A
Active failure mode, 530
A-frame
description, 306
indeterminate, 309
loading, reactions and free body, 341-343
moment distribution, 342, 343
reactions and bending moment distribution, 372
Allowable soil pressure, 477, 479
American Association of State Highway and
Transportation Officials (AASHTO), 17, 18
Analysis
statically determinate plane frames
angle-type frame segment, 314-316
cantilever frame, 311-314
moment, shear and axial force, 310
sign convention, 310
Analytical solutions, multi span beams
Bending moment distribution, 597
compatibility equation, 595, 596
lengths and moments, 596
loading, 597, 598
peak moments, 596
static equilibrium equations, 596
support settlement, continuous, 602—603
uniform loading, continuous, 600—602
variation, bending moment, 599-600
Analytical tools, structural analysis
beam response, 35
concept of equilibrium, 27-30
deformations and displacements, 33—34
description, 27
displacements
deformation modes, 38
description, 36

reactions, cable tension and vertical displacement,

36-37
rigid member, springs, 37, 38
spring forces, 3, 940
statically indeterminate beam, 4042
FBD, 30, 31
internal forces, 30-33
study of forces, 36
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Anti-symmetry
deflected shapes, 254-257
shear and moment diagrams, 250-254
Approximate methods
bending moment distribution
approximate and exact results, 797
axial force, shear force, 798
qualitative reasoning, relative stiffness, 797
bending type structures, 767
column axial forces, 802, 803
column shears, 803
multi-span beams (gravity loading), 768-770
multistory rigid frames
gravity loading, 770-771
lateral loading, 771-790
positive and negative moments, multistory steel
frame, 798
rigid steel frame, bracing, 803
statically indeterminate structure, 767
steel frame
axial force, shear force and moments, 800-802
portal and shear stiffness method, 799-802
Arc length
differential and total, 403, 404
initial and loaded shapes, cable, 403
maximum tension, determination, 414, 422
sag profile and total arc length, 406
sag ratio, 404
temperature effect, 404, 405, 422
Arch bridge
structure, 874
two-hinged, 899
Arch structures
historical development, 424
models, 429-431
Arches
“false arch”, 424
force method
applied load, 605
axial deformation, 604
description, 604
expressions, horizontal displacement, 604
integral expression, 607—-608
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Arches (cont.)
parabolic, 606607
structure, 603, 604
tension tie, 611-612
two-hinged arch and loading, 607-608
ASCE 7-05, 16, 17, 20, 21
Assuming the supports are unyielding, the flexibility
coefficients, 625
Axial force
compressive and maximum value, 442
gable frame
3-hinge, 335-337
simply supported, 369
graphical output, 358, 360

shallow vs. deep parabolic curved members, 436439

sign convention, 310
and transverse shear, 454, 455
triangular rigid frame, 380
Axial stress, 34, 55
Axle load, 886, 888

B
Backfill material
fluid
definition, 527
horizontal and vertical components, 529
hydrostatic forces, inclined surface, 529
granular
active and passive failure states, 530
angle of repose, 530
dry loose, 529
shear stress, 529
theories, soil pressure distribution, 530
Base shear, 783, 923, 955
Beam formulation
loading, 827, 844
member end forces and displacements, 840
nodes, 842
spring support, 846—849
stiffness matrices, 842
support settlement, 846
two-span beam, 840
Beams

deep beams, deformation and displacement relations,

244-247
differential equations, equilibrium, 190-210
displacement process, 35
external loads, 285
force method
single-span beams, analyzing frames, 571-577
Yielding Supports, 577-588
forced envelope, 286
influence line, 286
internal force, 258
mass system, 25
objectives, 285
planar bending, 286, 287
prismatic beams, 163

Index

problems
computer software, 303-304
deflected shape, 296-297
influence lines, 300-301
loading system, span, 302
rotation, cross-section, 300
shear and moment diagrams, 286292
single concentrated load, 301
trapezoidal rule, 299
vertical deflection, 298-299
virtual force method, 293-296
statically indeterminate, 40—42
symmetry and anti-symmetry
deflected shapes, 253-258
shear and moment diagrams, 250-254
torsion, prismatic members, 247-250
transverse displacement, 286
two span beams, displacement method
chord rotations, 661
decomposition, 658, 659
end actions, shear and moment, 662—664
end shears, 660
geometry and support settlements, 661
moment releases, 675-677
nodal moment equilibrium, 660
overhang, modified slope-deflection equations,
670672
symmetrical beam, supports settlement, 665-669
three span beam, 677-683
uniformly loaded three span symmetrical beam,
683-685

Behavior

brittle, 11

combined bending and torsion, 164

ductile, 11

portal frames
-hinge, 3, 312-314, 324, 325
gravity loading, 323, 324
lateral loading, 323, 324

Bending moment

distribution
approximate and exact results, 797
axial force, shear force, 798, 799
beams and columns, portal method, 772—779
lateral loading, 792
multi-span beams and multi-bay frames, 796
qualitative reasoning, relative stiffness, 796
transverse shear, 792
horizontal thrust force, 458, 459
reactions and shear distributions, 204-206
uniform loading, parabolic, 283

Bilinear moment—curvature model, 1026
Braced frames

definition, 789-790
multistory, 305, 306

Braced rigid frame

analytical expressions, schemes, 786
column shear forces, 787
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definition, one-story, 787
individual systems defined, 785
one-story structure, 785
shear force distribution
base story sub-element, 789
brace stiffness, 787
column shear forces, 787
frame stiffness, 787
inter-story displacement, 790
lateral forces, 788
one-story, 787
upper story sub-element, 788

value, lower floor controls, 790

Bridge
gravity live loads, 17
segmented long-span, 14
structure
geometric arrangement, 71
and gravity, 13
iron truss bridge, USA, 52
plane bridge truss, 105, 106
steel truss bridges, 54
wooden bridge truss, 51
Brittle, 11, 12, 15, 43
Buckling, 12, 43
Building
design, 13
effect, wind, 17
gravity live loads, 17
ground motion, 23
low-rise, 21
vortex shedding, 22
Building codes, 13
Building systems
“shear beam” formulation, 945

C

Cable, 4, 7, 15, 36-37

Cable length, 387, 404-406, 416

Cable stayed

bridges, 383, 404, 409

beam displacement, 583
composition, 581, 582
configuration, 903

displacement profile of girder, 906

elongation, 582, 583
estimated areas, 904

force and displacement profiles, 905, 906

idealized scheme, 904
stiffen beams, 583
tributary area, 905

vertical displacement, cable and beam,

585-588
Cable structures
Brooklyn Bridge, USA, 383, 385

cable-strand arrangements, 383, 384
Clifton Suspension Bridge, England, 383, 384

coordinates, lowest point, 421
deflected shape, 420, 421

doubly curved single-layer cable net, 384, 385

guyed tower, 422
maximum tension, 418420

Normandy Bridge, France, 384, 386

peak values, cable tension, 421

reactions and tension, 416418
Cantilever frame

symmetrical, 312-314

unsymmetrical, 337-339
Cantilever method

applied moment, 793

bending moment, axial forces, columns, 795

column-beam model, 793

deformation, relative rotation, 793

description, 790

lateral deflections, 790
reference axis, 792

stiff belt type trusses, 794

symmetrical -story plane frame, 42, 794

symmetrical plane frame, 795

tall building model, 792
Catenary shape

arc length and tension, 414

equilibrium and vertical loading, 412, 413

horizontal projection, 412
iteration and sag ratio, 414
symmetrical case, 412, 414
Center of mass
description, 937
floor
mass layout, 938-940
plan view, 938
Center of twist
braces, 935-937
external and internal forces, 930
floor
configuration, 933
geometry, 929
free body diagram, floor, 926
rigid body motion, 929
shear spring model, 926
stiffness
braces, 927
distribution, 931
symmetry axes, 931
Centroid

dimension square/rectangular footings, 488

single footing, 479481
structure, 477, 478
Centroidal axis, 1015
Chord
horizontal, 389, 393, 397
inclined, 393, 394, 400
Circular curved members
deflection, light pole, 447, 449
geometry-circular arch, 447
slender and retain, 447
Clamped end model, 770
Clamped/hinged model, 770

1037



1038

Clay soil
allowable soil pressure, 477, 479
pressure distributions, 477, 478
Combined footings
description, 493
factored loads, 496
peak moment values, 496
shear and moment, 494
soil pressure distribution, 494, 495
square columns, 497-499
Complex trusses
corresponding nodal force equilibrium equations, 88
definition, 48, 86
equilibrium at joints, 87
geometrically stable, 89
individual nodal force systems, 88
matrix form, 88
planar, 137
planar truss, 87
Compound trusses, 48, 60, 61, 86
Compression, 310, 314
Computation of displacements
and deformation relations, 136
matrix equilibrium equations, 137
nodal displacement, 135, 137
planar complex truss, 137
scalar equation, 137
space truss, 139
static-geometric analogy, 136
Computer based analysis
displacement method
bending moment distribution, 760, 761
frame structures, 728-729
and member forces, truss, 752
nonlinear form, 1017, 1025
plane frames
gable, 358
graphical output, 358, 360
Concentrated load
horizontal cables
free body diagram, segment, 387
moment distributions, 389
moments and sag, 387
multiple concentrated loads, 389, 391-393
tension, 388, 389
transverse loading, pretensioned cable, 386, 387
inclined cables
description, 393-397
reactions and horizontal force, 393, 394
sag determination, 395, 396
Concept of equilibrium
non-concurrent force system, 28-30
Construction loading, 14
Containments, 4, 14
Corbel arch, 424
Critical loading
plan, rectangular area, 481, 482
pressure distributions, 481
Critical sections for design, cantilever walls, 549, 552

Index

Cross section
beam, 164
combined bending and torsion, 164
properties, 258

Cross, H., 698

Curvature
positive and negative, deflected shapes, 213
relationship, 212-213

D
Deck
and beam system, 105
segments, 105
slab, 49
Deep beams, deformation and displacement relations
symmetry and anti-symmetry, 254-258
Deep curved members, 464
Deflection(s)
computation
deformation—displacement relations, 91-92
description, 90
force—deformation relationship, 90-91
Deflection profiles
curvature, 356
gable frames, 357, 358
lateral loading, 357
peak deflection, estimation, 377
portal and -hinge frame, 3, 357
Deformations
and displacements, 33-34
inelastic, 12, 27
modes, 38
Design codes, 16, 21, 43
Design philosophy, 26-27
Design strategies, N-S beams and columns, 998-999
Differential equations of equilibrium, planar loading
arbitrary distributed loading, differential
element, 190
cantilever beam triangular loading, 193-196
distributed and concentrated loads, 196-200
extreme value, moment, 192
integral forms, 19
jump conditions, 194
moment summation, 191
reactions, shear, and bending moment distributions,
204-212
shear and moment, interpretation, 193
uniform loading, end moments, 199
Dimensions
design code, 551
optimal geometry, 535
pressure distributions, 530
wall footing, 553
Direct stiffness method, 860-865, 868, 869
Displacement method
description, 649
displacements and member forces, truss, 752
frame structures
member equations, 653-658
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member end moments
moment distribution, 753760
slope-deflection equations, 753-758
member forces, truss, 752
end moments and horizontal displacement, 764
planar
beam-type structures, 649, 650
frame-type structure, 649, 650
truss, 649, 650
plane truss
axial loaded member, 651
force-equilibrium equations, 651
horizontal and vertical translations, 651
nodal displacements and member forces, 651
rotation and end moments, analytic expression, 763
Distributed load
horizontal cable
description, 397, 398
tension determination, 398, 399
inclined cables
arbitrary loading, 399, 400
sag expression and lowest point, 400
tension determination, 401, 402
total moment, 399
uniform load, 400, 402
Ductile, 11, 43
Ductility, 11, 1013-1015

E
Earthquake loading
base shear, 923
elevation, 954
floor forces, 925
ground acceleration time history, 920
ground motion, 23
lateral displacement profile, 921
low-rise rigid frame, 921
peak acceleration vs. structural period, 923
peak lateral inertia force, 25
seismic lateral load profile, 26
seismic loading, 920
single degree-of-freedom model, 25
Elastic moment diagram, 1022
Engineering process
bridge structures, 874
loading, 874
objective, 873
Equivalent axial stiffness
horizontal cable
actual and perturbed configurations, 407
deflection patterns, 407, 408
modified elastic modulus, 408
net motion, 408
sag ratio, 409
inclined cable
Ernst’s formula, 411
guyed tower modeling, 409, 410
Millau Viaduct Bridge, France, 409
modified elastic modulus, 411
steel cable, 411, 412
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Equivalent single degree of freedom system, 922
Extensional strain, 11, 34
External loading
creation, 182
displacements, 562, 563
primary structure, 563, 565
produce reaction forces, 182
shear and bending moment, beams, 258
structure, 173
and three force redundants, 567
and unit load results, 572

F
Factor of safety
defined, 533
requirements, 527
vs. sliding and overturning, 533
Factored soil pressure, 484, 486
Failure mode, buckling, 12
Finite element method
beam structures, 839-849
bending moment and deflection profiles, 867
description, 805
direct stiffness method, 860-865, 868, 869
horizontal displacements, 867
local and global reference frames, 809-812
matrix formulation for rigid frames, 807-809
nodal supports
displacement constraints, 819-820, 826
end member forces, 820
fixed and global end actions, 829
fully fixed supports, 818
geometric data, 823
loading conditions, 820, 827
local end actions, 830
matrix displacement formulation, 823
member forces, local coordinates, 829
member plane frame, 830
movement, 821
rearranged system matrices, 821-822
reduced system matrices, 819
stiffness matrices, 823-825, 827
system stiffness matrix, 831
unknown force and displacements, 827-829
spring stiffness, 866
steps, 805-806
three dimensional (3D) formulation, 850-860
truss structures, 834-839
Fixed support
planar loading, 168
three dimensional, 170
Fixed-end beams
compatibility equations, 588
fully fixed, 594
partially fixed, 595
single concentrated force, 592-593
structure, 588
uniformly distributed loading, 590-592
Fixed-ended beam
inelastic response, limit analysis process, 1019—-1021
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Flexibility coefficients Free body diagram (FBD)
description, 564 beam
pitched roof frames, 625 construction, 174, 175
plane frame, 612 statically indeterminate, 41
Principle of Virtual Forces, 567 statically determinate plane frames
symbolic/numerical integration, 605 A-frames, 341, 342
Flexibility method, 41 forces acting, node B, 307, 308
Floor loads, wind load, 918 member forces, 307, 308
Force envelopes structural analysis, 30, 31
axial, 1003, 1004 Fully fixed arch, 429
definition, 258
two-hinged arches, 899 G
Force method Gable frame
axial, shear forces and bending moment, 641 3-hinge
behavioral differences, 646 lateral load, 335-337
computer software system, use, 641-643, 645 shear and moment, 339-342
description, 561-562 bending moment distributions, 369
forces, cables, 640 deflection profiles, 356, 357
horizontal reaction, 643 simply supported
parabolic arch, 640 lateral load, 369
peak positive and negative moments, 643—-644 unsymmetrical loading, 337-339
properties and loadings, 637-639 Geometric compatibility
reactions and member forces, 647-648 description, 563
structure and steps flexibility coefficients, 564
actual, 562 flexibility matrix, 569
choices, primary, 563, 565 matrix equations, 613
external loading, displacements, member forces, 631, 634
561-564 Geometric nonlinear analysis, 734
flexibility coefficients, 564 Geometric nonlinearity, 734-741
force redundants, 566 Girder, 7, 15, 43
“geometric compatibility equation”, 563 Girder bridge system, 893
internal forces, 567 Global force equilibrium equations, planar loading, 173
matrix form, 567 Global reference frame
multi-bay multistory frame, 567 quantities, 946
multi-span beam-type, 567 symmetry axis, 949
primary, 562 Granular material, 525, 529, 530
reaction force, displacements, 562 Gravity floor loads
redundant reactions, 563, 567 floor slab-beam system, 977
truss-type, 567 loading patterns, 977-978
vertical reaction, 637 one-way action beam loading, 979
Fracture, 11, 15, 1014-1018 steel joist/beam framing, 979
Frame(s) tributary areas, 977
braced, 22 Gravity load, 13, 17, 22
force method Gravity walls
arbitrary-shaped single bay frame concrete and soil backfill, 535
structure, 612 description, 526
axial deformation, 613 retaining analysis, 534-536
compatibility equation, 612 Grid structures, 733
description, 612 Guyed tower(s), 403, 404, 409, 410, 422
flexibility matrix, 613
matrix equations, 613 H
three-story, 25 Heyman, J., 27
Frame type structures, member equations High-strength steel, 383, 384, 409
deformation and end actions, 654 Hinged model, 770
description, 653 Hinged support
equilibrium conditions, 657 3-D, 170
fixed end actions, 654, 655 planar loading, 169
moment and shear quantities, 657-658 portal
nodal displacement, 655 gravity loading, 323
slope-deflection equations, 658 lateral loading, 323

superposition, 655, 656 variable cross-section, 325
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Horizontal cables
distributed load
description, 397, 398
tension determination, 398
equivalent axial stiffness
actual and perturbed configurations, 407
deflection patterns, 407, 408
modified elastic modulus, 408
net motion, 407
sag ratio, 409
Horizontal projection
catenary shape, 412
distributed loading, 397-399
Huntington, W.C., 530

I
Idealized dead loading, 430
Idealized model
defined, 899
integral abutment bridge, 883
loading-idealized model, 900
story stiffness, 781
sub-elements, 780
three-span arch, 902
Idealized models
integral abutment bridge, 883
Impact magnification factor, 888
Inclined cable, 394
concentrated load, description, 394
Inclined cables
cable-stayed schemes, 581
concentrated load
description, 394
reactions and horizontal force, 393
sag determination, 396, 397
equivalent axial stiffness
Ernst’s formula, 411
guyed tower modeling, 409, 410
Millau Viaduct Bridge in France, 409
modified elastic modulus, 411
steel cable, 411
Incremental load, 1022
Indeterminate, 574, 582, 584, 586, 604, 618, 622, 626,
629-636
arches, 604, 610
beams
first degree, 572, 584
second degree, 576, 586, 588
frames
first degree, 604, 616
second degree, 622
plane truss, 57
portal frames, 616, 618
trusses
internal force distribution, 631
member forces, determination, 631-634
principle of virtual forces, 630
structures, 629
three member truss, 629, 630
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Inelastic analysis, 1013-1034
Inelastic behavior, 1026, 1027
Inelastic bending, 1015
Inelastic deformation, 11, 12, 27, 747
Inelastic response
computer software, 1034
dead loading, 1033
limit analysis process
fixed-ended beam, 1019-1021
loading, 1018
plastic fracture model, 1018
simply supported beam, 1018-1019
two-span beam, 1021-1025
two-story frame, 1025-1026
load capacity determination, 1032
moment capacity, 1018
moment—curvature relations, 1015-1018
nonlinear analysis scheme
bilinear moment—curvature model, 1026
end forces, 1027
equilibrium equations, 1026
force increment, 1028
global force equilibrium equation, 1027
matrix notation, 1026
2 point Gaussian approximation, 1027
portal frame, 1028-1029
refined mesh, 1026
three-story frame, 1030-1031
transverse displacement, 1026
structural steels, stress—strain behavior of, 1013—-1015
Influence lines, 261, 262, 264, 272
actual loading distribution, 107
chord forces, 109
deck-beam system, 105
diagonal members, function, 107
force parameters, 879
live load analysis, gable roof structure, 111-113
load positions and corresponding member
forces, 105, 106
loading, 105
loading zones, 875, 876
Miiller-Breslau principle application, 875, 878
peak value, member force, 108
shear, 107
slender members, compression vs. tension, 108
span beam, 878
structure and truck loading, 110
truss geometry, 105, 106
virtual work, principle
cantilever construction-concentrated
loading, 266
construction, 262-266
equilibrium equations, 285
uniform design loading-cantilever
construction, 272
Integral abutment bridges
elevation—three-span, 881, 883
idealized model, 881, 883
Internal bending moment, 182
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Internal forces

free body diagram, 205

planar loading
beam and eccentric lateral load, 188
cantilever beam and multiple concentrated

loads, 184

internal shear and moment, 194
maximum bending moment and shear force, 184
shear and moment diagrams, 184
sign convention, 183
uniform loading and cantilever beam, 187

structural analysis, 30-33

J
Joints
3-D trusses
analysis process, 122
direction cosines, 121
displacement computation, 127
force equilibrium equations, 119
resolution, force, 121
tetrahedron, analysis, 125-127
tripod structure, analysis, 122—-124
definition, 47
deflections, 90
pin joint connections, 54

K

Keystone arch construction, 422, 423
Kirchoff’s hypothesis, 211

K-type truss, 82

L
Lambe, T.W., 530
Lane load, 17
Lateral loading
3-hinge gable frame, 335-337
building response
center of mass, 937-940
description, 925
forces acting, center of mass, 941
multistory response, 943-945
portal frames, 323-325
stiffness elements, 942, 943, 945
center of mass, 968
center of twist, 970, 971
center of twist and seismic floor loads, 967
deflection profiles, 356
displaced configuration, 969
frames, 972
pitched roof frames, 330-338
story rigid frames, 965-966
treatment
earthquake loading, 920-925
rectangular buildings, 917
wind loading, 918-919
Lateral stiffness, 409, 745-748, 917, 949
Limit analysis, 1018-1025
Limit load, 1025

Index

Limit state, 11, 27, 1021, 1023-1025, 1028
Line elements, 4,7, 212
Live load gravity, 16-17
Live load patterns
deflection pattern
beams, negative moment, 980, 981
columns, negative moment, 980, 981
positive moment, 980, 1000
earthquake analysis, 986-988
gravity type loading, 980
loading pattern
columns, maximum negative moment, 980, 982
maximum positive moment, 980, 1000
multistory frame, 980
uniformly distributed live load, 982-985
Live loads, bridges
truck loading and span discretization, 885, 886
uniform live load, 888—890
Load magnitude, 1023
Loading(s)
codes and technical societies, 13
gravity live loads, 1617
properties
importance factor, values, 16
occupancy categories, 16
quasi-static loading, 15
temporal variation, 15
snow, 22-24
source
construction, 14
function, 13
interaction, environment, 30-33
terrorist loads, 14
Loading pattern
computer-based analysis, 895
dead load, 894—-895
span discretization, 893, 896
Loading zones, 875-877
Local reference frame
member and nodes, 809, 810
nodal forces, 812
rotation matrices, 811
rotation of axes, 809, 810
structure, 809, 810
Low-rise rigid frames
bracing, 785-790
shear stiffness method, 779-784

M

Mass, 13, 15, 19, 25, 26

Matrix formulation, 807—-809
displacements, computation, 135-141
floors and stories, 946
force equilibrium equations, 133-135
inertia forces, 947
manual techniques, 131
member—node incidence, 133
notation, 131-133
rigid frames
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end forces and displacements, 807
fixed end forces, 809
linearly loaded beam, 809
member stiffness matrices, 807-808
stability, 135
story structure, 948
system load, mass and stiffness matrices, 949
Maxwell’s law
compatibility equations, 571
definition, 569
reciprocal loading conditions, 569-571
Method of joints
cantilever truss analysis, 71-74
five member truss, 65-71
gable roof truss analysis, 75-77
plane truss, 61
three member truss analysis, 62—65
zero force members, 72
Method of sections
chord trusses, 78
design, 142
equilibrium equations, 77
hybrid analysis strategy, 84—86
joints, 77
K-type trusses, analysis, 82—-84
parallel chord truss, 79-80
roof truss, 80-82
shear forces, 78
Method of virtual forces
arches, 447
beams, 231
bending, slender beams, 231
deflection computation, 232
displacement, roller support, 376
frames, 344
horizontal deflection determination, 374, 378
horizontal displacement, 376
trusses, 78
vertical deflection determination, 374, 375, 378
M1, M2, and M3, maximum value, 277, 878, 908
Modern cables, 383
Modern structural software systems, 1023
Modulus of elasticity, 34, 44
Moment area theorems, slender beams
cantilever beam, 220
cross-sectional rotation and deflection, 218
double integral, 219
First Moment Area theorem, 218
integration, x1 and x2, 219
Second Moment Area Theorem, 219
simply supported beam, 224-230
Moment capacity, 1015-1018, 1023, 1026
Moment distribution
multi-span beams
dimensionless factor (DF), 699
incremental moments, 699
iteration cycle, 698
method, 698
moment equilibrium, 699
moment release, two span beam, 702-703
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multiple free nodes, 703-704
reduced relative rigidity factor, 702
solution procedure, 698
three span beam, 704706
two span beam, 700-704
unbalanced clockwise nodal moment, 698
Multi-bay
multistory frames, 567
portal frame, 306
Multiple concentrated loads
force envelopes
absolute maximum moment, 277
computation, maximum moments, 277-282
critical truck loading position, 283
dead + truck loading, 284
forces, 275
M1 and M2, maximum value, 277
maximum bending moments, 278
moment diagram-arbitrary position, loading, 276
truck moving across, span, 283
internal forces, cantilever beam, 184, 188
Multi-span beams (gravity loading)
data-moment diagrams
quantitative reasoning, relative stiffness, 769-770
single-span, 768
three-span, 768, 769
two-span, 768
Multi-span beams force method
structures, 567
Multi-span bridges, 878
geometric configurations
elevation—three-span, 881, 883
idealized model, 881, 883
integral abutment bridge, 883
sintegral abutment bridge, 882
span arrangements, 880, 881
span lengths
bending moment distribution, 882, 884
symmetrical scheme, 882, 884
Multi-span horizontal structures
cable-stayed
bridge, 903-907
structure, 911
engineering process, girders, 873-875
global deflection, 910
idealized tied arch, 911
influence lines, 875-880, 908
single span bridge, 908
span lengths, 908
symmetrical cable structure, 913
three-span parabolic arch response, 902-903
Two-Hinged Parabolic Arch Response, 899-901
multistory building systems
multistory building systems, 915-917
Multistory buildings
braced frames, N-S and E-W directions
beam properties E-W direction, 989
configuration, 992
deflection, 996
floor loading, 1006
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Multistory buildings (cont.)
interior columns, 982
result, 998
four-story building
floor plan and elevation structure, 989
global wind loads, 990
loading and member data, 989
load paths, 1006
loading patterns estimation, Miiller—Breslau principle,
1006-1009
loads, frames
rectangular building, 975, 976
structure, 975, 976
system, 975
rigid frames, N-S and E-W direction
beams, N-S, 998
braced vs. rigid frame, 997
columns, N-S, 998
connection, N-S beams and columns, 998
dead load, 1008
design values, 1005
live load patterns, 980-989
moment diagrams, 1024
result, 1006
uniform live load, 888—889
wind load N-S, 990-992, 997, 998
systems
braced frame structure, 916
lateral stiffness systems, 917
low-rise building, 916, 917
Multistory response
forces
floor, 943
inertia, 944
interstory deformation, 943
shear beam, 945
Multistory rigid and braced frame, 306
Multistory rigid frames
gravity loading, 771
lateral loading
approaches, estimation, 771
inflection points, 771
low-rise, bracing, 785-790
shear stiffness method, 779-784

N

Nodal equilibrium equations
direct stiffness method, 816
equilibrium equations, 815
member end actions, 814
member node incidence, 812-813
member reaction forces, 815
positive/negative end, 812
system matrices, 818

Nodes
and member incidence, 133
concurrent force system, 56
description, 47
horizontal displacement, 94-99

Index

member af and cf, extreme values, 108
plane trusses, 118
positive and negative, member n, 131
scalar equilibrium equations, 57
Non prismatic members, 241-244
Nonlinear analysis
bilinear moment—curvature model, 1026
end forces, 1027
equilibrium equations, 1026
force increment, 1028
global force equilibrium equation, 1027
matrix notation, 1026
2 point Gaussian approximation, 1027
portal frame, 1028-1029
refined mesh, 1026
three-story frame, 1030-1031
transverse displacement, 1026
Nonlinear equations, 734
Nonlinear stress—strain relation, 1015

(0]
Optimal shape
parabolic arch, 435
statically determinate arch, 462463
Out of plane loading
end actions, 729
equilibrium equations, 731
free body diagrams, 686, 688
grid structure, 733-734
plane frames
3-D system, 359, 361
displacement and rotation, 358
gravity load, 359
highway signpost, 359
transversely loaded grid structure, 362
prismatic member, 729
Overturning
base pressure distribution, 553
defined, 533
stability, 553
toe and sliding, 532
vs. safety, 545

P
Parabolic geometry
notation, parabolic shape function, 435
shallow vs. deep parabolic curved members, 436442
Passive soil pressure, 531
Pattern loading
three-span system, 888—889
uniform dead and lane, 894
P-delta effect, 745, 749, 750, 764
Peak acceleration, 23, 25, 26
Peak pressure, 480, 481, 502
Peck, R.B., 479, 530
Piles/caissons, 476, 547-549
Pitched roof frames
analytical solutions
gravity loading, 330, 331
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displacement profiles, shear and moment
diagrams, 379
expression, horizontal reaction, 627
member loads
equivalent vertical loading, 328
inclined member, 326, 327
normal and tangential directions, 329
reactions, 326-320
peak negative and positive moments, 628
primary structure, 625
relative stiffness factors, 625-626
structures, 326
three-hinge solution, 628
total bending moment distribution, 627
two vs. three-hinge solution, 628
Planar beam systems, 171
Planar bending, 164
definition, 164
stability and determinacy, beams see Stability
transverse displacement, 286
Planar trusses
analysis
axial force, 90
equilibrium considerations, 56
statically determinate, 57-58
bottom and top nodes, 49
complex and compound, 49
simple planar truss construction, 48
structure, 91
two member, 91
Plane frames
transverse deformation, 612
Plane trusses
2-D, 118
definition, 47
node, 56
statical determinacy, 142
plastic fracture model, 1018
plastic hinges, 1023, 1025
Platforms, 4, 13
Portal framesanti-symmetrical loading, displacement
method
chord rotation, 690
frame with no sideway, 692—-694
frame with sideway, 694—697
moments and shear, 692
slope-deflection equations, 690
bending moment distribution, 621-622
expression, displacement, 614
gravity-loading
anti-symmetrical model, 618
bending moment distributions, 619
compatibility equation, 618
decomposition, loading, 617
horizontal reaction, 619
net bending moment distribution, 620
peak moments, 620
symmetrical model, 618, 619
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two-hinged, 618
lateral loading symmetrical
two-hinged, 616
overhang, 321-323
reaction, gravity loading, 613, 614
simply supported, 316-318
structure, 613, 614
symmetrical
anti-symmetrical loading, 622
bending moment distribution, two-hinged frame,
623, 624
displacement, 622
hinged and fixed supports, bending moment
distribution, 624, 625
structures, 622
symmetrical loading, displacement method
description, 689—690
moment equilibrium, 690
Portal method
axial and shear forces, 773, 775, 776, 778
bending moment distribution
beams, 773, 775, 776, 778
columns, 773, 776, 777
description, 772, 796
moments, joints, 772, 773, 777
reactions, shear forces and moment distribution, 773,
775,776, 778
rigid frame, 771-772, 776
steel frame, 799
Positive sense, bending, 310
Primary structure
description, 562
displacement, 564, 577
fixed end moments, 590
flexibility
coefficients, 564
matrix, 613
force redundants, 566, 568
geometric compatibility equation, 563
multi-span beam, 568
pitched roof frames, 625-629
redundant moment, 568
vertical restraints, 564
Principle of virtual forces
axial and shear forces, 345
deflections, computation
cantilever-type structure, 345-347
horizontal displacements and rotation, 348-350
non-prismatic member, 352-355
steel structure, 350-353
low-rise frames, 345
planar frame structure, 344-345
Prismatic beams
combined bending and torsion, 164, 166
cross-sections and bending mode, 163, 164, 166
geometrical parameters and notation, 163
Mechanics Theory, 164
planar bending, 164, 286
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Q

Qualitative reasoning, deflected shapes
beam and moment release, 217-218
cantilever beam, 216
moments, positive and negative, 213, 215
overhang and beam, 216
positive and negative curvature, 213
shape transition at inflection point, 214
supports-displacement measures, types, 213, 214
uniformly loaded and simply supported beam, 215

R
Rankine theory
defined, magnitude per unit wide strip, 531
distribution, soil pressure, 530
horizontal forces, 531
soil pressure, surcharge, 532
Reactions
planar loading
beam and two over hangs, 174-175
beam free body diagram, construction, 175
horizontal beam supports, vertical sign, 180—182
simply supported beam, 175-176
statically determinate and indeterminate structure,
173
three-span beam and two moment releases,
179-180
two-span beam and moment release, 176—179
structural engineering
forces, 30
statically indeterminate beam, 41-42
supports, planar structures, 7, 10
Rectangular footing, loading, 483, 496
Redundant
cable force, 582
displacements, primary structure, 586
external loading, 586
force
expression, primary structure, 567
reaction, 563, 567
steps, 562
internal force, 567
matrix equations, 613
tension, tie, 610
three-span beam, 576
Refined mesh, 1026
Relative stiffness
bending moment distribution, 597
clamped/hinged model, 770
end moments estimation, 771
flexibility coefficients, 625
hinged and clamped end model, 770
internal force distribution, 631
multi-span beam, 768, 769
qualitative reason, 797
two-span beam, 597
Resultant
centroid, 480
force, 479
pressure distributions, 505

Index

Resultant
combined footings, 493
factored loads, 494
line of action, 481, 493
Rigid body motion
prevent
arranged, 58
insufficient, 59
order, 114
reactions, 87
required, 57
respect, 114
supported, 48
Rigid frame
displacement method
anti-symmetrical loading, portal frames, 690-697
description, 685
free body diagrams, members and nodes, 686, 688
moment equilibrium, 686, 690
sideway, 686
slope-deflection equations, 658
symmetrical loading, portal frames, 689-690
five story symmetrical rigid frame building, 986
lateral loading, 330, 332
multistory, 306
pitched roof frames, 326
simply supported gable, 330-335
triangular, 380
Roller support, 169—-170
Rotation, 309, 345-346, 348, 350, 358, 359, 375, 376
Rupture strain, 1014

S
Sag
arc length, 403-406
concentrated loads, horizontal cables
angle of inclination, relationship, 388
downward vertical, 391
expression, 387, 389
profile, 392
distributed loading, 395-397
equivalent axial stiffness, 409
inclined cables and concentrated loading, 393-397
Sandy soil
allowable pressures, 477, 479
pressure distributions, 477, 478
Sections
cantilever walls design, 549-552
Service loads, 26, 483, 486, 498, 500, 501, 516
Shallow curved members
non-shallow curved member, 445446
trigonometric measures, 436
vs. deep, 436
Shallow foundations
allowable soil pressure, 516
combined footing, 520
dimensions, square/rectangular, 517
pad footing, 522
service loads, 516
square columns, 517
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strap footing, 521
types
combined footing, 477
footings, 476
single footing, 476
strap footing, 476
structure, 475, 476
superstructure, 475
Shear force, 184, 246, 262-266
influence line
construction, 262-266
maximum bending moment, 184
transverse, 246
maximum moment occurs at mid-span, 442
Shear stiffness method
approximate analysis, 783-784, 794-796
bottom story-fixed support, transverse shear
model, 782
description, 796797
elements, 950
exterior and interior element—upper story, 781
factors, 949
low-rise frame, 780
parameter, 785
ratios
lowest story, 783
upper stories, 781
slope-deflection equations, 781
steel frame, 799
sub-elements, base story
fixed support, 782
hinged support, 783
total transverse shear, 779
Shear walls, concrete frame, 916
Shell, 4, 7
Sideway

with sideway, frame’s moment distribution, 694-697
computer-based analysis, frame with inclined legs,

726729
fixed end moments, 718
frame with inclined legs, 722-726
“holding” forces, 718
portal bent, 719-722
without sideway, frame’s moment distribution
end actions, 723-726
support settlement, two-bay portal frame,
713-715
symmetrical loading, two-bay portal frame,
711-713
temperature increase, two-bay portal frame,
715-718
Sign convention
matrix formulation, beam bending problem, 183
positive directions, 183
Simple planar truss, 48, 49
Simple space truss, 48
Single footings
column position, 483
dowels use, 485
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effective soil pressure, 483
procedure, 484
service loads, 486-489
shear and moment, 484, 485
shear, location, 484, 485
square/rectangular, 488—493
steel reinforcement, 485
Slender beams
centroidal axis, strain, 211
cross section rotation angle, 212
curvature relationship, moment, 212-213
differential elements, 211, 212
express and curvature, extensional strain, 212
homogeneous beam, 211, 213
Kirchoff’s hypothesis, 211
moment area theorems, 218-230
non prismatic members, 241-244
qualitative reasoning, deflected shapes see Qualitative
reasoning, deflected shapes
virtual forces method, 231-232
Sliding
defined, 532, 536
stability, 553
vs. safety, 533
Snow load
drift profiles, 24
flat and sloped roof, 23, 24
Soil friction angle, 553
Soil pressure distributions
allowable pressures, 477, 479
analytical method
equilibrium, 480
line of action, 481
peak pressure, 480, 481
plan, rectangular area, 482
single footing, 479
trapezoidal, 481
concentric load, 477, 478
description, 477
determination, 515
dimensions, footing, 477-479
footing/wall base, 539
Rankine theory, 531-532
Spectral acceleration, 922, 923
Stability
3-D trusses, equilibrium analysis
Cramer’s rule, 135
requirement, 135
and determinacy, beams
concurrent displacement constraints, 166, 167
fixed and hinged support, 168
3-D fixed support, 170
3-D hinged support, 170
moment release, 172—-173
multiple supports, 171, 172
planar rigid body motions, 165, 167
3-D roller support, 170
roller support, 169
static determinacy, 171
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Stability (cont.)
unstable support arrangements, 171
X-Y plane, 165
planar truss
complex truss, 61
compound truss, 60, 61
equilibrium equations, 58
plane truss, 57, 58
simple and compound trusses, 61
simple trusses, 58
suitably restrain, 58
unstable, motion restraints, 58
structural engineering
initial, 7-11
loss and material failure, 11-12
priorities, 12
Stabilizing effect, 527
Static determinacy
2-D plane trusses, 118
stable determinate structure, 118
structure, 118
unstable structure, 119-120
Statically determinate beams
engineering process, 258-259
force envelopes, 259262
influence lines, 259-262
Statically determinate curved members
arch-type structures, 423-428
factors and concepts, 463—464
internal forces, 431-435
models, arch structures, 429431
objectives, 463
parabolic geometry, 435-436, 439, 443, 451, 454
problems, parabolic member, 464—473
three-hinged arches, analysis, 450-463
virtual forces
circular, 447-450
displacements, 442
non-shallow slender, 443
shallow slender, 443-447
Statically determinate plane frames
axial forces and end moments, 380
beams and columns, 305
bending moment distributions, 369
computer-based analysis, 358
displacement determination, 381
planar loading
adequate support schemes, 307
indeterminate portal and A-frames, 309
indeterminate support schemes, 307
nodal forces and rigid plane frames, 309
three-hinge plane frames, 306-310
reactions, shear and moment distributions, 363
rigid plane frames, 305, 309
steel material, 380
virtual force
method, 374-378
Steel base plate, 485

Index

Stiffness
definition, 34
material, 27
method, 40
Stiffness factor, 39
Straight members
“equivalent”, 409
slender, 442
Strain hardening, 1013, 1015
Strands, 384, 409
Strap footings
description, 504
design approach, 505, 511
equilibrium, 503
notation and pressure distribution, 504, 505
reinforcing patterns, 507
soil pressure profile, 509
summing moments, 505
Stress-strain, 11, 213, 651, 738, 1013-1015, 1017
Structural components, 4, 11, 12, 30, 42
Structural engineering
components and types, 4, 5
design
loading, 4, 7
philosophy, 26-27
reactions, 7, 11
stability
initial, 7-11
loss and material failure, 11-12
priorities, 12
Structural idealization, 48, 50
Structural steels, 1013-1015
Structural types
function, 4, 5
makeup, 4, 7
Superposition, 655, 656
Support constraints, 806
Support settlement
moments, 891
resulting moments, 891
three-span beam, 890
Surcharge, soil pressure, 532, 553
Surface elements, 4, 7
Symmetrical buildings
earthquake floor loads, 956
flexible floors, 955
floor load distribution, 956
frame load-rigid, 957
idealized building model, 945
maximum column moments-rigid and flexible
floors, 955
one story frame, 960
rigid frame building, 954
rigid frame structure, 951
segmental areas, 953
shear stiffness factors, 952
structure, 949
total story stiffness, 952



Index

typical floor, 952
typical frame, 949
Symmetry and anti-symmetry
deflected shapes, 254-258
shear and moment diagrams, 250-252

T
Tall building
lateral deflections, 791, 792
quantities, Mi+ and VTi+, 1, 792
segment, 792
Tandem, 17
“Tangent” stiffness matrix, 1028
Temperature change
effect, 103
total extension, 91
Tension
cable-stayed structures, 384
concentrated loads
horizontal cables, 386, 389
determination
catenary equations, 414
maximum tension, 418
peak values, 421
segment, cable, 413, 414, 416
distributed loading
horizontal cables, 398, 408
inclined cable, 399, 401
equivalent axial stiffness, 407409
Terrorist loads, 14
Terzaghi, K., 479, 530
Thermal loading, 13
Three-dimensional (D) formulation, 3
displacement measures, 850-851
notation, 850
Three-dimensional (D) trusses, 3
equilibrium analysis, 114
joints, 120-131
restraining rigid body motion, 114117
restraints, rigid object, 115
space truss structures, 114
static determinacy, 118-120
tetrahedron units, -D trusses, 3, 114
Three-hinged arches
and geometry and reactions, 450
1° indeterminate, 429
optimal shape, statically determinate arch, 462, 463
parabolic arch
concentrated load, mid-span, 456-459
force equilibrium, 451
horizontal and vertical loads, 460, 461
uniform vertical loading, 452-456
Three-Hinge frames
deflection profiles, 356-358
description, 309
gable
lateral loading, 335-337
gravity loading, 330, 331
lateral loading, 330, 332
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portal
shear and moment distributions, 363
shear and moment, 339-341
3-D Hinged support, 170
Three-span arch study
discrete force envelopes, 895, 897
idealized model, 902, 904
Three-span continuous girder bridge
axle loading, 888
cross-section, 895
loading patterns, 894, 895
support settlement, 899
truck loading, 896, 897
uniform load patterns, 895
Three-span parabolic arch response, 902-903
Thrust, 610, 611
Tied arches, 610
Torsional response
floor rotation, 929
shearing, 945
Toughness, 1014
Tower, 4, 14
Transverse distribution, truck loading
axle distribution factor, 888
loading, 888
slab-stringer bridge deck cross-sections, 887, 888
vehicle wheel loads, 887
Trapezoidal rule, 299
Truck load, 17
Truss
defined, 7
formulation
fixed end actions—members and joints, 838
force and displacement, 834
load vectors, 838
local and global frames, 835
stiffness matrix and displacement vector, 837
topological and geometric information, 823
unknown displacements, 838
Truss structures
facts and concepts, 142
matrix formulation
displacements, computation, 135-141
force equilibrium equations, 133—-135
manual techniques, 131
member—node incidence, 133
notation, 131-133
stability, 135
objectives, 141
planar trusses, analysis
3-D space structures, 55
complex trusses, 86—89
equilibrium considerations, 56
joints, method, 61-77
sections, method, 77-86
stability criterion, 58—61
statically determinate planar trusses, 57-58
problems
plane trusses, classification, 142, 161
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Truss structures (cont.)
types
complex planar, 49
compound planar, 49
compression elements, 52
covered wood bridges, 51
Egyptian boat built, 50
flourishing industry, New England, 52
force parallelogram, 50
high-strength bolts and welding, 54
iron trusses, 52, 53
pin joint connections, 54
plane and joints, 47
simple planar and space, construction, 48
single span truss bridge system, 50
steel, 52
structural systems, 49
three-dimensional truss roof system, 55
wooden bridge truss structures, 52
Two-hinged arch
and 1° indeterminate, 429
structure, 429
Two-hinged parabolic arch response
discrete force envelopes—truck loading, 890, 894,
897
idealized model, 902, 904
3-D Hinged support, 170
Type of foundations
footings
description, 475
single, 476
strap, 476, 477
structure, 475, 476
superstructure, 475

U

Unstable
initially, 59
structure, 119

v
Vertical retaining wall structures
cantilever, 527, 544
concrete piles, 547
design, cantilever walls, 549-551
gravity, 526-527
gravity wall, 533, 534
peak pressure, 534
stability analysis
cantilever and gravity, 533
concrete gravity wall and soil backfill, 535
defined, safety for sliding, 533
equilibrium, 532
force summation, 533

Index

gravity wall, 532
overturning, 533
types, 525
with footing, 539, 544
Virtual forces method
and actual force, 101
application, 141
curved members
circular, 447-450
displacements, 442
non-shallow slender, 443
shallow slender, 443-447
definition, 93
deflection, computation, 95-97
diagonal pattern reversed, 102
matrix equations, 137
procedure, 93
truss applications, 103

W
Whitman, R.V., 530
Wind load
pressure
distribution, 17-19
profiles, 19-22
vortex shedding, 22
velocity distribution, 19, 20
Wind pressure
distribution, 17-19
profiles
Bernoulli’s equation, 19
stagnation and design pressure, 20
vortex shedding, 22
Wind speed, 19, 20
Wind velocity, 19

Y
Yielding
bending envelopes, 901
concrete, 1013
elastic limit, 1015
factor loads, 516
necking, 1013
steel, 1013, 1014
yield strain, 11, 1013
Yielding support, beam
axial force, 583-584
deflection, 578-579
external concentrated loading, 580
force redundant and displacement profiles, 577, 579
force redundant system, primary structure, 580
linear elastic behavior, 579
supporting members, 577
vertical restraint, 578
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