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Topics for this Session

» Static push-over analysis.

- Displacement control and event-to-event method.
- Some more advanced aspects.
- How is it used ?

- Advantages and disadvantages.
= Dynamic step-by-step analysis.
- Advantages and disadvantages.

- |s it feasible (how much computer time)?
- Hysteresis loops.

- Damping.

- Step-by-step integration.

NEXT TOPIC

» Static push-over analysis.

- Displacement control and event-to-event method.
- Some more advanced aspects.
- How is it used ?
- Advantages and disadvantages.
= Dynamic step-by-step analysis.
- Advantages and disadvantages.

- Is it feasible (how much computer time)?
- Hysteresis loops.

- Damping.

- Step-by-step integration.

CSi
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Load Sequence

Gravity load

Y Y Y ¥y

|

f

Push-over _,, |
!
]

—
._|

i
load pattern ;rl i
S | f /
y y

* Apply gravity loads first. Then add push-over loads, keeping the
gravity loads constant.

» Specify the push-over load pattern only, not its magnitude. The
magnitude is found during the analysis.

* The gravity load analysis is simple, and usually linear, The
complicated part is the push-over analysis.

* The push-over analysis uses displacement control.

Load Control vs. Displacement Control

LOAD If load exceeds sirength LOAD Load increment
A there is no solution A can be negalive

o

Usually apply | Requires
equal load a4 unequal load
Increments increments d

I I 1 1 I

> | B
Ly DISPL. L - | DISPL.

Get unequal displacement increments Apply equal displacement increments
LOAD CONTROL DISPLACEMENT CONTROL

* For load control the load increment is specified for each step.

* For displacement control, the load increment is not specified.
Instead, the displacement increment is specified, and the required
load increment is calculated (see the next slide).

* Displacement control is not the same as imposed displacements.
The loads are specified, not the displaced shape.

CSi 5
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Displacement Control Procedure

@ Calculate corresponding
displacement increment,

LOAD ~—1—>|

A

@ Scale back lo specified
@ Apply an arbitrary displacemenl increment.

load increment.  ® .
@ Hence gel required

load increment,

P DISPLACEMENT
@ Displacement 4 @ Specified displacement

al start of step. increment for the step.

Analysis With Nonlinear Events

LOAD LOAD
DISPL DISPL
LINEAR NONLINEAR
Constant slifiness. Changing stifiness.
Simple lpading-unloading paths. Complex loading-unloading paths.
Analysis is basically simple. Analysis is not so simple.

» A significant stiffness change is a nonlinear “event”,

* PERFORM uses the event-to-event strateqy. Essentially, the
complete nonlinear behavior is traced out, from event to event.

» The most common events are yielding (stiffness reduces) and
unloading (stiffness increases), but there are many others.

CSi
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Displacement Control with Event-to-Event

LOAD Linear solution (after

A scaling to specified
@ displacement increment).

(5) New linear solution.

New
@ stiffness. Repeat if there are
more events. Hence
Stiffness at get load increment.

start of step.

P DISPL

P

Specified displacement
increment

Load Control with Event-To-Event

LDADA Linear
solution Etc.
y Y
Scale to ,~
Specified event ,"
load

increment

\ 4

:
e s  DISPL

Displacement increment
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Reliability and Efficiency

* The event-to-event method is the most flexible and reliable
method.

» |t can be used for displacement controlled or load controlled
analysis.

» Its major disadvantage is that the stiffness must be modified
at each event (but not completely reformed).

- As the structure size increases, the number of events
tends to increase.

- Also, the computer time to modify the stiffness
increases.

- Hence the computation cost tends to increase
exponentially as the structure gets larger.

» There are many other nonlinear solution strategies.
Sometimes they can be faster, but they are more difficult to
use and |ess reliable.

» PERFORM-3D is very reliable, and is competitive in speed.

NEXT TOPIC

» Static push-over analysis.
- Displacement control and event-to-event method.
- Some more advanced aspects.
- How is it used ?
- Advantages and disadvantages.
= Dynamic step-by-step analysis.
- Advantages and disadvantages.
- Is it feasible (how much computer time)?
- Hysteresis loops.
- Damping.
- Step-by-step integration.

CJi !

Performance-based Design using Nonlinear Analysis Notes: Fawad A. Najam, PhD



Nonlinear Modeling using PERFORM 3D - CSI Seminar by Prof. G. H. Powell

Controlled Displacements

* |n a displacement controlled analysis, the displacement is
increased in equal increments. A structure has many
displacements. Which one should be incremented?

* Fora PERFORM push-over analysis there are two key
displacements, namely (1) the Reference Displacement, and
(2) one or more Controlled Displacements.

* The reference displacement is usually the roof displacement.
When a push-over curve is drawn, the X axis is the reference
displacement and the Y axis is the horizontal load.

* Ifthere is only one controlled displacement this is also usually
the roof displacement. This is incremented during the analysis,
in equal steps.

* However, the roof displacement may not be "well behaved®, and
it may not be possible to increase it in equal steps. In this case it
Is necessary to use multiple controlled displacements.

* This is illustrated in the next slide.

10

oyl AL
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4 567

'n.
A,

* The top story is elastic. The bottom story yields and loses strength.
* The load vs. roof displacement curve doubles back on itself.

* The roof displacement is “badly behaved”. If this is the only
controlled displacement, there may not be a solution.

» For cases like this it is essential to use several controlled
displacements, not just one. In this example use both A, and A,.

CJi 3
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Event Overshoot

LOAD

Allowable »p End of load or
overshoot / displacement step
S
/

Exact event

4\ There can be several

displacement step

P DISPL

= The computation cost can be reduced by allowing event overshoot, so
that several events can occur in a single substep.

* The disadvantage is that there is a temporary equilibrium unbalance.

* In PERFORM the overshoot tolerance is typically 1% of the component
strength. However, larger (and also smaller) values can be specified.

* Larger overshoot tolerances can be allowed for larger structures — they
can usually absorb larger equilibrium unbalances.

Event Overshoot for Load Control

LOAD ’ i
A Displacement ignoring

unbalance (incorrect)

Displacement considering
unbalance (correct)

Scaletoevent  Eyact path
plus overshoot

Load
increment Allowable

overshoot

Equilibrium unbalance
caused by overshoot

Exact event

»-
DISPLACEMENT

Overshoot can also be used with displacement control
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In PERFORM-3D You Must Specify :

* The push-over load pattern. The choices are (a) specified loads,
(b) loads based on masses and a displaced shape, or (c) loads
based on masses and mode shapes,

* The maximum displacement (FERFORM uses drift ratio). Specify
a reasonable value (a 20% drift is not reasonable).

* The number of displacement steps. Suggested = 50. Do not use
very large numbers (e.g., not 500).

* The maximum number of events in any step. This will stop the
analysis if there are convergence problems.

* A limit state to stop the analysis if the deformations become
unreasonably large and there is no point in continuing. In general,
use the default (stop if any component is deformed past the X
point on its F-D relationship).

* The controlled displacements. Do not rely on a single controlled
displacement, especially if there is strength loss.

* The amount of event overshoot. Default = 1%. You can often
increase this for large structures.

NEXT TOPIC

» Static push-over analysis.
- Displacement control and event-to-event method.
- Some more advanced aspects.
- How is it used ?
- Advantages and disadvantages.
= Dynamic step-by-step analysis.
- Advantages and disadvantages.
- Is it feasible (how much computer time)?
- Hysteresis loops.
- Damping.
- Step-by-step integration.

CSi
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Overall Steps for Performance Assessment

(1) Choose loads.

@ Apply ¥ load. Then apply H load

s and calculate push-over curve.

oa

bbb

r‘, .“.‘

I
L]

) =

; '

e

T_
]

L
H load patlemn / H Displacement

@ Using a response spectrum, estimate the
"performance point" or "larget displacement”.

(@) Calculate limit state usage ratios at this point.
If all ratios are < 1, the performance is OK.
* The push-over analysis just gives a push-over curve.

For performance evaluation the performance point (target
displacement) must be determined.

Target Displacement Calculation
“‘Coefficient” Method

LOAD, H
l @ Get factars, C,, C; and C, from empirical
formulas. Scale A by C,.C,.C4
® l St
Given S, get H. !
Hence get A.

f; @ Compare scaled A with Step 1. @
)

/

¥

Iterate until they are equal. Get S, RESDDI’ISE
@® spectrum
Stiffness = K, ——» _.===="% —-<+—Push-over curve
Hence get
period, T,

@ Estimate displacement A.
Construct bilinear approximation.

» DISPL, A

»T
Enter response specirum
with period T,.

See seminar notes for other methods.
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PERFORM-3D Procedure

H Load
A

Demand curve
Capacity curve

' ® (push-over curve)

Curves intersect at
target displacement

H Displacement

* PERFORM-3D includes a number of methods for calculating the
target displacement. A demonstration was given in Session 1.

* PERFORM-3D can then calculate limit state usage ratios at the
target displacement. If all usage ratios are <1, the performance
requirements are satisfied.

PERFORM-3D Computer Time

* 11 story steel frame.

* 3 bays x 7 bays.

*» 720 nodes, 2100 DOFs.

* 960 inelastic beam and
column elements,

* 320 inelastic panel zone
elements.

* 1000 steps @ 0.02
seconds.

* 3 Ghz PC.

* Time about 10 minutes for
one earthquake.
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NEXT TOPIC

= Static push-over analysis.
- Displacement control and event-to-event method.
- Some more advanced aspects.
- How is it used ?
- Advantages and disadvantages.
= Dynamic step-by-step analysis.
- Advantages and disadvantages.
- |s it feasible (how much computer time)?
- Hysteresis loops.
- Damping.
- Step-by-step integration.

22

Push-Over Analysis . Advantages

* |t uses a response spectrum. Dynamic analysis
requires ground motions.

» |t requires less computer time than dynamic analysis.

* [t can provide sensitivity information on the effects of
changing the strength and stiffness.

CSi
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Push-Over Analysis : Disadvantages

* |t does not account directly for the dynamic nature
of earthquake loads.

= |t does not account directly for hysteresis loops.
Stiffness degradation and energy dissipation are
considered only indirectly.

* |t can work well if the structure responds in
essentially a single mode of vibration. It is less
accurate, and possibly inaccurate, for tall buildings.

» Static push-over analysis is a valuable part of the
design process. However, it has limitations for
performance assessment.

NEXT TOPIC

» Static push-over analysis.
- Displacement control and event-to-event method.
- Some more advanced aspects.
- How is it used ?
- Advantages and disadvantages.
= Dynamic step-by-step analysis.
- Advantages and disadvantages.
- Is it feasible (how much computer time)?
- Hysteresis loops.
- Damping.
- Step-by-step integration.

CSi s
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Dvnamic Analysis Disadvantages

A dynamic analysis model is rather more complex than
a static push-over model.

A response spectrum can not be used. The analysis
requires ground motions.

* The response can be sensitive to changes in the ground
motion. Analyses must be carried out for a number of
earthquakes.

* |trequires more computer time than push-over analysis.

* The analysis does not give sensitivity information.
Hence it is more difficult to evaluate alternative designs.

(.__J,i 26

Dynamic Analysis Advantages

* |t applies to structures of all types.

» |t accounts directly for the dynamic nature of
earthquake loads.

» |t accounts directly for hysteresis loops and
energy dissipation.

* Dynamic analysis is more general and more
accurate than push-over analysis.

C/i
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NEXT TOPIC

» Static push-over analysis.
- Displacement control and event-to-event method.
- Some more advanced aspects.
- How is it used ?
- Advantages and disadvantages.
= Dynamic step-by-step analysis.
- Advantages and disadvantages.
- |s it feasible (how much computer time)?
- Hysteresis loops.
- Damping.
- Step-by-step integration.

» 61 stories.

» 2250 nodes, 6200 DOFs.

= 1200 elastic wall elements.

» 120 inelastic wall elements.
= 320 beams and columns.

» 16 BRBs.

= 1000 steps @ 0.02 seconds.
» 3GHz PC.

* Time about 2 hours for one
earthquake.

T e
AARARIALERALRET ]
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PERFORM-3D Computer Time

* Very large and complex.
= 50 stories.

* 16,700 nodes.

* 48 000 DOFs.

» 12,500 inelastic wall
elements.

* 9400 inelastic beam
elements.

* 1000 steps @ 0.02
seconds.

» 2 GHz PC.

* Time about 3 days for one
earthquake.

Al

NEXT TOPIC

» Static push-over analysis.
- Displacement control and event-to-event method.
- Some more advanced aspects.
- How is it used ?
- Advantages and disadvantages.
= Dynamic step-by-step analysis.
- Advantages and disadvantages.
- Is it feasible (how much computer time)?
- Hysteresis loops.
- Damping.
- Step-by-step integration.

CSi 3
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Some Hysteresis Loop Shapes

(7 T

3

D
Cyclic Strength Loss Cyclic Strengthening In-Cycle Strength Loss
F.h Fl F.h
/| O: = . f- j ;
T * Tk Tt
Pinched Buckling Fluid Damper
CJS | 34

Hysteresis Loops : Main Issues

* Under cyclic loading, inelastic components dissipate energy.
Dissipated energy = area under hysteresis loop.

» The sizes and shapes of the loops can significantly affect the
response of the structure.

* In static push-over analysis, hysteresis loops are considered
only implicitly (there is no cyclic loading in push-over analysis).

* In dynamic analysis hysteresis loops can be (and must be)
considered explicitly.

* Different components can have very different hysteresis loops.

CJi 3
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Hysteresis Loops in ASCE 41

ASCE 41 states the following :

“The complete hysteretic behavior of each component shall he modeled
using properties verified by experimental evidence."

“The use of the (F-D relationship shown below) to represent the
envelope relation for the analysis shall be permitted.”

“Unloading and reloading properties shall represent significant stiffness
and strength degradation characteristics.”

Force
C

Deformation

I"':I-i 36

Basic Hysteresis Loop in PERFORM

» PERFORM-3D gives you substantial control over the hysteresis
loop (details in the next few slides),

* The PERFORM loop is based on the YULRX "backbone”
relationship. The ASCE 41 relationship is a special case.

* The loop does not account for progressive strength loss under
constant amplitude cycling. This must be accounted for in the
backbone relationship.

F U
H : ;‘!71:7
Tl m“ﬁ“" [
> D
A T

Y ] J i i

\\ u Cyclic strength loss is not
considered directly.

The backbone relationship It must be accounted for in
envelopes the hysteresis loops. the backbone relationship.

CSi %

Performance-based Design using Nonlinear Analysis Notes: Fawad A. Najam, PhD



Nonlinear Modeling using PERFORM 3D - CSI Seminar by Prof. G. H. Powell

PERFORM Loop : Energy Degradation

» “Degradation factors" can be specified. They depend on the maximum
deformation, for example as shown below.

* Area of degraded loop = (non-degraded area) x (degradation factor).

* PERFORM automatically adjusts the unloading-reloading stiffnesses to
give the required energy degradation.

Get degradation factor
at maximum deformation

A 09 0.7

1.0 ,’(7

/
j«—s Non-degraded
!

|

’ >
/ / D
!
04 03 / = Degraded, based on
) -4 degradation factor
Possible degradation factors, Hysteresis loop

(e.g., based on experiments)

CSi

PERFORM Loop : Unloading Stiffness

» Allthree loops have the same energy degradation.

* Loop A has the maximum unloading stiffness and the smallest elastic range.
= Loop B has the smallest unloading stiffness and the largest elastic range.

* Loop Cis between Loops A and B.

* |n PERFORM you can control the loop shape, with Loops A and B as the
extremes.

* The figures show a bilinear F-D relationship. The trilinear case is similar,

CSi 3
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PERFORM Loop : Strength Loss Interaction

F Backbone relationship

/ / Z‘\___
:
’ »D

7 Full strength
/ loss interaction

No strength
loss interaction

= With no strength loss interaction, if strength loss occurs in one
direction there is no loss in the other direction.

*  With full strength loss interaction, if strength loss occurs in one
direction, the same loss occurs in the other direction.

= |n PERFORM you can control the loop shape, with full and no
interaction as the extremes.

CSi 0

PERFORM Loop : Special Cases

* The loop for a Buckling Restrained Brace includes cyclic
expansion (“isotropic hardening”).

* A buckling strut has a special loop.

» A concrete material cracks in tension and has special
unloading-reloading behavior,

Fu Fa F
/—.‘

-

L//"n 4_\an

BRB Buckling Concrete
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PERFORM Loop : Fiber Section

The PERFORM basic loop does not allow a pinched shape.

However, reinforced concrete fiber sections (for beams, columns and
walls) do have pinched loops.

The figure shows an example (from a PERFORM analysis of a wall).

i

A

NEXT TOPIC

= Static push-over analysis.

- Displacement control and event-to-event method.
- Some more advanced aspects.
- How is it used ?
- Advantages and disadvantages.
= Dynamic step-by-step analysis.
- Advantages and disadvantages.
- Is it feasible (how much computer time)?
- Hysteresis loops.
- Damping.
- Step-by-step integration.

()
-
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The Purpose of Damping

»  An elastic structure dissipates energy by a variety of mechanisms.
This is almost always modeled as viscous damping.

* When a structure yields it dissipates energy more directly, through
inelastic action. The dissipated energy for a component is the area
under its hysteresis loops.

* However, this does not account for all energy dissipation - there is
still a lot of "elastic” energy dissipation.

* Again, this is almost always modeled as viscous damping.
* For nonlinear analysis there are no mode shapes, so the usual
“5% modal damping” can not be used. (It could be, but the mode

shapes would have to be re-calculated at every nonlinear event,
which is impractical.)

* PERFORM has two models for elastic energy dissipation, namely
Rayleigh damping and "Modal" damping.

* 10 story concrete shear wall.
» Left figure = 5% Rayleigh at 0.2T, and 0.9T,.
Total energy = 4762. Inelastic energy = 1024. Roof drift = 1.71%
* Right figure = 5% Modal + very small Rayleigh.
Total energy = 4460. Inelastic energy = 789. Roof drift = 1.77%
* The differences are significant. You may have to try both methods.

8] b
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Damping Matrix and Damping Forces

At any point in time, the dynamic analysis satisfies the
following equilibrium equation :

R external =R internal = RI'( i RM + RG

For linear analysis : Ry = (stiffness) x (displacement) =K r

For nonlinear analysis: Ry= 2 Kiangent AT
all steps

For both linear and nonlinear analysis :
R,, = (mass) x (acceleration) = M I’

and usually R, = (damping) x (velocity) =C r

The mass and stiffness matrices, M and K, are well defined.

For the damping forces we need a damping matrix, C.

CSi s

Rayleigh Damping

KB

* The aM dampers connect the masses to the ground. They exert
external damping forces.

» The (K dampers act in parallel with the elements. They exert
internal damping forces.

* The damping matrix is C = aM + BK.
* The physical meaning of the model is clear.
* How to choose the o and  parameters is not so clear.

Performance-based Design using Nonlinear Analysis Notes: Fawad A. Najam, PhD



Nonlinear Modeling using PERFORM 3D - CSI Seminar by Prof. G. H. Powell

Rayleigh Damping : Linear Analysis

DAMPING RATIO
4 aM + BK

Damping can be essentially
@t for a range of periods
\ . > o
\ - -
¥ = i' oM alone

.-""J

T o PERIOD
* For linear analysis, the coefficients « and g can be chosen to give

essentially constant damping over a range of mode periods, as shown.
* A possible method is as follows :
Choose Tg = 0.9 times the first mode period.
Choose T, = 0.2 times the first mode period.
Calculate « and 3 to give 5% damping at these two values.
* The damping ratio is essentially constant in the first few modes.
» The damping ratio is higher for the higher modes.

CSi :

Rayleigh Damping in PERFORM-3D
Sugoested Procedure

DAMPING RATIO
r

b

0.2T, 0T, PERIOD

* Choose the damping ratio, typically 5%.

» Specify that this damping ratio is to apply at 0.2 and 0.9 times
the elastic first mode period (or you can choose two other

values).

» PERFORM-3D calculates the first mode period, then calculates
the required o and 5 values.

CSi 8
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An Interesting Contradiction

DAMPING RATIO

\_/

= PERICD

* From the diagram, a longer period means a larger damping ratio.

* As a structure yields, its periods tend to increase. Hence, we might
expect the viscous energy dissipation to increase.

* However, for a given amplitude of vibration :
A longer period means smaller deformation rates.
The damping matrix, C = aM + 3K is fixed.
Hence the damping forces decrease as the period increases.
Hence, the energy dissipation decreases.

* The gK damping does damp out high frequency vibrations. This is
usually good, because they can cause numerical difficulties.

Modal Damping : Linear Analysis

* |n alinear analysis the modes are uncoupled. The structure
vibrates independently in each mode, and each mode is
damped independently.

* Modal damping corresponds to a specific damping matrix, as
shown below.

* Modal damping gives both external and internal damping forces.
These are not the same as the forces from Rayleigh damping.

Forn'mode: C,=¢ “Ti M $.)(M b))

For structure: C=XC,

Where : £ = damping ratio, T = period,
M = mass matrix, ¢ = mode shape.

CSi 5
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Modal Damping in PERFORM-3D

* PERFORM uses the same damping matrix as for linear analysis,
based on the mode shapes and periods for the initial elastic
structure.

* The damping matrix stays constant.

* As the structure yields, instantaneous mode shapes and periods
exist. The mode shapes and damping matrix could be recalculated.

* However, this would be very expensive computationally.

* Also, changing the damping matrix as the structure yields is not
necessarily a good idea. For example, there is a sudden
equilibrium unbalance when the damping matrix changes.

CJi i

Modal Damping Effect on Stiffness Matrix

* The mass matrix, M, is diagonal.

* The stiffness matrix, K, is banded.

* For Rayleigh damping, C = aM + 5K, so C is banded.

* For modal damping, C is generally a full matrix (not banded).

NN

Rayleigh C Modal C

* Modal damping terms that are outside the stiffness matrix band are “right
hand sided” in the analysis. This causes equilibrium errors in each time
step that are corrected in the next step.

» This does not seem to cause any problems for frame structures. However,
be careful with shear walls = compare with Rayleigh damping.

S 5
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Combined Modal and Rayleigh Damping

» Suppose a structure has N total degrees of freedom (say N =

10000) and the damping matrix is based on M modes (say M =
20).

* There are many undamped degrees of freedom (10000 - 20 =
9980). This is not good.

* Always add a small amount of Rayleigh fK damping, to damp
out high frequency vibrations.

* For example, specify 5% modal damping plus enough pK
damping to give 0.02% damping at the first mode period.

Energy Balance

» Check energy balance, to see If the viscous energy looks reasonable.
* Unfortunately there are currently no guidelines.

.
r,__.i I
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Enerqgy Balance Example 1

= 3-story steel frame building.
= Left figure = 5% Rayleigh at 0.2T, and 0.9T,.

Total energy = 5880. Inelastic energy = 3030. Roof drift = 2.97%
= Right figure = 5% Modal + very small Rayleigh.

Total energy = 58350. Inelastic energy = 3080. Roof drift = 2.97%
= No significant difference.

{
-

NEXT TOPIC

= Static push-over analysis.

- Displacement control and event-to-event method.
- Some more advanced aspects.
- How is it used ?
- Advantages and disadvantages.
= Dynamic step-by-step analysis.
- Advantages and disadvantages.
- Is it feasible (how much computer time)?
- Hysteresis loops.
- Damping.
- Step-by-step integration.
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Dynamic Equilibrium

Effective load =

Ground K R=-M ‘r‘g
accn =T, S~
—

G #— Displ=r
+—\eloc =Tt
— Accn =T

® At any point in time, dynamic equilibrium is :
MT+Cr+Kr=R
n Over a time step, At, dynamic equilibrium is :
M AF + C AF + K Ar = AR
m This equation can be solved by step-by-step methods.

» There is one equation with three unknowns (AF; Ar and Ar),
so assumptions must be made and the solution is approximate.

® There are many step-by-step methods. PERFORM uses
the Constant Average Acceleration (CAA) method.

CSi "

Assumptions for CAA Method

Acceleration
Velacity
OR

Displacement
Load

Satisfies kinematics, Satisfies equilibrium,

violates equilibrium violates kinematics

CI | 50
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Equations for CAA Method

Equilibrium :
M AF + C AF + K Ar = AR

From kinematics :

s Al e s Al e 1
m=~é-{r.}+r, =5(@rR+ar)

ﬂt ] - ﬂ.t - -
ﬂ.r=5(ro+r,] =*§{2ru+ar}

Hence get effective stiffness and load :

ol e
Kett = at2M+atC+K

ARy = M7, + (2, + %F{,) +2CF,
Solve K 4 Ar= AR, . Then :

L] L] 2
Ar=-2r,+ =A
r fo+ AT

" e 2 o,
AT==-2T1,+ —Ar
AL

r:,fi 60

PERFORM Step-By-Step Procedure

* PERFORM-3D uses the CAA method.
* The time step, At, is the same for all steps.

* A variable time step does not seem to be needed, and is not
implemented in PERFORM.

* |n each time step the load increment is known, and the analysis
uses load control. Displacement control is not suitable for dynamic

step-by-step analysis.
*  Within each step the event-to-event strategy is used (with
overshoot).

CSi ¢
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Choice of Time Step

* The time step must be short enough to do two things :
(1) Capture the response of the structure.
(2) Capture the earthquake ground motion.

» Structure response : the time step (At) should be no larger than
about 1/10 of the shortest significant period (the period of the
highest mode that contributes significantly to the response).

* |fthe first mode period is T,, the period of the highest significant
mode might be about 0.1T,. Hence At should be no larger than
about 0.01T,. For example, if T, = 2 secs, At should be no larger
than 0.02 secs.

* |fthe ground motion is discretized at, say 0.02 second intervals,
do not use a time step larger than 0.02 seconds.

' |t is wise to use a time step that is an exact subdivision of the
discretization interval, to avoid missing ground motion peaks
(e.g., in the above case, use 0.02, 0.01, 0.005, etc.).

* The above is a sample of an actual record, discretized at 0.02 second
intervals.

A time step of 0.04 seconds misses some peaks.

*  Atime step that is not an exact subdivision of 0.02 (say 0.015) also
misses some peaks.

* Be careful. You may need to experiment with the time step.
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High Frequency Vibrations

Amplitude Amplitude
INIALAL
Time I \/ \/ = Time
ACTUAL CALGULATED BY CAA METHOD

» Short period (high frequency) vibrations will always be present.

* |ndeed, a typical structure will have many deformation modes
that have zero mass, and hence zero period.

* |fthe vibration period is smaller than the time step, the CAA
method calculates oscillating results essentially as shown.

* Obviously this is not accurate. However, the amplitudes are
small, so it does not matter that they are inaccurate.

» Short period vibrations are damped out if there is BK damping.
This is usually desirable. These vibrations usually have little
effect on the response, but they can cause numerical instability.

Please Keep In Mind

» Structural analysis is not an end in itself. It is a tool for use
in design.

» There will always be uncertainties, in the properties of the
structure and in the loads.

» The goal is not to get an “exact” simulation of behavior.

» The goal is to get D/C ratios that are accurate enough for
decision making.

Questions?

CSi
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