 4 1 . 7

L A Y E R  T H IC K N E S S  ( T )  P O I S S O N ' S  YOUNG'S
jjO. R A T IO  ( P R )  MODULUS (YM)
1  7 . 9 0 0 0 0  0 . 1 5 0 0 0  4.000E+06

N o .  O F  L O A D E D  A R E A S (N U D L ) FOR EACH LOAD GROUP A R E : 2
N O . O F  N O D A L F O R C E S  (N C N F ) AND MOMENTS (NCMX AND NCMY) ARE; 0

FO R  LO A D  G R O U P N O . 1  LO A D S A RE A P P L IE D  A S FO LLO W S:
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S L A B  N O . X C O O R D IN A T E S
( L S )  ( X L l )  ( X L 2 )

1  1 4 5 . 7 0 0 0 0  1 5 7 . 5 0 0 0 0
1  1 4 5 . 7 0 0 0 0  1 5 7 . 5 0 0 0 0

Y C O O R D IN A T E S 
( Y L l )  (Y L 2 )

0 . 0 0 0 0 0  1 1 . 8 0 0 0 0
8 2 . 7 0 0 0 0  9 4 . 2 0 0 0 0

IN T E N S IT Y
(Q Q)

9 6 . 7 0 0 0 0
9 6 . 7 0 0 0 0

F O U N D A T IO N  A D JU S T M E N T  FA CTO R  (F S A F )  FO R  EACH P E R IO D  A R E : 1 

N UM BER O F  A D D IT IO N A L  SUBGRADE M O DU LI (N A S ) TO BE READ I N  = 0
SU B G R A D E  M ODULUS (SUBM OD) 2 9 4 . 9

N OD AL
1

C O O R D IN A T E S  ( XN AND 
0 . 0 0 0  0 . 0 0 0

YN) OF  
2

IN D IV ID U A L  
0 . 0 0 0

. SLAB A R E : 
1 1 . 8 0 0  3 0 . 0 0 0 2 5 . 0 0 0

4 0 . 0 0 0 3 9 . 0 0 0 5 0 . 0 0 0 5 3  . 0 0 0 6 0 . 0 0 0 6 7 . 0 0 0
7 0 . 0 0 0 8 2 . 7 0 0 8 0 . 0 0 0 1 1 0 . 0 0 0 9 0 . 0 0 0 1 4 1 . 7 0 0

1 0 4 0 . 0 0 0 0 . 0 0 0 1 1 4 0 . 0 0 0 1 1 . 8 0 0 1 2 4 0 . 0 0 0 2 5 . 0 0 0
1 3 4 0 . 0 0 0 3 9 . 0 0 0 1 4 4 0  . 0 0 0 5 3 . 0 0 0 1 5 4 0 . 0 0 0 6 7 . 0 0 0
1 6 4 0 . 0 0 0 8 2 . 7 0 0 1 7 4 0 . 0 0 0 1 1 0 . 0 0 0 1 8 4 0 . 0 0 0 1 4 1 . 7 0 0
1 9 8 0 . 0 0 0 0 . 0 0 0 2 0 8 0 . 0 0 0 1 1 . 8 0 0 2 1 8 0 . 0 0 0 2 5 . 0 0 0
2 2 8 0 . 0 0 0 3 9 . 0 0 0 2 3 8 0 . 0 0 0 5 3  . 0 0 0 2 4 8 0 . 0 0 0 6 7 . 0 0 0
2 5 8 0 . 0 0 0 8 2 . 7 0 0 2 6 8 0 . 0 0 0 1 1 0  . 0 0 0 2 7 8 0 . 0 0 0 1 4 1 . 7 0 0
2 8 1 2 0 . 0 0 0 0 . 0 0 0 2 9 1 2 0 . 0 0 0 1 1 . 8 0 0 3 0 1 2 0 . 0 0 0 2 5 . 0 0 0
3 1 1 2 0 . 0 0 0 3 9 . 0 0 0 3 2 1 2 0 . 0 0 0 5 3 . 0 0 0 3 3 1 2 0 . 0 0 0 6 7 . 0 0 0
3 4 1 2 0 . 0 0 0 8 2 . 7 0 0 3 5 1 2 0 . 0 0 0 1 1 0 . 0 0 0 3 6 1 2 0 . 0 0 0 1 4 1 . 7 0 0
3 7 1 4 5 . 7 0 0 0 . 0 0 0 3 8 1 4 5 . 7 0 0 1 1 . 8 0 0 3 9 1 4 5 . 7 0 0 2 5 . 0 0 0
4 0 1 4  5 . 7 0 0 3 9 . 0 0 0 4 1 1 4 5 . 7 0 0 5 3 . 0 0 0 4 2 1 4 5  . 7 0 0 6 7 . 0 0 0
4 3 1 4 5 . 7 0 0 8 2 . 7 0 0 4 4 1 4 5 . 7 0 0 1 1 0 . 0 0 0 4 5 1 4 5 . 7 0 0 1 4 1 . 7 0 0
4 6 1 5 7 . 5 0 0 0 . 0 0 0 4 7 1 5 7 . 5 0 0 1 1 . 8 0 0 4 8 1 5 7 . 5 0 0 2 5 . 0 0 0
4 9 1 5 7 . 5 0 0 3 9 . 0 0 0 5 0 1 5 7 . 5 0 0 5 3 . 0 0 0 5 1 1 5 7 . 5 0 0 6 7 . 0 0 0
5 2 1 5 7 . 5 0 0 8 2 . 7 0 0 5 3 1 5 7 . 5 0 0 1 1 0 . 0 0 0 5 4 1 5 7 . 5 0 0 1 4 1 . 7 0 0
5 5 1 5 7 . 7 0 0 0 . 0 0 0 5 6 1 5 7 . 7 0 0 1 1 . 8 0 0 5 7 1 5 7 . 7 0 0 2 5 . 0 0 0
5 8 1 5 7 . 7 0 0 3 9 . 0 0 0 5 9 1 5 7 . 7 0 0 5 3 . 0 0 0 6 0 1 5 7 . 7 0 0 6 7 . 0 0 0
6 1 1 5 7 . 7 0 0 8 2  . 7 0 0 6 2 1 5 7 . 7 0 0 1 1 0 . 0 0 0 6 3 1 5 7  . 7 0 0 1 4 1 . 7 0 0

6 4 1 6 9 . 5 0 0 0 . 0 0 0 6 5 1 6 9 . 5 0 0 1 1 . 8 0 0 6 6 1 6 9 . 5 0 0 2 5 . 0 0 0

6 7 1 6 9 . 5 0 0 3 9 . 0 0 0 6 8 1 6 9 . 5 0 0 5 3 . 0 0 0 6 9 1 6 9 . 5 0 0 6 7 . 0 0 0

7 0 1 6 9 . 5 0 0 8 2 . 7 0 0 7 1 1 6 9 . 5 0 0 1 1 0  . 0 0 0 7 2 1 6 9  . 5 0 0 1 4 1 . 7 0 0

7 3 1 9 5 . 2 0 0 0 . 0 0 0 7 4 1 9 5  . 2 0 0 1 1 . 8 0 0 7 5 1 9 5  . 2 0 0 2 5 . 0 0 0

7 6 1 9 5 . 2 0 0 3 9 . 0 0 0 7 7 1 9 5 . 2 0 0 5 3 . 0 0 0 7 8 1 9 5 . 2 0 0 6 7 . 0 0 0

7 9 1 9 5 . 2 0 0 8 2 . 7 0 0 8 0 1 9 5 . 2 0 0 1 1 0  . 0 0 0 8 1 1 9 5 . 2 0 0 1 4 1 . 7 0 0

8 2 2 3 5 . 2 0 0 0 . 0 0 0 8 3 2 3 5 . 2 0 0 1 1 . 8 0 0 8 4 2 3 5  . 2 0 0 2 5 . 0 0 0

8 5 2 3 5 . 2 0 0 3 9 . 0 0 0 8 6 2 3 5 . 2 0 0 5 3 . 0 0 0 8 7 2 3 5 . 2 0 0 6 7 . 0 0 0

8 8 2 3 5  . 2 0 0 8 2 . 7 0 0 8 9 2 3 5 . 2 0 0 1 1 0 . 0 0 0 9 0 2 3 5 . 2 0 0 1 4 1 . 7 0 0

9 1 2 7 5 . 2 0 0 0 . 0 0 0 9 2 2 7 5 . 2 0 0 1 1 . 8 0 0 9 3 2 7 5 . 2 0 0 2 5 . 0 0 0

9 4 2 7 5 . 2 0 0 3 9 . 0 0 0 9 5 2 7 5 . 2 0 0 5 3 . 0 0 0 9 6 2 7 5 . 2 0 0 6 7 . 0 0 0

9 7 2 7 5 . 2 0 0 8 2 . 7 0 0 98 2 7 5 . 2 0 0 1 1 0 . 0 0 0 9 9 2 7 5 . 2 0 0 1 4 1 . 7 0 0

1 0 0 3 1 5 . 2 0 0 0 . 0 0 0 1 0 1 3 1 5 . 2 0 0 1 1 . 8 0 0 1 0 2 3 1 5 . 2 0 0 2 5 . 0 0 0

1 0 3 3 1 5 . 2 0 0 3 9 . 0 0 0 1 0 4 3 1 5 . 2 0 0 5 3 . 0 0 0 1 0 5 3 1 5 . 2 0 0 6 7 . 0 0 0

1 0 6 3 1 5 . 2 0 0 8 2  . 7 0 0 1 0 7 3 1 5 . 2 0 0 1 1 0 . 0 0 0 1 0 8 3 1 5 . 2 0 0 1 4 1 . 7 0 0

YOUNG M O DU LUS O F  DOWEL BA R  (YM SB) = 2 . 9 0 0 E + 0 7  
P O IS S O N  R A T IO  O F  DOWEL BAR ( P R S B )  = 0 . 3 0 0 0 0

J O I N T  S P R IN G  C O N ST A N T  MODULUS O F DOWEL DOWEL J O IN T GAP NODE

N O . S H E A R MOMENT DOWEL S U P .  D I A . S P A C IN G W IDTH DOWEL J O I N T

( S P C O N l )  ( S P C O N 2 ) (SC K V ) (BD) ( BS) ( WJ ) (G DC) (N N A J)

1  0 . O O O E + 0 0  0 . O O O E + 0 0  1 . 5 0 0 E + 0 6 0 . 9 8 0 1 1 . 8 0 0 0 . 2 0 0 0 . 0 0 0 0 0 9

F O R  J O I N T  N O . 1 DOW ELS (B A RN O ) AT EACH NODE A R E : 1 1  1 1 1 1 1 1 1
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J O I N T  N O . 1 SPRING CONSTANT O F ONE DOWEL BAR = 4.656E+05
H A L F  BAND W ID T H  (N B ) = 3 3

P E R IO D  I  LOA D  G R O U P 1  AND C Y C LE N O . 1

1 - 0 . 0 0 0 2 8 . 2 - 0 . 0 0 0 3 1 3 - 0 . 0 0 0 3 3 4 - 0  . 0 0 0 3 3 . 5 -0.00031
6 - 0 . 0 0 0 2 7 7 - 0 . 0 0 0 2 2 8 - 0  . 0 0 0 1 4 9 - 0 . 0 0 0 0 9 10 -0.00032

1 1 - 0 . 0 0 0 4 6 1 2 - 0 . 0 0 0 6 1 1 3 - 0 . 0 0 0 7 1 1 4 - 0  . 0 0 0 7 6 1 5 -0.00076
1 6 - 0 . 0 0 0 7 2 1 7 - 0 . 0 0 0 6 6 1 8 - 0 . 0 0 0 7 3 1 9 0 . 0 0 1 9 6 2 0 0 . 0 0 1 2 8
2 1 0 . 0 0 0 5 9 2 2 0 . 0 0 0 0 5 2 3 - 0 . 0 0 0 2 6 2 4 - 0 . 0 0 0 3 9 2 5 - 0  . 0 0 0 4 0
2 6 - 0 . 0 0 0 4 8 2 7 - 0 . 0 0 1 0 6 2 8 0 . 0 1 1 9 7 2 9 0 . 0 0 9 4 4 3 0 0 . 0 0 6 9 0
3 1 0 . 0 0 4 9 5 3 2 0 . 0 0 3 9 6 3 3 0 . 0 0 3 7 3 3 4 0 . 0 0 3 7 3 3 5 0 . 0 0 2 9 3
3 6 0 . 0 0 0 6 3 3 7 0 . 0 2 3 9 4 3 8 0 . 0 1 9 2 4 3 9 0 . 0 1 4 4 2 4 0 0 , 01085
4 1 0 . 0 0 9 2 5 4 2 0 . 0 0 9 3 1 4 3 0 . 0 0 9 9 7 4 4 0 . 0 0 7 8 0 4 5 0 . 0 0 3 5 4
4 6 0 . 0 2 8 9 1 4 7 0 . 0 2 3 6 6 4 8 0 . 0 1 7 9 5 4 9 0 . 0 1 3 7 2 5 0 0 . 0 1 1 8 7
5 1 0 . 0 1 2 0 8 5 2 0 . 0 1 3 1 5 5 3 0 . 0 1 0 2 7 5 4 0 . 0 0 5 2 5 5 5 0 . 0 2 3 2 1
5 6 0 . 0 1 9 8 4 5 7 0 . 0 1 6 2 1 5 8 0 . 0 1 3 1 0 5 9 0 . 0 1 1 1 0 6 0 0 . 0 1 0 0 1
6 1 0 . 0 0 9 1 8 6 2 0 . 0 0 7 3 4 6 3 0 . 0 0 4 9 1 6 4 0 . 0 1 6 9 4 6 5 0 . 0 1 4 4 2
6 6 0 . 0 1 1 7 3 6 7 0 . 0 0 9 4 2 6 8 0 . 0 0 7 8 8 6 9 0 . 0 0 6 9 8 7 0 0 . 0 0 6 3 0
7 1 0 . 0 0 5 0 1 7 2 0 . 0 0 3 1 6 7 3 0 . 0 0 6 5 5 7 4 0 . 0 0 5 3 9 7 5 0 . 0 0 4 1 5
7 6 0 . 0 0 3 1 0 7 7 0 . 0 0 2 3 7 7 8 0 . 0 0 1 9 4 7 9 0 . 0 0 1 6 5 8 0 0 . 0 0 1 1 9
8 1 0 . 0 0 0 3 1 8 2 0 . 0 0 0 1 7 8 3 - 0 . 0 0 0 0 9 84 - 0  . 0 0 0 3 8 8 5 - 0  . 0 0 0 6 0
8 6 - 0 . 0 0 0 7 4 8 7 - 0 . 0 0 0 7 9 8 8 - 0 . 0 0 0 7 8 8 9 - 0 . 0 0 0 7 6 9 0 - 0 . 0 0 0 9 5
9 1 - 0 . 0 0 0 5 5 9 2 - 0 . 0 0 0 5 9 93 - 0 . 0 0 0 6 2 94 - 0 . 0 0 0 6 4 9 5 - 0 . 0 0 0 6 4
9 6 - 0 . 0 0 0 6 1 9 7 - 0 . 0 0 0 5 7 9 8 - 0 . 0 0 0 5 0 9 9 - 0 . 0 0 0 4 9 1 0 0 - 0 . 0 0 0 1 1

1 0 1 - 0 . 0 0 0 1 1 1 0 2 - 0 . 0 0 0 1 0 1 0 3 - 0 . 0 0 0 0 9 1 0 4 - 0 . 0 0 0 0 7 1 0 5 - 0 . 0 0 0 0 4
1 0 6 - 0 . 0 0 0 0 1 1 0 7 0 . 0 0 0 0 4 1 0 8 0 . 0 0 0 0 8

F O R  J O I N T  N O . 1 SH EA R  ( F A J l )  AND MOMENT ( F A J 2 )  AT THE NODES A R E :
4 6  - 2 6 5 2 . 8  0 . 0  4 7  - 1 7 7 8 . 6  0 . 0  4 8  - 8 1 3 . 9
4 9  - 2 8 8 . 3  0 . 0  5 0  - 3 5 7 . 4  0 . 0  5 1  - 9 6 2 . 3
5 2  - 1 8 5 1 . 8  0 . 0  5 3  - 1 3 6 7 . 7  0 . 0  5 4  - 1 6 0 . 3

F O R  J O I N T  N O . 1  SH E A R  I N  ONE DOWEL BAR (F A J P D )  AT THE NODES I S :
4 6  - 2 6 5 2 . 8  4 7 - 1 7 7 8 . 6  4 8  - 8 1 3 . 9  4 9  - 2 8 8 . 3  50
51 - 9 6 2 . 3  5 2  - 1 8 5 1 . 8  5 3  - 1 3 6 7 . 7  5 4  - 1 6 0 . 3

F O R  J O I N T  N O . 1  B E A R IN G  S T R E S S  (B E A R S ) O F CON CRETE AND SHEAR S T R E S S
(S H E A R S ) O F  DOW ELS A T  TH E N O D ES A R E :

0 . 0 
0 . 0  
0 . 0

■357 .4

4 6 - 4 2 2 6 . 2 - 3 5 1 6 . 9 4 7 - 2 8 3 3 . 5 - 2 3 5 7 . 9 4 8 - 1 2 9 6 , . 6 -1079.0
4 9 - 4 5 9 . 4 - 3 8 2 . 3 5 0 - 5 6 9 . 4 - 4 7 3 . 8 5 1 - 1 5 3 3 , . 0 -1275.7
5 2 - 2 9 5 0 . 2 - 2 4 5 5 . 1 5 3 - 2 1 7 9 . 0 - 1 8 1 3 , . 2 5 4 - 2 5 5 . . 4 -212.5

5AL 1NUMBER AND R E A C T IV E  P R E S S U R E  (S U B R ) A R E : (C O M PR E SSIO N  P O S I T I V E )

1 - 0 . 0 8 2 2 - 0 . 0 9 1 3 - 0 . 0 9 8 4 - 0 . 0 9 8 5 -0.092
6 - 0 . 0 8 0 7 -0 . 0 6 4 8 - 0 . 0 4 0 9 - 0 . 0 2 7 10 -0.093

11 - 0 . 1 3 6 1 2 - 0 . 1 7 9 1 3 - 0 . 2 1 0 1 4 -0 . 2 2 4 15 -0.223
1 6 - 0 . 2 1 2 1 7 - 0 . 1 9 5 1 8 - 0 . 2 1 4 1 9 0 . 5 7 7 20 0.378
2 1 0 . 1 7 3 2 2 0 .  0 1 4 2 3 - 0 . 0 7 7 2 4 - 0 . 1 1 4 25 -0.119
2 6 - 0 . 1 4  2 2 7 - 0 . 3 1 3 2 8 3 . 5 2 9 2 9 2 . 7 8 5 30 2 .036
3 1 1 . 4 6 0 3 2 1 . 1 6 8 3 3 1 . 0 9 9 3 4 1.101 35 0 .864
3 6 0 . 1 8 7 3 7 7 . 0 5 9 3 8 5 . 6 7 4 3 9 4 . 2 5 2 40 3.198
4 1 2  . 7 2 8 4 2 2 . 7 4 6 4 3 2 . 9 4 0 4 4 2 . 2 9 9 45 1.045
4 6 8  . 5 2 6 4 7 6 . 9 7 9 4 8 5 . 2 9 5 49 4.045 50 3 .499
5 1 3 . 5 6 1 5 2 3 . 8 7 9 53 3 . 0 3 0 54 1.549 55 6. 846
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5 6 5  . 8 5 2 5 7 4 . 7 7 9 5 8 3 . 8 6 2 5 9 3 . 2 7 3 6 0 2 . 9 5 1
6 1 2 . 7 0 6 6 2 2 . 1 6 3 6 3 1 . 4 4 8 6 4 4  . 9 9 7 6 5 4  . 2 5 1
6 6 3 . 4 5 9 6 7 2  . 7 7 8 6 8 2 . 3 2 3 6 9 2 . 0 5 7 7 0 1 . 8 5 8
7 1 1 . 4 7 7 7 2 0 . 9 3 2 7 3 1 .  9 3 1 7 4 1 . 5 9 0 7 5 1 . 2 2 5
7 6 0 . 9 1 4 7 7 0 . 7 0 0 7 8 0 . 5 7 2 7 9 0 . 4 8 6 8 0 0 . 3 5 2
8 1 0 . 0 9 2 8 2 0 . 0 4 9 8 3 - 0  . 0 2 7 8 4 - 0 . 1 1 1 8 5 - 0 . 1 7 8
8 6 - 0 . 2 1 7 8 7 - 0 . 2 3 2 8 8 - 0 . 2 3 0 8 9 - 0 . 2 2 6 9 0 - 0 . 2 7 9
9 1 - 0 . .  1 6 2 9 2 - 0 . 1 7 3 . 9 3 - 0 . 1 8 4 9 4 - 0 . 1 9 0 9 5 r O . J . 8 8
9 6 - 0 . 1 8 0 9 7 - 0 . 1 6 7 9 8 - 0 . 1 4 8 9 9 - 0 . 1 4 4 1 0 0 - 0 . 0 3 2

1 0 1 - 0 . 0 3 1 1 0 2 - 0 . 0 2 9 1 0 3 - 0  . 0 2 6 1 0 4 - 0 . 0 1 9 1 0 5 - 0 . 0 1 2
1 0 6 - 0 . 0 0 2 1 0 7 0 . 0 1 2 1 0 8 0 . 0 2 4

JM O F F O R C E S  (F O SU M ) = 2 6 5 8 5 . 7 SUM O F  R E A C T IO N S (SU BSUM ) = 2 6 5 8 6 . 5

N O D E L A Y E R S T R E S S  X S T R E S S  Y S T R E S S  XY MAX. SHEAR MAJOR M INO R
1 1 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 ,  0 0 0 0.000
2 1 0 . 0 0 0 1 . 1 5 3 0 . 0 0 0 0 . 5 7 7 1 . 1 5 3 0. 000
3 1 0 . 0 0 0 1 . 9 9 1 0 . 0 0 0 0 . 9 9 5 1 . 9 9 1 0 .000
4 1 0 . 0 0 0 2 . 0 8 0 0 . 0 0 0 1 . 0 4 0 2 . 0 8 0 0.000
5 1 0 . 0 0 0 1 , 5 7 5 0 . 0 0 0 0 . 7 8 8 1 . 5 7 5 0.000
6 1 0 . 0 0 0 0 . 7 2 6 0 . 0 0 0 0 . 3 6 3 0 . 7 2 6 0 .  000
7 1 0 . 0 0 0 - 0  . 3 6 8 0 . 0 0 0 0 . 1 8 4 0 . 0 0 0 - 0 . 3 6 8
8 1 0 . 0 0 0 - 1 . 1 9 7 0 . 0 0 0 0 . 5 9 9 0 . 0 0 0 - 1 . 1 9 7
9 1 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 .  0 0 0 0 . 000

1 0 1 1 3 . 8 6 7 0 . 0 0 0 0 . 0 0 0 6 . 9 3 4 1 3 . 8 6 7 0 . 0 0 0
1 1 1 1 2 . 3 3 8 3 . 4 9 6 8 . 1 8 7 9 . 3 0 4 1 7 . 2 2 2 - 1 . 3 8 7

1 2 1 9 . 9 9 0 5 . 7 2 4 5 . 7 7 2 6 . 1 5 3 1 4 . 0 1 0 1 .  7 0 4

1 3 1 7 . 7 5 6 6 .  1 5 6 3 . 8 1 0 3 . 8 9 3 1 0 . 8 4 9 3 . 0 6 3

1 4 1 5  . 8 4 7 5 . 1 0 3 2 . 1 4 2 2 . 1 7 4 7 . 6 4 9 3 . 3 0 1

1 5 1 4  . 1 4 1 3  . 1 4 7 0 . 9 1 4 1 .  0 4 0 4 . 6 8 5 2 . 6 0 4

1 6 1 2 . 9 0 2 0 . 6 0 0 0 . 0 8 4 1 . 1 5 4 2 . 9 0 5 0 . 5 9 7

1 7 1 2  . 3 5 8 - 2 . 8 5 7 1 . 3 4 1 2 . 9 3 2 2 . 6 8 2 - 3 . 1 8 2

1 8 1 - 0 . 1 9 0 0 . 0 0 0 0 . 0 0 0 0 . 0 9 5 0 . 0 0 0 - 0 . 1 9 0

1 9 1 7 8  . 4 4 2 0 . 0 0 0 0 . 0 0 0 3 9 . 2 2 1 7 8  . 4 4 2 0 . 0 0 0

2 0 1 6 5  . 1 8 4 1 6 . 7 1 7 3 1 . 8 5 5 4 0 . 0 2 5 8 0 . 9 7 6 0 .  9 2 5

2 1 1 5 5 . 6 5 4 2 6 . 2 7 0 2 4 . 7 0 9 2 8 . 7 4 7 6 9 . 7 0 9 1 2 . 2 1 5

2 2 1 4 6 . 7 6 9 2 6 . 4 5 2 1 5 . 3 3 3 1 8 . 3 9 3 5 5 . 0 0 3 1 8 . 2 1 8

2 3 1 4 1 . 3 8 0 2 1 . 2 9 6 6 . 4 8 1 1 1 . 9 5 2 4 3 . 2 9 0 1 9 . 3 8 6

2 4 1 3 8 . 6 9 0 1 4  . 6 5 8 1 . 2 5 4 1 2 . 0 8 1 3 8 . 7 5 5 1 4 . 5 9 3

2 5 1 3 4  . 4 4 6 5  . 3 3 0 1 .  0 3 4 1 4 . 5 9 5 3 4 . 4 8 2 5 . 2 9 3

2 6 1 3 0 . 3 1 4 - 6 . 8 7 5 8 . 3 5 6 2 0 . 3 8 5 3 2 . 1 0 5 - 8 . 6 6 6

2 7 1 1 8 . 8 5 9 0 . 0 0 0 0 . 0 0 0 9 . 4 3 0 1 8  . 8 5 9 0 . 0 0 0

2 8 1 1 6 2 . 7 8 3 0 . 0 0 0 0 . 0 0 0 8 1 . 3 9 1 1 6 2 . 7 8 3 0. 0 0 0

2 9 1 1 2 6 . 5 5 3 4 7 . 8 2 6 7 9 . 9 7 9 8 9 . 1 4 1 1 7 6 . 3 3 1 - 1 . 9 5 2

3 0 1 9 4 . 4 1 1 7 8 . 3 7 2 6 9 . 4 6 1 6 9 . 9 2 2 1 5 6 . 3 1 4 1 6 . 4 6 9

3 1 1 7 5 . 5 9 0 9 4  . 6 4 9 3 8 . 5 7 0 3 9 . 7 3 0 1 2 4 . 8 5 0 4 5 . 3 9 0

3 2 1 6 9 . 5 3 1 7 6 . 4 1 4 7 . 8 6 6 8 . 5 8 6 8 1 . 5 5 8 6 4 . 3 8 7

3 3 1 7 5  . 7 6 5 2 9 . 2 8 5 - 1 2 . 5 3 5 2 6 . 4 0 5 7 8 . 9 3 0 2 6 . 1 2 0

3 4 1 9 1 . 1 3 3 - 1 1 . 7 5 3 - 0 . 7 1 8 5 1 . 4 4 8 9 1 . 1 3 8 - 1 1 . 7 5 8

3 5 1 6 2 . 2 2 1 - 1 8 . 0 2 7 2 8 . 6 8 9 4 9 . 3 2 5 7 1 . 4 2 2 - 2 7 . 2 2 8

3 6
3 7
3 8
3 9
4 0
4 1
4 2

1
1
1
1
1
1
1

3 8 . 4 5 3  
- 1 2 5  . 5 7 4  

- 4 4 . 9 9 5  
8 . 0 8 2  

2 8 . 9 4 2  
2 6  . 8 8 4  

8 . 4 3 1

0 . 0 0 0  
0 .  0 0 0  

1 5 . 7 2 7  
1 4 4  . 5 8 8  
1 7 1 . 9 1 6  
1 4 5 . 5 4 8  

6 5 . 8 1 0

0  . 0 0 0  
0 . 0 0 0  

8 2 . 1 8 4  
7 5 . 5 7 6  
4 0  . 4 4 2  

4  . 0 8 4  
- 2 6 . 6 0 7

1 9 . 2 2 6  
6 2 . 7 8 7  
8 7 . 6 1 2  

1 0 1 . 8 3 5  
8 2 . 1 3 4  
5 9 . 4 7 2  
3 9 . 1 2 8

3 8 . 4 5 3  
0 . 0 0 0  

7 2 . 9 7 9  
1 7 8 . 1 7 0  
1 8 2 . 5 6 3  
1 4 5 . 6 8 8  

7 6 . 2 4 9

0.000
- 1 2 5 . 5 7 4
- 1 0 2 . 2 4 6

- 2 5 . 5 0 0
1 8 . 2 9 5
26.744
-2.007
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4 3 1 - 2 4 . 5 6 5
4 4 1 1 . 5 6 3
4 5 1 2 8 . 8 3 0
4 6 1 0  . 0 0 0
4 7 1 0 . 0 0 0
4 8 1 0  . 0 0 0
4 9 1 0 . 0 0 0
5 0 1 0 . 0 0 0
5 1 1 0 ,  0 0 0
5 2 1 0 . 0 0 0
5 3 1 0 . 0 0 0
5 4 1 0 . 0 0 0

- 1 4 6 .  
- 9 .  
0 . 

0 . 

- 3 1 .  
1 8 3  . 
2 0 1 , 
1 7 5  , 
1 0 8 ,  

- 2 2 6  . 
8 . 

0 .

7 1 8
1 6 9
000
0 0 0
0 0 1
0 4 2
0 9 6
1 5 4
4 1 5
2 1 4
3 8 8
0 0 0

- 4 . 1 0 3 6 1 . 2 1 4 - 2 4 . 4 2 7 - 1 4 6 . 8 5 6
3 5 . 1 8 6 3 5 . 5 9 3 3 1 . 7 9 0 - 3 9 . 3 9 6

0 . 0 0 0 1 4 . 4 1 5 2 8  . 8 3 0 0 . 0 0 0
0 . 0 0 0 0 .  0 0 0 0 . 0 0 0 0 . 0 0 0

6 5 . 1 9 9 6 7 . 0 1 6 5 1 . 5 1 6 - 8 2 . 5 1 6
7 1 . 6 1 8 1 1 6 . 2 1 2 2 0 7 . 7 3 3 - 2 4 . 6 9 1
3 7  . 6 8 0 1 0 7 . 3 7 6 2 0 7 . 9 2 5 - 6 . 8 2 8

2 . 1 5 9 8 7 . 6 0 4 1 7 5 . 1 8 1 - 0 . 0 2 7
- 3 4 . 1 3 2 6 4 . 0 5 8 1 1 8 . 2 6 5 - 9 . 8 5 1

- 6 . 4 1 2 1 1 3 . 2 8 9 0 . 1 8 2 - 2 2 6 . 3 9 6
3 3 . 1 0 1 3 3 . 3 6 5 3 7 . 5 5 9 - 2 9 . 1 7 1

0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0

MAXIMUM S T R E S S  (SM A X ) I N  LA Y ER  1 I S - 2 2 6 . 3 9 6  ( NODE 5 2

MAXIMUM N E G A T IV E  S T R E S S  I N  X D IR E C T IO N  =
MAXIMUM P O S I T I V E  S T R E S S  I N  X D IR E C T IO N  =
MAXIMUM N E G A T IV E  S T R E S S  I N  Y D IR E C T IO N  =
MAXIMUM P O S I T I V E  S T R E S S  I N  Y  D IR E C T IO N  =

- 1 2 5 . 6  
1 6 2  . 8 

- 2 2 6 . 2  
201.1

( NODE 3 7  ) 
( NODE 2 8  ) 
( NODE 5 2  ) 
( NODE 4 9  )
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