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C.1 Motivation/Goal of the Case Study

The motivation/goal of the study was to evaluate and revise current provisions for clarity, technical
accuracy, optimal computations and ease of use using an actual building for the case study.
Compare outcomes from analysis of the building designed using ASCE/SEI 7-10 evaluated as a new
building using ASCE/SEI 41-17.

Objectives of the study were to 1) Calibrate the m-factors and acceptance criteria if necessary, so
that outcomes show acceptable performance analytically consistent with engineering judgment. 2)
Suggest simplifications in the analysis methods possible if they were too conservative than a more
in-depth analysis would produce. 3) Look at the various modeling approaches for evaluation of the
building either as fixed-base or flexible-base including bounding provisions for the soil and evaluate
the impact on the elements of the superstructure and the foundation system. 4) Identify areas were
the provisions lacked guidance or where there were gaps in the application of the provisions.5)
Recommend changes based on the findings from the case study looking at all modeling approaches
linear and nonlinear.

C.2 Case Study Model - Archetype 2, Concrete Moment

Frame Building

This case study for Archetype Building 2 similar to the case study for Archetype Building 1
investigates the application of some of the methods specified in ASCE/SEI 41-17 Chapter 8 for
clarity, usability and technical content. Various combinations of shallow foundation modeling options
are created, to evaluate the shallow foundation provisions related to overturning actions from
seismic loads. Sliding is not considered in this case study example and is assumed as fixed for all
modeling cases. A baseline model is created where superstructure and foundations are designed to
meet the requirements of ASCE/SEI 7-10. Parametric case studies are performed to investigate
selected topics related to overturning actions on shallow foundations using ASCE/SEI 41-17.
Foundation acceptance criteria and corresponding superstructure acceptance criteria are evaluated,
and results compared for reasonableness assuming the building was designed to meet the
requirements of the new building designed using ASCE/SEI 7-10 to avoid the requirement for a site-
specific ground motion analysis or amplification of the response spectrum.

C.2.1 Building Description

The subject building is a modified version of seven-story reinforced concrete special moment frame
building on shallow foundations (Figure C-1), located in a high seismic region, Van Nuys, California
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which is redesigned to satisfy the requirements in ASCE/SEI 7-10 for a new building in Risk Category
2. This case study considers the building to be on individual/spread footings to investigate the
shallow foundation provisions of ASCE/SEI 41-17. Note: Some aspects of building may not conform
to the requirements of current code but are used for illustrative purposes to highlight use of the
foundation provisions in ASCE/SEI 41-17 and compare outcomes with the provisions for new
buildings using ASCE/SEI 7.

The gravity system consists of reinforced concrete flat slabs supported by interior concrete columns
and perimeter concrete beams Supported by concrete columns. The concrete slabs are 10 inches
thick at the second floor, 8.5 inches thick at the third through seventh floors, and 8-inches thick at
the roof. The typical framing consists of columns spaced at approximately 20-foot centers in the
transverse (north-south) direction and 18 feet 9 inches on centers in the longitudinal direction.

Lateral forces in each direction are resisted by the interior column-slab frames, and by the perimeter
column-spandrel beam frames. Interior columns are 18 inches square and exterior columns are 14
inches x 20 inches.

A complete three-dimensional mathematical model is created for this building incorporating the
stiffness, strength and deformation characteristics as specified in ASCE/SEI 41.

Figure C-1 7-story Reinforced Concrete Building — Archetype Building 2
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C.2.2 Planned Approach

Prior to creating the case study models a roadmap was developed to establish a step-by-step
approach which was used as a guide, to execute the parametric case studies.

PARAMETRIC STUDY - STEP 1

Create a fixed base mode, with a list a assumptions. Evaluate footing acceptance criteria and record
superstructure acceptance ratios.

Parametric Study - Step 1

Build/use existing 3D l
flxe.d—pase model of a Calculate acceptance Plot graph of element
building, that meets ] s )
ratio for critical acceptance ratio sorted
ASCE 7, document N
i superstructure per floor for columns,
assumlp lons elements beam, joints etc.
Calculate pseudo Report building
seismic base shear displacements and o
5
(V) inter-story drifts, ©
Q
Q
l could be a graph 2 P
- - E;. I/_,_r—-'
Perform linear Export reactions to another g
elastic analysis on program and evaluate the 2 . Numb
the fixed-base model foundation AR, report max ement Number
bearing pressure, settlement etc.

PARAMETRIC STUDY - STEP 2

Create the flexible base model as an extension of the fixed-base model with the associated
assumptions. Model the foundation springs using the elastic equations for vertical, horizontal and
rocking stiffnesses as required. Note: for this study, the horizontal degree of freedom at the base is
fixed, so the effects of horizontal flexibility were not considered.

Evaluate footing acceptance criteria and record superstructure acceptance ratios.
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Parametric Study - Step 2

Add foundation element and J'
nonlinear soil springs to Calcul -
model in Step 1 not including alculate acceptance ratio Plot graph of element AR
for superstructure and sorted per floor for

upper and lower bound

foundation elements "| columns, beam, joints etc.

Yy

Recalculate pseudo
seismic base shear (V)
and target displacement

Report Building

‘ displacements and inter- o !
x story drifts including 5
Perform nonlinear pushover maximum uplift, and Y
analysis considering inelasticity maximum compression, E — ]
in foundation springs only bearing pressure, § —ff_’—f—’
including uplift and push till settlement, etc. <
pseudo base shear or target Element Number
displacement is reached

PARAMETRIC STUDY - STEP 3

Compare results from the fixed-base and flexible-base models to study the impact of including
foundation flexibility on superstructure response.

PARAMETRIC STUDY - STEP 4

Update the model to include nonlinear properties in the superstructure and permit nonlinear
foundation uplift using the expected values for the soil, not the upper and lower bound properties.
Repeat processes starting from Step 2.

PARAMETRIC STUDY - STEP 5

Compare the results between the various parametric studies. Perform a critical analysis of the
results based on judgements, performance of new buildings, etc. Suggest modifications to
procedures based on the comparisons and engineering judgement.

C.2.3 General Modeling Assumptions
=  Model is 3D but only loading in the longitudinal direction is considered in the analysis.

= Soil properties are uniform over the footprint of the building. Variable soil properties, or
liguefaction potential is not considered.

= For the flexible base option, the soil support for the building is modeled using area springs with
assumed soil properties for stiff clay of 0.1 ksi.
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= Horizontal degrees of freedom at base are modeled as fixed and deformations due to sliding are
not considered.

= Floor diaphragms are modeled as rigid
= Ground motion, mapped values for site class D (Van Nuys, California).
=  Column and beam section properties modifiers for stiffness are per ASCE/SEI 41-17 Table 10-5.

= Beam reinforcement is designed to meet the detailing requirements of ACI 318 for qualification
as a special reinforce concrete moment frame.

= Column reinforcement is not designed, but moment capacities adjusted to meet the strong
column weak beam check

C.2.4 Building Demand Parameters of Interest

The following demand parameters were tracked for comparison between the methods for: A)
superstructure, and B) foundation,

A) SUPERSTRUCTURE

o Pseudo seismic force and vertical distribution of forces for LSP

o Building displacement and inter-story drift

o Demands in the Lateral Force Resisting System (LFRS) elements of the superstructure
o Acceptance ratio in the superstructure LFRS elements per story for each element type
B) FOUNDATION

o Bearing pressure

o Acceptance criteria for soil and foundation using the procedures in ASCE/SEI 41

C.2.5 Analyses Performed

The following analyses were performed to evaluate the building superstructure and foundation
performance to confirm the fundamental concept: if the building foundation is sufficiently robust and
satisfies the acceptance criteria of ASCE/SEI 41 for the desired performance level, the
superstructure demands are reasonable. Example: a new building designed using ASCE/SEI 7,
should also satisfy the basic safety objective for new buildings (BPON).

Sequence of steps required to corroborate the hypotheses concept:
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= Develop a baseline computer model considering foundations as fixed and with member
properties that satisfy the requirements of ASCE/SEI 7-10 and ACI 318-14.

=  Footings are sized to meet the ASCE/SEI 7-10 demands.

= The foundation footprint and thickness were incorporated into the model for use in the
parametric studies when foundations are modeled as flexible.

= Building is analyzed for ASCE/SEI 41 demands and with a performance objective of BPON, or Life
Safety (LS) structural performance at BSE -1N and Collapse Prevention (CP) structural
performance at BSE-2N

= Results are compared with the baseline ASCE/SEI 7 acceptance criteria.

To execute the parametric case studies, linear and nonlinear analysis procedures were conducted
with the following boundary conditions assumed for the foundation:

LINEAR STATIC PROCEDURE (LSP)

= Fixed base model: soil foundation interface, modeled as fixed.
= Flexible base model: foundation supports are modeled as area springs using the following:

o Soil springs are elastic and resists both tension and compression assuming the same
stiffness value.

o Soil springs are modeled as nonlinear compression only springs, and do not resist tension.

NONLINEAR STATIC PROCEDURE (NSP)

=  Fixed base model: soil foundation interface, modeled as fixed.

=  Flexible base model: Soil springs are modeled as nonlinear compression only springs, and do not
resist tension.

COMPUTER MODELS CREATED:

Four separate computer models were created to represent the base fixity which influenced the
elastic period of the building. Nonlinear hinges were assigned and included in the base model which
was replicated in the other analysis models. Nonlinear hinge properties in the superstructure were
only activated for analysis cases involving analysis using the NSP and were not activated for all the
models.

= Model A: Fixed-base Analysis procedures: LSP and NSP.

= Model B: Flexible-base, building on area springs using expected stiffness properties. Analysis
procedures:
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o LSP, two case are considered, 1) springs are elastic and resist tension and compression, and
2) springs do not resist tension act as nonlinear compression only springs.

o NSP, springs do not resist tension act as nonlinear compression only springs.

=  Model C: Flexible-base, building on area springs using Lower Bound (LB)* stiffness properties,
Analysis procedure: LSP, springs are elastic and resist tension and compression

=  Model D: Flexible base, building on area springs using Upper Bound (UB)* stiffness properties,
Analysis procedure: LSP, springs are elastic and resist tension and compression.

* Upper bound and lower bound soil stiffness models were created but results are only presented for the
superstructure demands for earthquake demands at the BSE-1N hazard level. Since the results between the bounded
values used for the soil did not vary significantly. results presented for the building modeled as a flexible-base are for
Model B, which uses the expected soil stiffness values.

ANALYSIS CASES RUN:

For the four models created, which resulted in different periods of the building, various analysis
cases were run. These varied from linear to nonlinear where the foundation was modeled either as a
fixed-base or a flexible-base. For the models where the building was modeled as a flexible base, two
analysis scenarios were considered, one where the soil supports resisted both tension and
compression, and one where the soil supports acted nonlinearly as compression only springs. The
various analysis cases run on the different models are given below:

Case 1) ASCE/SEI 7-10, for BSE-1N (which is 2/3rd of the MCER value using ASCE 7-10) Earthquake
demand (Baseline)- Model A

Case 2) ASCE/SEI 41-17, LSP, LS structural performance for a BSE-1N Earthquake demand - Model
A

Case 3) ASCE/SEI 41-17, LSP, Foundation Springs w/Tension, LS structural performance for a BSE-
1N Earthquake demand - Model B

Case 4) ASCE/SEI 41-17, LSP, Foundation Springs w/Tension, LS structural performance for a BSE-
1N Earthquake demand - Model C

Case 5) ASCE/SEI 41-17, Foundation Springs w/Tension, LS structural performance for a BSE-1N
Earthquake demand - Model D

Case 6) ASCE/SEI 41-17, LSP, Foundation Springs no Tension, LS structural performance for a BSE-
1N Earthquake demand - Model B

Case 7) ASCE/SEI 41-17, LSP, CP structural performance BSE-2N Earthquake demand - Model A

Case 8) ASCE/SEI 41-17, LSP, Foundation Springs w/Tension, CP structural performance BSE-2N
Earthquake demand - Model B
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Case 9) ASCE/SEI 41-17, LSP, Foundation Springs no Tension, CP structural performance for a BSE-
2N Earthquake demand - Model B

Case 10) ASCE/SEI 41-17, NSP, LS structural performance for a BSE-2N Earthquake demand -
Model B

Case 11) ASCE/SEI 41-17, NSP, CP structural performance for a BSE-2N Earthquake demand -
Model A

C.2.6 Baseline Model Designed to ASCE/SEI 7-10 (Model A)

The superstructure and the foundations were designed to the ASCE/SEI 7-10 seismic demands at
the BSE-1N seismic hazard level. Column reinforcement was not designed but were assumed to be
adequate to satisfy the strong column weak beam requirements. Reinforcement at the base of the
first story columns was designed for use in the nonlinear analysis of the building.

DESIGN BASE SHEAR

The design ground motions Sps and Sp: for the site are:
Sps = 1.386. and Sp1 = 0.842g.
And the corresponding design base shear V = CsW = 1087 kips.

The vertical distribution of forces derived from the base shear calculations using ASCE/SEI 7 are
given in Appendix C1.

DESIGN OF SUPERSTRUCTURE ELEMENTS - BEAMS

Beam positive and negative reinforcement were designed to meet the demands for a special
reinforced concrete moment frame with R = 8.0. Perimeter beam interior and end beam moment
capacities and their corresponding Acceptance Ratios (AR) are given in the Tables C-1 and C-2
below. Building drifts were also checked and met the met the maximum allowable drift limits in
ASCE/SEI 7-10.

Table C-1 Beam positive and negative moment capacities and DCRs for Interior Beams
Bottom TOp : Mobot Mtop Mobiot Mtop

Story Reinf, Reinf, Depth i Capacity | Capacity | Demand | Demand AR AR
: : o o o o Bot Top
bars bars inches ksi Kip-in Kip-in Kip-in Kip-in (+ve) (ve)
Roof 2#6 2#8 22 3 1002 1738 430 1292 0.48 0.83
7th 2#7 3#8 225 3 1385 2596 731 1954 0.59 0.84
oth 2#8 3#9 225 3 1797 3203 1084 2351 0.67 0.82
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5th 3#9 &
2#8 1#8 225 3 2614 3914 1802 3037 0.77 0.86
th 3#9 &
2#8 1#8 225 3 2614 3914 2109 3343 0.90 0.95
3 3#9 &
3#9 2#8 225 3 3225 4571 2470 3700 0.85 0.90
ond 3#9 &
3#9 2#8 30 4 4674 6863 2592 4132 0.62 0.67
Table C-2 Beam positive and negative moment capacities and DCRs for End Beams
Bottom TOp : Mbpot Mtop Mopiot Mtop
Story Reinf, Reinf. Depth it Capacity | Capacity | Demand | Demand AR AR
: ; . . _ . Bot | Top
bars bars inches Ksi Kip-in Kip-in Kip-in Kip-in (+ve) | (ve)
Roof 2#7 3#7 22 3 1349 1977 1034 1366 0.85 | 0.77
7th 2#8 2#8 22.5 3 1798 2614 1563 2026 0.97 | 0.86
6th 3#8 3#9 22.5 3 2614 3225 2061 2481 0.88 | 0.85
5t 2#8 &
3#9 2#9 22.5 3 3225 3757 2631 3123 0.91 | 0.92
4th 3#9 4#9 22.5 3 3225 4124 2860 3429 0.99 | 0.92
3 2#8 & 3#9 &
2#9 2#8 22.5 3 3757 4605 3158 3812 0.93 | 0.92
ond 2#8 & 3#9 &
2#9 2#8 30 4 5510 6897 4122 4452 0.83 | 0.72

DESIGN OF FOUNDATIONS - ISOLATED FOOTINGS

The footings were designed to meet the requirements of ASCE/SEI 7-10 and ACI 318-14 at the BSE
1N seismic hazard level for the worst-case loading from the baseline computer model with the
foundations modeled as a fixed-base.

Soil Bearing

The footing acceptance ratio for soil bearing, for positive x-direction loading to the BSE-1N hazard
level, assuming an allowable bearing capacity of 3.5 ksf with a 1/3 increase for seismic is shown in
Table C-3. The governing load combination is the compression load combination (1 + 0.14Sps)D +
0.5L + 0.7*0.75Qk. This assumes a 25% reduction in overturning demands for seismic loading as
permitted by ASCE/SEI 7-10 section 12.13.4.
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Table C-3 Footing acceptance ratio, soil bearing
q
Column| P Comp M3 B¢ L e d max | allowable | Acceptance

Story ID (Kip) (kip ft) (ft) (ft) (ft) (ksf) (ksf) Ratio
STORY1 |C1 -112.4 86.0 10 10 0.77 1.6 4.65 0.35
STORY1 |C5 -374.8 130.9 10 10 0.35 4.5 4.65 0.97
STORY1 |C9 -349.5 129.4 10 10 0.37 4.3 4.65 0.92
STORY1 |C13 -349.7 129.6 10 10 0.37 4.3 4.65 0.92
STORY1 |C17 -349.8 129.6 10 10 0.37 43 4.65 0.92
STORY1 |C21 -349.6 129.6 10 10 0.37 43 4.65 0.92
STORY1 |C25 -351.4 129.4 10 10 0.37 43 4.65 0.92
STORY1 |C29 -347.5 130.9 10 10 0.38 4.3 4.65 0.92
STORY1 |C33 -270.8 86.0 10 10 0.32 3.2 4.65 0.69
LC= (1 +.14Sp5)D +0.5L+ 0.7*0.75Q¢

g allowable = 4.65 ksf with 1/3 increase for seismic
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The maximum axial load and moment, at the BSE-1N hazard level, on the footing was at first interior
footing for the load combination (1.2 + 0.2Sps)D + 0.5L + E and includes the 25% reduction in
overturning as permitted by ASCE/SEI 7-10. The corresponding soil pressure distribution under the

footing the applied axial load and moments is shown in Figure C-2.
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PGrawSE'lsmicz 460 K]pS
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Soil Pressure distribution

Figure C-3 Soil pressure distribution under the footing for the governing load combination

Moment at critical section

Moment demand on the 10 ft x 10 ft x 2 ft footing is calculated at the face of the 14 x 20 column
for the soil distribution shown in Figure C-3.

Qmin at face of the column = 4.73 ksf

Dividing the soil pressure profile into a rectangle and a triangle, the moment at the face is the sum of
the moments from each soil pressure block is calculated as:

Moment at column face

Mu = (4.73 ksf)(10 ft){5 ft -(14 in)/(2)/(12)}2/2 + (5.72 ksf - 4.73 ksf)(10 ft){5 ft -(14
in)/(2)/(12)2/3

M. =526 kip-ft
Use 10 #9 bars, Moment Capacity ¢M«= 0.9(10 in2)(60 ksi)(20 in - (1.47 in)/2)/(12 in) = 866 kip -ft

AR =526/866 = 0.60 < 1.0 OK

Shear at critical section

Shear demand is calculated at a distance “d” the face of the 14 x 20 column.
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Qmin at distance d from face of the column = 5.10 ksf

Dividing the soil pressure profile into a rectangle and a triangle, the shear at the critical section is the
sum of the moments from each soil pressure block is calculated as shown below:

Shear demand at critical section:

Vu = (5.10 ksf)(10 ft){5 ft (14 in)/(2)/(12) - (20 in)/12} + (5.72 ksf - 5.10 ksf)(10 ft){5 ft -
(14 in)/(2)/12 - (20 in)/12} /2

Vy =149 kips

Shear capacity at the critical section, ¢Va= 0.85(2(4000 psi)*0.5(10 in x12 in)(20 in))/1000 Ibs
=258 kips

AR = 149/258 = 0.58 < 1.0 OK

Check Punching shear
bo = 2((14 in + 2*(24 in))+(20 in + 2*(24 in))) = 260 in

Shear capacity = Ve = (0.85)(4) V(f's) bo d = 0.85(1315) kips
AR =Vy/¢Vc =460/1118 =0.41< 1.0 0K
C.2.7 Linear Static Procedures (ASCE/SEI 41-17)
The ground motions for the site at the BSE-1N, and BSE-2N seismic hazard levels were:
BSE-IN
Sxs = 1.386. and Sx1 = 0.842¢g.
BSE-2N
Sxs = 2.079 and Sx1 = 1.263¢.
PSEUDO SEISMIC FORCE DEMANDS FOR LSP

The pseudo seismic force demands at the BSE-IN and BSE-2N hazard levels are given in Table C-4,
Additional details and the vertical distribution of forces used for each model is given in Appendix C1.
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Table C-4 Pseudo Seismic Force Demands for Each of the Models (kips)
Seismic Hazard Model A Model B Model C Model D
Level Fixed Base | Flexible base | Flexible base (LB) | Flexible base (UB)
ksv = 0.1 kci ksv = 0.05 kci ksv = 0.2 kci
BSE-1N 5348 5177 5056 5248
BSE-2N 8022 7765 7583 7872

C.2.8 Nonlinear Static Procedures (ASCE/SEI 41-17)

TARGET DISPLACEMENT

The target displacement 8: used for the nonlinear analysis procedure calculated in accordance with
ASCE/SEI 41-17 equation 7-28 at the BSE-2N seismic hazard level, for an assumed building period
of 1.8 seconds is shown in Figure C-4 was 32 inches. Additional details are given in Appendix C2.
The seismic hazard at BSE-2N was selected as that is maximum displacement required at the CP
structural performance level.

T
8¢ = CoC1C25a 59

Figure C-4

FEMA P-2208

Target Displacement - Calculation

T
0, =C,C,C, G5, 782 £
Ar

2

(ASCE/SE| 41-17 Eq. 7-28)

Cy 1.44 Table 7-5
C,4 1 T.>1s
C, 1 T.207s
S, 0.7 5% Damped spectrum, BSE-2N
T, 1.80 Assumed

Target Displacment

Modal Load
Parameter Pattern
inches

Roof Disp. &= 31.97

Target displacement calculation at the BSE-2N earthquake hazard level
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HINGE PROPERTIES AND ASSIGNMENTS

Beam Moment Hinge Properties

Beam moment hinge properties are assigned based on the beam property tables given in Tables C-1
and C-2. The 10, LS and CP limits are taken from Table 10-7 of ASCE/SEI 41-17. The yield moment
is calculate using the yield capacity fy of the steel reinforcement of 60 ksi, and the ultimate is taken
as 1.25 fy achieved at the CP strain limit. The moment capacity is gradually decreased to a ultimate
stain of 0.07 radians.

Beam Shear Hinge Properties

The superstructure shear reinforcing is assumed as conforming and meets the requirements of ACI
318-14 for a special moment resisting frame, therefore there should be no shear failures in the
beams. For this reason, shear hinges were not modeled in this case study. A sample of the beam
hinge property for a 6t floor interior beam is shown in Figure C-5.

| 4 Hinge Property Data for FHTBsixth - Moment M3 X
Displacement Control Parameters
Type
Point Woment/SF Rotation/SF @® Moment - Rotation
| B | 02 0.1 ) Woment - Curvature
D- 08 -0.07 [
(=] 128 004 ] \'
N K 0
A 0 [ N . .
5 | o Load Carrying Capacity Beyond Point £
[ ] 125 0.04 | @ Drops To Zero
I
D 1 0.07 i O Is Extrapolated
E 02 [
[] Symmetric Hysteresis Type and Parameters
Additional Backbone Curve Poinis Hysteresis Isotropic %
[0 BC - Between Poinis B and € No Parameters Are Required For This
[] €D - Between Points C and D Hysteresis Type
Scaling for Moment and Rotation
Positive Negative
] Use Yield Moment Moment SF [143 | [ze7 | ip-rt
[] Use Yield Rotation Rotation SF |1 | [ |
(Steel Objects Only)
Acceptance Criteria (Plastic Rotation/SF)
Positive Negative
B mrediate Occupancy [0.00s | [-0008 |
Life Safety [0.02 | [0z |
Collapse Prevention [0.04 | |04 |
[[] Show Acceptance Criteria on Plot

Figure C-5 Sample beam hinge property (6 floor interior beam)

Column Moment Hinge Properties

Column hinge properties are derived from the beam moment capacities and the strong column weak
beam criteria is satisfied. The actual capacities based on a steel reinforcement area and axial load
was not done in this case study. Degradation of column moments is not considered in this analysis
as the focus was to estimate the maximum demands that can be delivered to the foundations. A
sample of the column hinge property for a 4t floor perimeter interior column is shown in Figure C-6.
Since the columns are designed to satisfy the strong column weak beam requirement, only column
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yielding at the base is expected to occur, but the hinge properties for columns are assigned for

completeness.

143 Hinge Property Data for FHC4 - Moment M3

Dizplacement Control Parameters

Point Moment/SF Rotation/SF
112 -0.05
D- EEY -0.025
| o ER -0.0134
| B -t 0
| a 0 0
I 1 0
¢ 1.4 0.0134
D 1.1 0.025
i e 112 0.05

T

|

Symmetric

Additional Backbone Curve Points
[] BC - Between Points B and C
[] cD - Between Points C and D

Scaling for Moment and Rotation

: Positive Megative

[ use Yield Moment Moment SF Kip-ft

[ Use Yield Rotation Rotation SF
p (Steel Objects Only)
A

Acceptance Criteria (Plastic Rotation/SF)
Positive Negative

L - Immediate Occupancy 0.002

[ collapse Prevention 0.0134

| | |:| Show Acceptance Criteria on Plot

Figure C-6

Type
@ Moment - Rotation

O Moment - Curvature

Load Carrying Capacity Beyond Point E
@ Drops To Zero

O |z Extrapolated
Hysteresis Type and Parameters

Hysteresis lzotropic ~

No Parameters Are Required For Thiz
Hysteresis Type

Cancel

Sample column hinge property (Fourth floor perimeter interior column)

C.3 Comparative Results from Parametric Study -

Archetype 2

The superstructure and foundation demand and acceptance criteria were compared for the analysis
cases run as described in Section C.2. Comparisons are shown for each of the parameters of
interest tracked for both the superstructure and the foundations.

C.3.1 Comparisons of the Superstructure Demand Parameters

PSEUDO SEISMIC FORCE DEMANDS FOR LSP

A comparison of the pseudo seismic force demands at the BSE-1N and BSE-2N hazard levels are

given in Table C-5,

FEMA P-2208
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Table C-5 Comparison of Pseudo Seismic Force Demands (kips)
Seismic Hazard Model A Model B Model C Model D
Level Fixed Base | Flexible base | Flexible base (LB) | Flexible base (UB)
ksv = 0.1 kci ksv = 0.05 kci ksv = 0.2 kci
BSE-1N 5348 5177 5056 5248
BSE-2N 8022 7765 7583 7872

Observations:

For this building and direction of loading (longitudinal) the variation in base shear considering the
lower bound and upper bound soil stiffness values is less than four precent, and the difference
between the fixed base model and the model using the upper bound stiffness is approximately two
percent. Therefore, the impact on the pseudo seismic force demands between the various models
with different foundation modeling base stiffnesses for this archetype building is minimal.

Conclusion:

For moment frame buildings where the LFRS of the superstructure is relatively flexible compared to
the LFRS of other building types such as shear walls or braced frames, bounding on stiffness
appears to have little impact on the overall demands to the structure for evaluations using LSP,

PUSHOVER CURVE COMPARISONS USING NSP:

The static pushover cure and the hinge pattern at the target displacement from the NSP analysis is
shown in Figure C-7 and Figure C-8.

Base Shear vs Monitored Displacement

Base Shear, kip

160 20 2
Monitored Displacement, in

Figure C-7 Static pushover curve to the target displacement- BSE-2N of 32 inches
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Pushover Results (Fixed Base vs Foundation on Area Springs)
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Target Displacement — BSE-2N = 32 inches

Figure C-8 Push over curve comparisons with foundations modeled as a fixed-base and
flexible-base.

Observations:

There is very little difference in the shape of the pushover curve whether the building is modeled as
fixed-base or a flexible-base. There was no convergence for the fixed-base analysis beyond 27
inches thus indicating excessive damage beyond the ductility capacity of superstructure elements.
Modeling the building as flexible base with soil deformation capabilities permitted the building to be
displaced to the desired target displacement. However, it should be noted that from the failure
hinge pattern, the building did not satisfy its desired performance objective, regardless of whether
the foundations were modeled as a fixed-base or a flexible-base.

Conclusions:

For ductile buildings designed with a response modification factor, R of 8.0 and where
superstructure yielding is expected to occur prior to when excessive foundation deformations occur
either by foundation yielding or bearing capacity failure, modeling the building as fixed-base or a
flexible-base has minimal impact on the performance outcomes from the analysis.

BUILDING DISPLACEMENTS (DRIFTS) COMPARISON

A comparison of superstructure building displacements for force demands at the BSE-1N level is
given below in Table C-6. The target displacement for the NSP corresponds to an assumed effective
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fundamental period Te = 1.8 seconds. Had the effective period been chosen as 1.95 seconds, the
buildings drifts from the fixed-base analysis and the nonlinear push would have been about the
same. Drifts are slightly higher if the analysis is elastic, and uplift is prevented. However, if the uplift
is permitted for the soils for the nonlinear case there is about a 25% increase in overall building

displacements.

Table C-6 Drift Summary for Various Models - BSE 1N Demand

Spring no Spring takes  Springs take Spring No
Tension, Tes= Fixed- Tension Tension Tension
Foundation Fixity =1.8 s ksy =0.1Kkci Base ksv = 0.05kci, ks =0.1kci ks =0.1kci
& Analysis Type (NSP) (LSP) (LSP) (LSP) (LSP)
Period (sec) 1.626 1.574 1.665 1.626 1.626
Base shear (Kips) 1976 5348 5056 5177 5177
Story Displacement (in)
7 21.6 23.7 24.6 24.2 30.5
6 19.7 21.1 22.1 21.7 27.5
5 171 18 19 18.6 23.7
4 13.8 14.3 15.3 14.9 19.4
3 10.1 10.6 11.7 11.2 15.1
2 6.3 7.1 8.2 7.7 10.9
1 3.0 3.8 4.9 4.5 6.8

A comparison of superstructure building displacements for force demands at the BSE-2N level is
given below in Table C-7. The superstructure displacements at each story for the various models are
compared with the displacements from the NSP. The displacement demands at each story for the
fixed-base and flexible-base where the soil resists tension, track well with the superstructure
displacements from the nonlinear static procedure. The displacements where soil does not resist
tension are at many stories over twice as high as the displacements from the NSP and is more

pronounced at first floor level.

Table C-7 Drift Summary for Various Models - BSE-2N Seismic Hazard Level.

Spring No Spring take Springs take Spring No
Foundation Tension, Teff = Tension Tension Tension
Fixity & 1.8s kv =0.1kci Fixed-Base  ksv = 0.05kci ksv=0.1kci ks= 0.1 kci
Analysis Type (NSP) (LSP) (LSP) (LSP) (LSP)
Period (sec) 1.626 1.574 1.665 1.626 1.626
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Base shear

(Kips) 2071 8022 7583 7765 7765

Story Displacement (in)
7 32.0 35.56 36.94 36.36 63.85
6 28.6 31.84 33.21 32.64 57.65
5 246 27.04 28.47 27.87 50.37
4 19.7 21.45 22.99 22.34 42.25
3 14.3 15.93 17.56 16.87 34.14
2 8.9 10.58 12.3 11.57 26.05
1 4.3 5.74 7.38 6.69 17.63

Conclusions/Recommendation:

As the pseudo seismic force demand increases, the analysis case where the building is modeled as
elastic and the soils are modeled as nonlinear where soils do not resist tension gives the greatest
departure in displacement demands from the NSP results. The displacements where the
foundations are modeled as a fixed-base, or a flexible-base are consistent with the displacements
from the nonlinear static pushover analysis. Permitting uplifting foundation springs with an elastic
superstructure is therefore not recommended.

DEMANDS ON THE LATERAL FORCE RESISTING SYSTEM (LFRS) ELEMENTS OF THE
SUPERSTRUCTURE

Superstructure Demand Comparisons for Soil Stiffness Bounding Provisions

Results from the flexible base model, using LSP for earthquake demands at the BSE-1N seismic
hazard level, were compared with demands from the baseline model and the NSP. For this
comparison the soil and superstructure were modeled as elastic i.e. soil resists tension. The results
from the study for each element of the superstructure, are presented in Figure C-9 through Figure C-
12 starting with the top story on the left and the bottom story on the right. The loading for each case
was for demands applied in the positive x-direction, the longitudinal direction of the building.
Observation of the column axial loads at the bottom story shown in Figure C-10, shows that the
higher axial load demands from the column to foundation correspond to the fixed base analysis.
Foundation demands from the columns are minimum when lower bound spring stiffness are used.
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Column Maximum Moments (Kip-ft)

Column Max. Moments, ASCE 7 vs ASCE 41 BSE 1N (Upper and Lower Bounds)
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Figure C-9

Column moments per story from left to right, starting with top story on the left to

bottom story on the right.
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Figure C-10 Column axial load per story from left to right, starting with top story on the left to
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Max Negative Beam Moment - ASCE 7 vs ASCE 41 BSE-1N
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Figure C-11  Soil pressure distribution under the footing is a rectangle and a triangle.

Max Positive Beam Moments - ASCE 7 vs ASCE 41 BSE 1N
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Figure C-12 Soil pressure distribution under the footing is a rectangle and a triangle.
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Observations and Conclusions:

The results show there is very little difference in the superstructure demands when upper bound and
lower bound stiffness properties are used for the building modeled as a flexible base. Therefore, the
results from the subsequent studies will only show comparisons where the flexible base models use

expected properties for the soil.

SUPERSTRUCTURE DEMAND COMPARISONS BETWEEN THE LSP AND NSP

Beams Moments

The superstructure moment pattern for X- direction loading for the tension load commination 0.9D +
Qe, where soil takes tension and where soil does not resist tension, using LSP are compared with the
moment pattern from the nonlinear static push case at the BSE-2N earthquake hazard level as
shown in Figure C-13. The nonlinear static push shows lower demands for the beam positive
moments as these are significantly less than the negative moment capacities. The beam moment
demands from the LSP where soil resists tension, are fairly symmetric. This is not the case where

foundation uplift is not restrained.

Soil Takes Tension
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Soil No Tension - NSP

Figure C-13 Frame moment patterns when soil resists tension in the LSP and when soil does
not resist tension for the NSP.

The beam moment demands in the structure from the baseline model, Case 1 are compared with
the demands for Cases 3, 6, 8, 9 and 10. The demands are plotted per story from left to right and
from floor 7 at the left to the first floor at the right in Figures C-14 and C-15 corresponding to beam
negative or top moments and beam positive or bottom moments.
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Figure C-14 Beam negative moments
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Max Positive Beam Moments - ASCE 41 BSE 2N, Fixed Base vs Fdn on Springs
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Figure C-15 Beam positive moments

Column Moments

The column moments are plotted similar to the beam moment, but for clarity, only for Cases1, 8, 9
and 10 as shown in Figure C-16,
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Figure C-16 Column moments
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Column Axial Loads

The superstructure column axial loads for x- direction loading at the BSE-2N earthquake hazard level
for the load combination where gravity and seismic are counteracting for the various analyses
performed are shown in the following figures, Figure C-17 through Figure C-21. These include the
fixed-base and flexible-base analysis where the soil springs resist tension, do not resist tension and
for the nonlinear static procedure. From the results the column axial loads are the highest for the
fixed-base analysis. It also shows a large net tension demand in the end columns which does not
materialize in the nonlinear analysis model. The resulting column axial load pattern where the
superstructure is elastic and the soil springs do not resist tension, shows a gravity load shift in the
direction of overturning. Where the lateral force resisting system of the superstructure is flexible,
such as in this example, this pattern is unrealistic.
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Figure C-17 Column Axial Load, Load Combination (LC) - 0.9D + E (BSE-2N), Fixed-Base
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Figure C-18 Column Axial Load, LC - 0.9D + E (BSE-2N), Soil resists Tension, ksy = 0.05 kci,
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Figure C-21  Column Axial Load, LC - 0.9D + E (BSE-2N), NSP, ks, = 0.1 kci,

A plot of the axial load pattern over the height of the building plotted from the top story on the left to
the first story on the right (Figure C-22), shows the large spikes in axial load in the end columns.
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These spikes do not occur for the axial loads from the NSP because of yielding in the superstructure
elements.
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Figure C-22 Column axial loads

Observations and Conclusions:

The results from the various cases clearly show that for this archetype building, the results are
consistent between the fixed-base, and the flexible-base models where the soil resist tension. When
uplift is not restrained in the flexible base model for LSP, the demands are inconsistent and do not
align with the demands from the NSP. Fixed base models give the highest overturning demands on
the foundation, both tension and compression. The high column tension loads observed are
inconsistent with the results from the NSP. Flexible base models result in lesser overturning seismic
demands in the end columns and may be useful in justifying that the building meets the desired
performance objective without performing a nonlinear analysis using NSP.

SUPERSTRUCTURE ACCEPTANCE RATIOS IN THE LFRS ELEMENTS
Comparison of Superstructure Acceptance Ratios: LSP - Beams

The Acceptance Ratios (AR) between the various cases run for beam negative and positive moments
are given in Figure C-23 through Figure C-30. Results from the fixed-base or flexible-base analysis
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where soil takes tension seems to give the best approximate pattern with the baseline. Modeling the
superstructure as elastic with nonlinear foundation compression only springs gives a different
distribution of acceptance ratios with much higher maximums. Results when compared to
acceptance ratios from the nonlinear static procedures shown in the next section confirm that
modeling the superstructure as elastic with nonlinear compression only springs give incorrect
acceptance ratios for the superstructure elements. The hinge patter from the NSP is shown in Figure
C-31. Additional information on results from the NSP is given in Appendix C3.
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Figure C-24 ARs Beam Negative Moment, ASCE 41: BSE-2N, - Fixed Base (CP)
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Figure C-31 Hinge pattern at Target Displacement - BSE-2N of 32 inches

Observations/Conclusions
From the results the beam acceptance ratios (AR) for the fixed base or flexible base condition where
soils resist tension give reasonable results with the baseline. The AR pattern is also consistent with

the results from the NSP, but the comparison is not that obvious as the results from the NSP are

expressed in terms of performance levels, not as quantitative values.

C.3.2 Comparisons of the Foundation Demand Parameters

SOIL BEARING PRESSURE COMPARISONS AS A MEASURE OF FOUNDATION ACCEPTANCE

Soil Bearing Pressures - LSP
For the models with flexible-base foundations, the soil pressure distribution in the foundations for
ASCE/SEI 41-17 demands at the BSE-1N and BSE-2N earthquake hazard levels considering the
springs as elastic (both tension and compression) and nonlinear as compression only, are as shown

in Figure C-32 through Figure C-35.
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Figure C-35  Soil does not take Tension Eq Hazard Level BSE-2N Max pressure = 28.2 ksf

Observation of the soil pressures for the different analyses shows that when the superstructure is
modeled as elastic, and the soil is modeled as nonlinear compression only springs, as the seismic
overturning demand increases, there is a large uplift and shifting of the loads so that only few
footings are in contact with the soil. Therefore, consistent with the observations from the
superstructure demands, for linear analysis procedures it is not recommended to included
foundation springs which act nonlinearly, where soils do not resist tension combined with an elastic
analysis for the superstructure in the same computer model.
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Soil Bearing Pressures - NSP

The soil bearing pressures when the superstructure is permitted to yield shows a very different soil
bearing pressure profile but would be similar to the bearing pressure profile for the baseline
demands using ASCE 7 assuming the model was also created using a flexible base judging from the
axial load demands (Figure C-36). Results from the NSP show that the soil bearing Qmax = 9.24 <
3qaiow = 10.5 ksf, is satisfied at the expected strength level, and use of upper bound strengths are
not required to satisfy the acceptance criteria for soil bearing.
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Figure C-36  Soil does not take Tension Eq Hazard Level BSE-2N NSP Max pressure = 9.24 ksf

Conclusion

When linear elastic procedures are used and the building is modeled as a flexible-base, where soils
resist tension, the maximum soil bearing pressure may be compared with the use of upper bound
soil strength as reasonable measure of acceptance of the footing for soil bearing. When nonlinear
procedures are used, use of expected values of soil bearing for acceptance appear reasonable.

FOUNDATION ACCEPTANCE USING ASCE/SEI 7, AND ASCE/SEI 41 CRITERIA

Footing acceptance ratios from ASCE/SEI 7-10 (Table C-8) are contrasted with the acceptance ratios
from ASCE/SEI 41 equation 8-10 using soil upper bound and lower bound capacities.
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Table C-8 Acceptance Ratio, Bearing pressure - ASCE/SEI 7
q
Column| P Comp M3 B L e d max | allowable | Acceptance
Story ID (Kip) (kip ft) (ft) (ft) (ft) (ksf) (ksf) Ratio

STORY1 |C1 -112.4 86.0 10 10 0.77 1.6 4.65 0.35
STORY1 |C5 -374.8 130.9 10 10 0.35 4.5 4.65 0.97
STORY1 |C9 -349.5 129.4 10 10 0.37 4.3 4.65 0.92
STORY1 |C13 -349.7 129.6 10 10 0.37 4.3 4.65 0.92
STORY1 |C17 -349.8 129.6 10 10 0.37 43 4.65 0.92
STORY1 |C21 -349.6 129.6 10 10 0.37 4.3 4.65 0.92
STORY1 |C25 -351.4 129.4 10 10 0.37 4.3 4.65 0.92
STORY1 |C29 -347.5 130.9 10 10 0.38 4.3 4.65 0.92
STORY1 |C33 -270.8 86.0 10 10 0.32 3.2 4.65 0.69
LC=  (1+.14Sps)D +0.5L+0.7*0.75Q¢

g allowable = 4.65 ksf with 1/3 increase for seismic

Note: Overturning demands reduced by 25% per ASCE/SEI 7-10 section (12.13.4)

Requirements in ASCE/SEI 7-41 Section 8.4.2.3 state:

For rectangular footings, the upper-bound moment capacity shall be determined using Eq. (8-10)
with the expected values of Py and ¢ using ¢. multiplied by (1 + C,). The lower bound moment
capacity shall be determined with the expected values of Pyp and q and using g divided by (1 + C,).
The expected vertical load Pup is taken as the maximum action that can be developed based on a
limit-state analysis considering the expected strength of the components delivering force to the
footing; alternatively, the expected vertical load is determined by dividing the seismic linear elastic
load by the maximum demand-capacity ratio (DCR) of the components in the load path and
summing with the gravity loads.

And are expressed mathematically as shown in Figure C-36 below.

Figure C-36

q= PUD/(Bfo)

:LfPUD( _ q
T2 q:(1 +C,)
LP (a+c,)
Mg = fUD(l_q )
dc
Pyp = Py +—E
up — G—DCR

)

(8 —10)

(8 — 10)

Upper and Lower bound moment capacities using ASCE/SEI 41-17.

Footing acceptance ratios for the fixed base analysis (Case 7) and flexible-base analysis (Case 8)
based on acceptance criteria in ASCE/SEI 41-17 are presented in Table C-9 through Table C-12.
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Acceptance ratios for linear procedures using fixed base or flexible-base analysis are permitted to
use upper bound values for soil strength. Acceptance ratios using lower bound strength are shown
for comparison only. Note: Soil stiffness for the flexible base analysis should use lower bound
stiffness properties. Expected stiffness values were used for this comparison, but it is expected that
the overall results between the two will be similar, and the trend can be observed from differences
from the fixed base and flexible base results.

If the lower bound soil strengths were required to be used, it would indicate the foundations would
not meet the desired acceptance criteria, as the footing is unstable.

The acceptance ratio for column C1 is based on the seismic axial load being less than m-factor times
the gravity load on the column since this column goes into net tension. Note the m-factors for uplift
are twice the m-factors for overturning compression rocking action. It should also be noted that for
the fixed-base analysis the first interior footing does not meet the acceptance criteria if the AR for
axial load is taken as 1.0. This is because the seismic demands cause this column to go into uplift
thus reducing the moment capacity even though there is still net compression on the footing, so the
m-factors for uplift would not apply.

Sample Calculations:
1. Table C-9, Column C1, Fixed-Base, gravity and seismic loads are counteracting.

Pup = Pe - Pe/DCR = 163 - 1161/2 = -418 net tension, column is in uplift, therefore m-factors
for uplift apply.

M = 8.0 at CP.
AR = Pg/m(Pg) = 1161/(8)(163) =0.89 <1.0 OK
2. Table C-1, Column C29, Fixed-Base, gravity and seismic loads are additive, upper bound.

Pub = Pe - Pe/DCR =278 - 202/1 =76 kips compression, column is in compression, therefore
m-factors for compression apply.

M = 4.0 at CP.

Q = Pup/BrLr = (76 Kips)/(10 ft)/(10 ft) = 0.76 ksf

Mce = (10 ft)(76 kips)/2( 1- (0.76 ksf)/(10.5 ksf)/(1 + 1) =367 kips (ASCE/SEI Eq. 8-10)
AR = Mup/mxMece = 1840/((4)(1)(376) = 1.25 > 1.0 NG
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Table C-9 Footing acceptance ratios (ASCE/SEI 41-17 Eq. 7-2) Fixed Base analysis at BSE-2N
Acceptance | Acceptance
Column PG = Ratio UB Ratio LB
ID M; 0.9D Pe |DCR| Puw B¢ Lt q qc C | MccUB | McelB | mcp | Quo/(mkQce) | Quo/(micQce)
C1 1208 -163 1161 2 -418 10 10 4.18 | 10.5 1 -2507 -3755 8.0 0.89 0.89
C5 1840 -278 -202 1 480 10 10 4.80 | 10.5 1 1852 205 4.0 0.25 2.25
9 1820 -271 14 1 256 10 10 2.56 | 10.5 1 1124 656 4.0 0.40 0.69
C13 1823 -270 -1 1 271 10 10 2.71 10.5 1 1179 656 4.0 0.39 0.70
C17 1822 -270 0 1 270 10 10 2.70 | 10.5 1 1177 656 4.0 0.39 0.69
Cc21 1823 -270 1 1 270 10 10 2.70 10.5 1 1175 656 4.0 0.39 0.69
C25 1820 -271 -14 1 285 10 10 2.85 | 10.5 1 1232 651 4.0 0.37 0.70
C29 1840 -278 202 1 76 10 10 0.76 | 10.5 1 367 326 4.0 1.25 1.41
C33 1208 -163 -1161 2 743 10 10 7.43 | 10.5 1 2401 -1545 4.0 0.13 Unstable
Note: DCR limited to 2C1C2 only for the end columns (ASCE/SEI 41-17, Section 8.4.2.3)
Table C-10 Footing acceptance ratios (ASCE/SEI 41-17 Eq. 7-1) Fixed Base analysis at BSE-2N
Acceptance | Acceptance
Column Ps Ratio UB Ratio LB
ID Ms 1.1D+0.275L Pe DCR Pup B+ Ls q qc Cv McUB McLB m cp QUD/(mKch_) QUD/(mKQCE)
C1 1208 -205 1161 2 -376 10 10 3.76 10.5 1 -2213 -3221 4.0 0.71 0.71
C5 1840 -355 -202 1 557 10 10 5.57 | 10.5 1 2047 -172 4.0 0.22 Unstable
C9 1820 -346 14 1 331 10 10 3.31 10.5 1 1395 611 4.0 0.33 0.74
C13 1823 -345 -1 1 346 10 10 3.46 | 10.5 1 1444 590 4.0 0.32 0.77
C17 1822 -345 0 1 345 10 10 3.45 10.5 1 1442 591 4.0 0.32 0.77
C21 1823 -345 1 1 344 10 10 3.44 | 10.5 1 1440 592 4.0 0.32 0.77
C25 1820 -346 -14 1 360 10 10 3.60 10.5 1 1492 565 4.0 0.30 0.80
C29 1840 -355 202 1 153 10 10 1.53 | 10.5 1 711 543 4.0 0.65 0.85
C33 1208 -205 -1161 2 786 10 10 7.86 10.5 1 2459 -1952 4.0 0.12 Unstable
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Table C-11 Footing acceptance ratios (ASCE/SEI 41-17 Eq. 7-2) Flexible Base analysis at BSE-2N
Acceptance | Acceptance
Column Pg Ratio UB Ratio LB
ID M3 0.9D PE DCR PUD Bf |.f q e Cv MCEUB MCELB m cp QUD/(mKch) QUD/(mKch)
c1 1198 -179 950 2 -296 10 10 -2.96 | 10.5 1 -1685 -2309 | 4.0 0.66 0.66
C5 1747 -267 -62 1 329 10 10 3.29 | 10.5 1 1388 614 4.0 0.31 0.71
c9 1757 -272 -20 1 292 10 10 2.92 | 105 1 1259 648 4.0 0.35 0.68
C13 1754 -270 0 1 270 10 10 2.70 | 10.5 1 1177 656 4.0 0.37 0.67
c17 1754 -270 0 1 270 10 10 2.70 | 10.5 1 1177 656 4.0 0.37 0.67
C21 1754 -270 0 1 271 10 10 2.71 | 105 1 1179 656 4.0 0.37 0.67
C25 1757 -272 20 1 252 10 10 2.52 | 10.5 1 1110 655 4.0 0.40 0.67
C29 1747 -267 62 1 205 10 10 2.05 | 10.5 1 925 625 4.0 0.47 0.70
C33 1198 -179 -951 2 654 10 10 6.54 | 10.5 1 2252 -807 4.0 0.13 Unstable
Table C-12 Footing acceptance ratios (ASCE/SEI 41-17 Eq. 7-1) Flexible Base analysis at BSE-2N
Acceptance | Acceptance
Column Ps Ratio UB Ratio LB
ID Ms; | 1.1D+0.275L | Pe | DCR | Pup Bt L q dc C | McUB | McLB | mep | Quo/(mxQc) | Quo/(mxQce)
c1 1198 -227 950 2 -248 10 10 -2.48 | 10.5 1 -1384 -1822 | 4.0 0.52 0.52
C5 1747 -341 -62 1 403 10 10 4.03 | 10.5 1 1629 468 4.0 0.27 0.93
c9 1757 -348 -20 1 368 10 10 3.68 | 10.5 1 1518 550 4.0 0.29 0.80
C13 1754 -345 0 1 345 10 10 3.45 | 10.5 1 1442 591 4.0 0.30 0.74
c17 1754 -345 0 1 345 10 10 3.45 | 10.5 1 1442 591 4.0 0.30 0.74
C21 1754 -345 0 1 346 10 10 3.46 | 10.5 1 1444 590 4.0 0.30 0.74
C25 1757 -348 20 1 328 10 10 3.28 | 10.5 1 1383 616 4.0 0.32 0.71
C29 1747 -341 62 1 279 10 10 2.79 | 10.5 1 1210 654 4.0 0.36 0.67
C33 1198 -227 -951 2 702 10 10 7.02 | 10.5 1 2337 -1186 | 4.0 0.13 Unstable
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Conclusion/Recommendations

The acceptance ratios for soil bearing are very different when the results between ASCE/SEI 7 and
ASCE/SEI 41 are compared. The footing acceptance ratio in ASCE/SEI 41-17 is governed by uplift at
the end columns of the moment frame, while the highest acceptance ratios in ASCE/SEI 7 occur in
the interior columns with high gravity and moment. The end column with the highest seismic axial
compression load has the lowest AR when upper bound soil strengths are used, and the footing is
unstable when lower bound soil bearing capacities values are used.

An alternate procedure is suggested in the commentary in ASCE/SEI 41-17 Section C8.4.2.3.2.1 for
multiple isolated footings coupled by the superstructure above where the total area of the footing Ar
is summed for all the footings, and the axial load Pup is summed for all the axial loads. However,
there is no further guidance on how this provision is to be applied when calculating the moment
capacity or the acceptance criteria for the foundation.

Use of lower bound strength would result in too conservative results and is not recommended.
Upper bound strength appears conservative but the nonlinear nature of the moment capacity
equation, makes it difficult to predict the appropriate bearing values for consistent AR when
compared with ASCE/SEI 7. Additional research justification is required as investigated later in this
chapter.

ACCEPTANCE CRITERIA FOR THE STRUCTURAL FOOTING

Evaluate Footing for Building Modeled as a Fixed-Base - ASCE 41, BSE-2N hazard @ CP

The maximum axial load and moment, at the BSE-2N hazard level, for the building modeled as a
fixed-base, with elastic soil springs, occurred at the footing supporting the corner column for the load
combination 1.1(D + 0.25L) + Qe. The DCRmax is capped per ASCE/SEI 41-17 Section 8.4.2.3.1 at
2C1C2, or 2.0 since C1 = C2 = 1.0. The gravity moment Mg is ignored and assumed as zero, and
moment due to seismic Mor is divided by the m-factor of 4.0 for the Collapse Prevention performance
level. The corresponding soil pressure distribution under the footing for the applied axial load and
moments for the corner column from the fixed-base analysis is shown in Figure C-37.
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Figure C-37  Soil pressure distribution at the corner column for the fixed-base model.

Check Acceptance Ratio Moment at critical section

Moment demand is calculated at the face of the 14 x 20 column for the soil distribution shown in
Figure C-37.

Qmin at face of the column = 8.07 ksf

Dividing the soil pressure profile into a rectangle and a triangle, the moment at the face is the sum of
the moments from each soil pressure block is calculated as

Moment at column face
Mup = (8.07 ksf)(10 ft){5 ft -(14 in)/(2)/(12)}2/2 + (9.67 ksf - 8.07 ksf)(10 ft){5 ft -(14
in)/(2)/(12)}2/3

= 978 Kip-ft

AR =978/963 = 1.02
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Check Acceptance Ratio Shear at critical section

Shear demand is calculated at a distance “d” the face of the 14x20 column.
Qmin at distance d from face of the column = 8.67 ksf

Dividing the soil pressure profile into a rectangle and a triangle, the shear at the critical section is the
sum of the moments from each soil pressure block is calculated as

Shear demand at critical section

Vup = (8.67 ksf)(10 ft){5 ft -(14 in)/(2)/(12) - (20 in)/12} + (9.67 ksf - 8.67 ksf)(10 ft)(5 ft -(14
in)/(2)/12 - (20 in)/12} /2

=279 Kips

AR =279/304 =0.92

Evaluate Footing for Building Modeled as a Flexible-Base - ASCE 41, BSE-2N hazard @ CP

The maximum axial load and moment, at the BSE-2N hazard level, for the building modeled as a
flexible-base, with elastic soil springs, occurred at the footing supporting the corner column for the
load combination 1.1(D + 0.25L) + Qe. The DCRmax is capped per ASCE/SEI 41-17 Section 8.4.2.3.1
at 2C41C», or 2.0 since C1 = C2 = 1.0. The gravity moment Mg is ignored and assumed as zero, and
moment due to seismic Mor is divided by the ductility m-factor of 4.0 for the Collapse Prevention
performance level. The corresponding soil pressure distribution under the footing for the applied
axial load and moments for the corner column from the flexible-base analysis is shown in Figure C-
38.
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PSeismic
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Soil Pressure distribution

Figure C-38  Soil pressure distribution at the corner column for the flexible-base model.

Check Acceptance Ratio Moment at critical section

Moment demand is calculated at the face of the 14 x 20 column for the soil distribution shown in

Figure C-38.

Qmin at face of the column = 7.13 ksf

Dividing the soil pressure profile into a rectangle and a triangle, the moment at the face is the sum of
the moments from each soil pressure block is calculated as

Moment at column face

Mup = (7.13 ksf)(10 ft){5 ft -(14 in)/(2)/(12)}2/2 + (7.91 ksf - 7.13 ksf)(10 ft){5 ft -(14

in)/(2)/(12)12/3

= 746 Kip-ft

FEMA P-2208
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AR =746/963 =0.77

Check Acceptance Ratio Shear at critical section

Shear demand is calculated at a distance “d” the face of the 14x20 column.
Qmin at distance d from face of the column = 7.42 ksf

Dividing the soil pressure profile into a rectangle and a triangle, the shear at the critical section is the
sum of the moments from each soil pressure block is calculated as

Shear demand at critical section

Vup = (7.42 ksf)(10 ft){5 ft -(14 in)/(2)/(12) - (20 in)/12} + (7.91 ksf - 7.42 ksf)(10 ft)(5 ft —(14
in)/(2)/12 - (20 in)/12} /2

=211 Kips

AR =211/304 = 0.69

Summary

The maximum AR for the design of footing as a new building at the BSE-1N earthquake hazard using
ASCE/SEI 7-10 was 0.60, and was 1.02 using ACSE/SEI 41-17, when the foundation is modeled as a
fixed-base. This indicates that footings designed to the requirements of ASCE 7 for new buildings will
not meet the performance objective of BPON at the collapse prevention level when the building is
modeled as fixed-base. Modeling the building as a flexible-base results in lower acceptance ratios.
The higher m-factors and the slightly reduced load demands because of the higher period of the
building and load redistribution to other gravity and lateral force resisting elements with deformation
of the footing due to settlement. But both methods using ASCE/SEI 41-17, modeling the building as
fixed or flexible resulted in higher acceptance ratios when evaluating the strength of the structural
footing.

Takeaways

= Actual demands (DCR not capped) should be used when computing moment capacity of the
footing and acceptance criteria “m” adjusted accordingly

= A well-designed new concrete moment frame building in ASCE/SEI 7, could show noncompliance
when evaluated using ASCE/SEI 41-17 when evaluated for a performance objective of BPON.

= Use of lower bound soil capacity for Cy = 1 (half of expected strength) may be too conservative,
propose to change to 0.5 or eliminated.

= Axial tension in column may be limited to maximum weight of the footing including the adjacent
floor slab.
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=  Where seismic demands subtract from column axial load, the acceptance criteria for tension
should be applied regardless is the column goes into tension.

Conclusion/Recommendations

Footings evaluated with demands and m-factors from a fixed-base analysis using ASCE/SEI 41-17
are more conservative than similar designs using ASCE/SEI 7-10. Evaluating the building as a
flexible base with associated m-factors results in a more favorable outcome but the results are still
conservative when compared with ASCE/SEI 7-10. Evaluating the footings as force-controlled is also
likely to produce conservative results if conservative estimates are made for the maximum force
delivered to the foundation as this does not account for redistribution of forces with foundation
displacement. Use of m-factors from the material chapters based on the action on the footing is a
preferred alternative,

C.3.3 Overall Summary/Conclusion

Comparing the results from the various analysis using the linear static procedure (LSP) with the
results from the nonlinear static procedure (NSP) shows that when the elements of the
superstructure are ductile relative to the foundation system, combining results from a linear
superstructure with a nonlinear foundation leads to results inconsistent with what engineering
judgement would predict. For this reason, for LSP, modeling only the foundations as nonlinear is not
recommended. Results from the LSP with all elements modeled as elastic and the NSP gave
reasonable correlation with baseline ASCE/SEI 7 analysis model.

The evaluation of the footing structural component using linear analysis procedures (LSP) fixed-base
of flexible-base, shows that modeling new buildings using the requirements in ASCE/SEI 41-17 result
in more conservative designs than using the prescriptive methods of ASCE 7-10 when fixed base m-
factors are used.

C.4 Investigation of Alternate Foundation Acceptance
Criteria

C.4.1 Summary of foundation acceptance for each archetype building
modeled as a fixed-base

Since the lateral resisting systems selected for the two case study buildings were different, it gave a
good opportunity for a comparative foundation evaluation check between the outcomes using
ASCE/SEI 7-10 and ASCE/SEI 41-17. Summary comparisons of the acceptance ratios for the two
archetype buildings. Archetype Building 1 given in appendix B and this building, Archetype Building 2,
for foundations modeled as a fixed-base.
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C.4.1.1 ARCHETYPE BUILDING 1, FOUNDATION ACCEPTANCE COMPARISON BETWEEN
ASCE/SEI 7-10 AND ASCE/SEI 41-17 FOR SOIL BEARING

For the case study building, Archetype Building 1, with details and calculations shown in
Appendix B, the existing foundation was not adequate to support overturning forces due to
lateral loading on the new concrete shear walls. New concrete foundations were added between
gridlines 2 and 5 as shown in Figure C-39.

® 11— -

7 () 24%434" COL

Figure C-39 Foundation Plan: With Proposed Foundation Retrofit

The retrofit foundation was designed based on ASCE/SEI 7-10 provisions and the same loading
conditions for the new superstructure. This foundation was evaluated for comparison using
ASCE/SEI 41-17 for the same hazard level loading conditions associated acceptance criteria for
the building modeled as a fixed-base. Therefore, no change to the analysis was required
because within the analysis model the structure from the original as the foundation was
assumed as fixed.

Part 3: C-46 FEMA P-2208




Part 3, Appendix C: Archetype Building 2

Footing retrofit geometry

The retrofit footing connected the existing pad footing between gridlines 2 and 5 together to
create one continuous footing with the new footing retrofit plan layout is shown in Figure C-40,
with geometric properties in Table C-13. To simplify the analysis, the retrofit footing is
approximated as a rectangular footing with an average footing width to account for the
variations in footing width along its length.

706"

20-0" 200" 200"

106
_|_
6-0

:j':. —|— _ )
_|_
.

[ 106" L o-8" L SHEAR WALL ABOVE

Figure C-40 Retrofit Footing Plan Layout with Dimensions

Table C-13 Retrofit Footing Geometric Properties

Footing Area (Af) | 612 ft?
Average Footing Width (B) | 8.7 ft

Retrofit footing acceptance using ASCE/SEI 7-10

For the moment demand on the new retrofit footing, the acceptance ratio was 0.85 for loading
details shown in Figure C-41.

ASCE 7-10 Footing design, bearing pressure

M= 13177.5 k-tt, ASD (ETABS) with 25% reduction

P, total = 1304 kips (sum of dead load at all 4 cols)
footing width, B = 8.7 ft
footing length, L = 705 ft
/6= 11.8 ft
MP=e= 101 ft e L/B
g = 251 ft
q max = 3.98 ksf <4 66 ksf okay
DCR = 0.85

Figure C-41 Footing acceptance for soil bearing using ASCE/SEI 7-10

FEMA P-2208 Part 3: C-47




NEHRP Recommended Revisions to ASCE/SEI 41-17, Seismic Evaluation and Retrofit of Existing Buildings

Retrofit footing acceptance using ASCE/SEI 41-17

For the same axial load on the footing, but for moment demands from the ASCE/SEI 41-17
evaluation at the CP level, the acceptance ratio for soil bearing was 1.2 as shown in Figure C-
42.

ASCE 41-17 with footing, check overturning assuming foundation is rigid compared to soil

PUD = 1304 kips
Af = 612 fi2
q= 2.13 ksf
qc = 21.0 ksf, upper-bound in accordance with 8.4.2.3.2
Lf= 70.5 ft

MCE = 41302 kAt
Mbase = 198580 k-ft (ETABS)

required m = 4.8
allowable m = 4 Section §.4.2.3.21
Acceptance ratio = 1.20

ASCE 4117 with footing, check overturning stability (uplift) assuming foundation is rigid compared to soil

Qe=IMuEQ= - 198580 k-t

IMDL= 39120 k-ft
Qe =09DL = 35208 k-ft
required m = 5.6 (Qe/Qg)
allowable m = 8 Section 8.4.2.3.21
Acceptance ratio = 0

ASCE 41-17 with footing, Overturning Effects for Linear Procedures

Restoring Moment, Mgy = 39120 k-ft
Mot = ZMu EQ = 198580 k-ft
CyCz = 11

0.9Mgr = 35208 k-ft
Mor/CiCz= 180527 k-ft

Required por= 5.1
Hor= 10
Acceptance ratio = 0.51

Figure C-42 Footing acceptance for soil bearing using ASCE/SEI 7-10

Summary of retrofit footing acceptance between ASCE/SEIl 7-10 and ASCE/SEI 41-17

A comparison of the footing acceptance for soil bearing overturning action presented in Figure
C-43 shows the ASCE/SEI results are more conversative than if the footing were designed as a
new building using ASCE/SEI 7-10.

ASCE 4117 ASCE 7-10
Section cP Acceptance Section DCR
m-factor Ratio
LSP, Bearing Pressure =| 8.4.2.3.21 4 1.20 12.13.4 0.85
LSP, Uplift =] 8.4.2.3.2.1 8 0.71 12.13.4 0.56
LSP, Overall Overturning =] 7.2.81 10 0.51 1285 0.75
Outcome = NG OK

Figure C-43 Comparison of Acceptance Ratios between ASCE/SEI 7-10 and ASCE/SEI 41-17
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C.4.1.2 COMPARISON OF FOOTING SOIL BEARING ACCEPTANCE BETWEEN ASCE/SEI 7-10
AND ASCE/SEI 41-17 FOR ARCHETYPE BUILDING 2

As shown and described earlier, the footing acceptance for soil bearing between ASCE/SEI 7-10 and
ASCE/SEI 41-17 are very different for the building modeled as a fixed-base as shown by looking at
the last column in Table C-14 and Table C-15. The acceptance for foundation compression and
uplift are switched between the two methods. Note: only one direction of loading was considered, so
the AR would be maximum from both directions on each footing. However, the results clearly show a
disconnect between the two methods.

Table C-14 Acceptance Ratio, Bearing Pressure — ASCE/SEI 7-10

q
Column| P Comp M3 Bs L e O max | allowable | Acceptance
Story ID (Kip) (kip ft) (ft) (ft) (ft) (ksf) (ksf) Ratio
STORY1 [C1 -112.4 86.0 10 10 0.77 1.6 4.65 0.35
STORY1 |C5 -374.8 130.9 10 10 0.35 4.5 4.65 0.97
STORY1 [C9 -349.5 129.4 10 10 0.37 4.3 4.65 0.92
STORY1 |C13 -349.7 129.6 10 10 0.37 4.3 4.65 0.92
STORY1 |C17 -349.8 129.6 10 10 0.37 4.3 4.65 0.92
STORY1 |C21 -349.6 129.6 10 10 0.37 4.3 4.65 0.92
STORY1 |C25 -351.4 129.4 10 10 0.37 4.3 4.65 0.92
STORY1 [C29 -347.5 130.9 10 10 0.38 4.3 4.65 0.92
STORY1 (C33 -270.8 86.0 10 10 0.32 3.2 4.65 0.69
LC= (1+.14Sp5)D +0.5L+ 0.7*0.75Q¢
g allowable = 4.65 ksf with 1/3 increase for seismic
Table C-15 Acceptance Ratio, Bearing Pressure - ASCE/SEI 41-17
Acceptance
Column Ratio UB
ID Mup | DCR| Puw B¢ Ls q Jc C. | McUB | mcp | Quo/(mkQce)
Cc1 1208 2 -418 10 10 4,18 | 10.5 1 -2507 8.0 0.89
C5 1840 1 480 10 10 4.80 | 10.5 1 1852 4.0 0.25
(@] 1820 1 256 10 10 2.56 | 10.5 1 1124 4.0 0.40
C13 1823 1 271 10 10 2.71 | 10.5 1 1179 4.0 0.39
C17 1822 1 270 10 10 2.70 | 10.5 1 1177 4.0 0.39
c21 1823 1 270 10 10 2.70 | 10.5 1 1175 4.0 0.39
C25 1820 1 285 10 10 285 | 10.5 1 1232 4.0 0.37
C29 1840 1 76 10 10 0.76 | 10.5 1 367 4.0 1.25
C33 1208 2 743 10 10 7.43 | 10.5 1 2401 4.0 0.13
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C.4.1.3 COMPARISON SUMMARY BOTH ARCHETYPE BUILDINGS BETWEEN ASCE/SEI 7-10
AND ASCE/SEI 41-17
For Archetype Building 1, the maximum acceptance ratio for ASCE/SEI 7-10 was 0.85 compared to
1.20 using ASCE/SEI 41-17. While for Archetype Building 2 the majority of interior columns give an
acceptance ratio of 0.40 using ASCE/SEI 41 compared to 0.92 using ASCE/SEI 7-10. In addition,
the acceptance ratios for end bay columns using ASCE/SEI 41-17 are very different from ASCE/SEI
7-10. It can be argued that the fixed based results are in reasonable agreement between the two
standards for the cantilevered shear wall example, it is difficult to make the same case for the
moment frame building. Therefore, a search for alternate methods to establish and clarify the
acceptance criteria for foundations using ASCE/SEI 41 was explored.

C.4.2 Issues Considered

= Soil bearing capacity and stiffness is different for gravity and dynamic loads.
= Gravity demands/acceptance criteria should not be reduced by ductility or m-factor.

= Cannot combine elastic pseudo seismic force and compare with nonlinear capacity equations
based on real loads and then amplify by m-factor.

C.4.3 Essence of the Proposal

A new proposal was postulated based on the assumptions below:

= Apply pseudo force reduction by DCR on moment demand similar to axial load demand reduction
in equation 8-10 of ASCE/SEI 41-17 also referred to as equation 8-10.

= Apply m-factor reduction only to seismic actions.
=  Reformulate the acceptance criteria based on first principles.

Considering the issues above, a new acceptance ratio expressed in terms of maximum bearing
pressure was proposed as given below:

MSeisL

P D+L P Seis +
qallowGAG mqultimateAgDCRsupA mqultimateIgDCRsupM

Acceptance Ratio = Eq.C —1

Where:
DCRsupa = Reduction factor for pseudo force axial load action on the footing
DCRsupm = Reduction factor for pseudo force moment action on the footing

qaiow = allowable soil bearing capacity including the 1/3 increase for seismic
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quitimate = allowable soil bearing capacity including the 1/3 increase for seismic

Po+L = Axial load on the footing from the superstructure and need not include the weight of
the footing

Using the new formula, a comparison of the ARs between ASCE/SEI 41-17 and ASCE/SEI 7-10 for
different performance objectives and for two different footing sizes is shown in the Table C-16 and
Table C-17 below.

Table C-16 Comparison of ARs using the proposed formulation and ASCE/SEI 7 for a 10 x 10

footing
Footing size 10'x 10’
Max DCR | Max DCR Interior | Max DCR|Max DCR| End Bay
Performance Level Eq. Hazard Axial Moment | Footing Axial | Moment | Footing
ASCE 7-10 Risk Catll,1=1.0 BSE-1N 0.93 0.69
Risk Catlll, 1 =1.25 BSE-1IN R=8 0.97 0.76
Risk Cat IV, | = 1.5 BSE-1N 1.01 0.83
ASCE 41 Acceptance Criteria using proposed formulation
I0; m=2 BSE-1N 1 1 1.03 1 1 0.83
LS, m=3 BSE-2N 1 1 1.03 2 1 0.69
LS, m=3 BSE-1N 1 1 0.93 1 1 0.67
CP;, m=4 BSE-2N 1 1 0.95 2 1 0.61
BPON Risk Category Il 0.95 0.67
Risk Category IV 1.03 0.83

Table C-17 Comparison of ARs using the proposed formulation and ASCE/SEIl 7 fora 8 x 8

footing
Footing size 8'x8'
Max DCR | Max DCR Interior | Max DCR|Max DCR| End Bay
Performance Level Eq. Hazard Axial Moment | Footing Axial | Moment | Footing
ASCE 7-10 Risk Catll,1=1.0 BSE-1N 1.51 1.13
Risk Catlll, 1 =1.25 BSE-1IN R=8 1.60 1.25
Risk Cat IV, =1.5 BSE-1N 1.68 1.37
ASCE 41 Acceptance Criteria using proposed formulation
I0; m=2 BSE-1N 1 1 1.72 1 1 1.36
LS; m=3 BSE-2N 1 1 1.72 2 1 1.14
LS; m=3 BSE-1N 1 1 1.52 1 1 1.10
CP;, m=4 BSE-2N 1 1 1.57 2 1 1.00
BPON Risk Category Il 1.57 1.10
Risk Category IV 1.72 1.36

From the results it is clear that the proposed formulation for acceptance criteria aligns well for the
moment frame example, or Archetype Building 2 for a range of footing sizes. However, there were
questions as to the applicability for other types of lateral force resisting systems like:

= How do the results compare with existing equation 8-107?
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= New formulation does not consider stability.
= New formulation is not consistent with the philosophy of ASCE/SEI 41.

To address these concerns, at the same time accounting for foundation uplift stability, alternate
methods were researched, and new proposals brought forward.

Starting with the general acceptance criteria based on maximum soil pressure rather than a
foundation overturning capacity, and where the demands to the foundations were reduced by “m” or
“DCR” prior to the check, the following cases were considered.

CASE 1: FOOTING WITH SEISMIC DEMANDS REDUCED BY m-FACTOR WHERE FOOTING IS
IN COMPLETE CONTACT WITH THE SOIL.

This condition is similar to the procedure used when designing footings with expected force demands
including axial load and moment where the footing remains completely in contact with the soil
(Figure C-44).

From elastic theory, the maximum soil pressure is determined as a superposition of the normal load
on the soil from axial load and moment as P/A + My/I. If the pseudo force demands are converted to
expected forces on the soil, by dividing only the seismic demands by m and DCR of the
superstructure, the soil pressure can be written as:

1 PSeis 6M5eis )
_ 1, N + Eq.C —2
Qmax Ag( D+L mDCRsupA mDCRsupMLf !

Pp,p + Seismic

Mseismic

Qm ax

Figure C-44 Case 1, entire footing remains in contact with the soil
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Making the following substitutions,

P .
Pequivatent = Pp+1 + mD;;:ipA Eq.C -3
MSeis
Mequi = Eq.C — 4
equivalent mDCRsupM q
Mequvialnt
€equivalent = P Eq.C =5
equvialnt
And where:
L . . . . . .
€equivalent < ?f; where Lt is the length of the footing in the direction of rocking.
Qmax can be written in general form as
Pequivalent 6eequivalent
= 1+ Eq.C—6
Qmax Ag Lf q

Starting with the new expression for soil pressure, the acceptance ratio can be written as:

PD+L + PSeis MSeisL/2

Acceptance Ratio =
QallowGAG mQultimateAgDCRsupA MAuyitimate IgDCRsupM

Since quitimate = 3Qaiows, and making the substitution

P =p + PSeis Eq C 7
equivalent_ac — ' D+L 3 L —
mDCRg,,
pPA
— MSeis
Mequivalent_ac - 3mDCRsupM Eq. C -8
and
_ Mequivalent_ac
eequivalent_ac - Eq. C-9

Pequivulent_uc

Ly . .
Therefore when ecquivaient < r the acceptance ratio can be written as:

. Pegui 6€cqui
ACcepta nce Rath — equivalent_ac (1 + equwulent_uc) Eq C _ 10
AgQqallowc L¢
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CASE 2: FOOTING WITH SEISMIC DEMANDS REDUCED BY m-FACTOR WITH FOOTING IN

PARTIAL UPLIFT

This condition occurs when the maximum pressure from the pseudo force moment divided by m-
factor and DCR puts the footing in partial uplift. The maximum soil pressure for this case is not a
simple superposition of forces based on elastic theory and has to be established from statics.

ARy

“rr

L'//
»

eequivalent

Figure C-45 Case 2, partial uplift of the footing and Qmax < quitimate.

Therefore when,

e s L.
equivalent 6 ’

Maximum soil pressure is given as:

ZPequiualent

Qmax = 3 BfL}
Where

L,f = Lz_f — €equivalent
Or,

Omax = 2Pequivalent

L
3By (?f - eequivalent)

Eq.C —11

Eq.C —12

Making the substitution similar to Case 1, for Pequivatent_ac and €equivatent_ac the AR can be written as:

ZPequiuulent_ac

Acceptance Ratio =

Part 3: C-54

Ly
3Bf‘lallowG(? - eequivalent_ac)

Eq. C-13
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CASE 3 - SOIL PRESSURE BASED ON A RECTANGULAR DISTRIBUTION

This case is the same as the method used in the determination of the ultimate moment capacity of
the foundation Mce. Where the soil force deformation behavior is represented by an elastic perfectly
plastic backbone curve, when the bearing capacity qc is reached:

P

Figure C-46 Case 3, soil pressure calculated using a rectangular distribution.

The foundation ultimate moment capacity Mce given in equation 8-10 of ASCE/SEI 41-17, can be
rewritten in the terms of soil bearing capacity gc as follows:

L¢Pyp q
Mer = fz (1_q_)
c

Mer _ L_f(qc ‘q)

PUD_ 2 qc

Ly
qc€ce = ?(QC - CI)

L L
f f
qc€ce — 7% = —7q

L Ly P
= — ~f TuD
1 (2 eCE) 2 Brly

P
q. = up Eq.C — 14

Ly
ZBf (7 - eCE)

Substituting for Pup and eck, this equation can be in terms of Qmax as:
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Pequivalent
UV Eq.C —15
2By 5~ Cequivalent

Qmax =

Where:
_ PSeis .
PetIuivalent - PD+L + mDCRsupA,
MSeis
M qui = S
equivalent mDCRsupM,
and
_ Mequviulnt .
€equivalent = P B
equvialnt

Therefore, in the limit when Qmax = q¢, the foundation overturning acceptance criteria is reached, and

no additional check is required.

A summary of the maximum soil pressure for the three cases are given below.

Case 1- Qmax _ Peq::;va.!ent 14 631‘:‘\‘.}1&1&1&“!
g f
. . zpequivafmm .
Case 2: Q ax = I - Triangular, e > L;/6
EL}f(? - Eequivalmtt)
. Peq“uivaimtt
Case 3: Quax = I; - Rectangular
ZL}r(T - "3"m]lt,!.ivlule-:-ltI
. _ LyPyp q
Moment Capacity: Mo = 5 1-— o) Eq 8-10
c

, B i:Lf/ﬁ

A summary of the equations used for the proposed acceptance ratio is given below.
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Seis
Pequivaient = Ppyp + 3mDCR 4
sup
M . Meis
equivalent — 3mDCR
supM
Ly

eequivaient_AC = 6

Acceptance Ratio =

AgQaltowe Ly
Ly

eequivaient_AC > 6
2Pequivalent_AC

Pequiva[ent_AC (1 + 6eequivalent_AC)

Acceptance Ratio = Iy
3Banl!owG (7_ eequivalent_AC)

C.4.3 Acceptance Criteria Check - Archetype Building 2

Taking the demands from the moment frame example for the interior and the end bay columns, with
moment and axial load patterns shown in Figure C-47, the results are plotted (Figure C-48 and Figure
C-49) in terms of soil pressure for the three cases and compared with that obtained from equation 8-

10, when expected strengths for the soil bearing capacity are used, i.e. gc = 3 X Qaliow-

STORY7

STORY6

STORYS

STORY3 T

STORY2

STORY1

BASE D_> X l I I ' I I I

Moment Diagram Axial Force Distribution

Figure C-47Moment and axial force distribution in elements of the LFRS

Soil Pressure with increasing Seismic Moment, Interior Bay, (Pseismic = 0)

FEMA P-2208
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Pseism
Pgeism_inc
DCRxial
Ma,.i - Factor
Meis

M, ism_inc
DCRom

Mom - Factor

Quiiowe
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——Case 1: P/A +Mc/I
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Figure C-48 Soil pressure variation with seismic overturning moment.

Proposed Acceptance Ratio with increasing Seismic Moment, Interior Bay, (Pseismic = O)

Pseism
Pgeism_inc
DCRxial
My, - Factor
Meis
M,gism_inc
DCRom

Mom - Factor

clallowG

Figure C-49

10 ft
10 ft
350 kips
0 kips
0 kips
1
4 CP
0 kip-ft
400 kip-ft
1
4 CP
4.5 ksf

Acceptance Ratio

2.50

2.00

150

1.00

050

0.00

Variation of Acceptance Ratio with increasing seismic moment

——Acceptance Ratio

1000 2000 3000 4000 5000 6000

Moment (Kip-ft)

Variation in acceptance ratio with increasing seismic overturning moment.

Observation of the results from the two scenarios shows that acceptance ratio for an interior bay
footing based on soil pressure is approximately 5200 kip-ft and that using the new formulation is
approximately 2000 kip-ft. These results indicate that there is a lot more reserve capacity in the
foundation with respect to overturning resistance when soil bearing is used for the acceptance

criteria.

A similar comparison is made for footings under the end bay columns where seismic demand adds

to the gravity load as shown in Figure C-50 and Figure C-51.

Soil Pressure with increasing Seismic Moment, End Bay, (Pseismic # O)

Part 3: C-58

FEMA P-2208




Pseism
Pgeism_inc
DCRayal
My, - Factor
Meis
Meism_inc
DCRmom

Mom . Factor

cIaIIowG

10 ft
10 ft

250 kips
0 kips
75 kips
2
4 CP
0 kip-ft
100 kip-ft
1
4 CP
4.5 ksf

Part 3, Appendix C: Archetype Building 2

25.0

200

150

10.0

Soil Pressure (ksf)

50

0.0

Variation of Soil Pressure with increasing seismic moment

——Case 1: P/A + Mc/
——Case 2: e< L/6 or e > L/6 Triangular
——Case 3: Rectangular

e=3*QallowG

====mKkMCE - Equation 8-10

e |\ICE - Equation 8-10

= an

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Moment (Kip-ft)

Figure C-50 Soil pressure variation with seismic overturning moment, end bay.
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Again, the results from the two scenarios for the end bays where seismic axial load increases with
overturning moment, acceptance ratio based on soil pressure is approximately 6400 Kip-ft and with
the new formulation is approximately 2500 kip-ft. The new proposal is conservative compared to the
existing formulation and there is a lot more reserve capacity in the foundation with respect to
overturning resistance for soil bearing.

Figure C-52 shows the soil pressure under footings in the end bay columns where seismic demand
subtract from gravity. This is contrasted with the new acceptance ratio in Figure C-53.

Soil Pressure with increasing Seismic Moment, End Bay, (Pseismic < O)

FEMA P-2208
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Figure C-52

Soil pressure variation with seismic overturning moment, end bay, seismic
demand subtracts from gravity.

Proposed Acceptance Ratio with increasing Seismic Moment, End Bay,
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Figure C-53  Soil pressure variation with seismic overturning moment, end bay, seismic

demand subtracts from gravity.

The acceptance ratio for this case has a significantly higher moment capacity acceptance criteria
compared to the moment capacity when instability is reached. Since this is the end bay of a multi-
bay moment frame, the soil pressure is not really a good measure of the capacity of the foundation
as the superstructure transfers the load to the adjacent footing. Therefore, it is proposed that the
acceptance criteria involving soil pressure of foundation stability is not required for multi-bay
systems when seismic axial demand subtracts from gravity.
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C.4.4 Acceptance Criteria Check - Archetype 1 (Shear Wall Example)

A similar acceptance criteria check was done on the foundation in Archetype 1 (Figure C-54),
evaluated as fixed base is shown in Figure C-55 and Figure C-56.

708"

200" 200" 20-0"

10-6
+
6-0'
-+

+

J, 10-6" ,.I‘ 9-6" J, SHEAR WALL ABOVE

Figure C-54  Footing plan under new shear wall, Archetype 1

Soil Pressure with increasing Seismic Moment, Shear wall Footing, (Pseismic = O)
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Figure C-55 Soil pressure variation with seismic overturning moment.

Proposed Acceptance Ratio with increasing seismic moment, shear wall footing (Pseismic = O)

FEMA P-2208 Part 3: C-61




NEHRP Recommended Revisions to ASCE/SEI 41-17, Seismic Evaluation and Retrofit of Existing Buildings
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Figure C-56 Variation of acceptance ratio with seismic overturning moment.

The moment capacity corresponding to the acceptance ratio of 1.0 for the cantilever shear wall
footing using the proposed formulation is now greater than that compared with the soil pressure
ratio using qc = 3 X Qailowa.

TAKEAWAYS

Archetype Building 1 and Archetype Building 2 show different Acceptance Ratio patterns, Why?
Possible reasons could be:

=  Footing demands are from multiple point loads in the Archetype Building 1 example.
= Footing is assumed to have a rigid body rotation.

= High overturning demand.

= Different superstructure failure mechanisms are at play for Archetype Building 1 and Archetype

Building 2. (Figure C-57 and Figure C-58)
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Potential yield mechanisms Archetype 1

Figure C-57  Soil pressure variation with seismic overturning moment.

Potential yield mechanisms Archetype 2

Figure C-58 Soil pressure variation with seismic overturning moment.

CONCLUSIONS

Given the fact that the newly proposed acceptance criteria may not be a true indication of the
resistance capacity of the foundation, additional checks were discontinued, and instead the
acceptance criteria based on the soil pressure approach was pursued. A new proposal was put
forward, Proposal A, and compared with a revised version of the standard in Proposal B. Details are
presented in the following sections.

C.4.5 Proposal A - Divide the pseudo force demands by “m” or DCR before
foundation check

This method required the best estimate of the seismic demands to the foundation to address
stability and soil bearing failure. To achieve this a new approach was investigated where the seismic
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demands on the foundation were divided by the m-factor or a DCR whichever is greater, but not both,
for the soil bearing acceptance criteria. At the same time an evaluation of the footings based on the
reduced soil pressures was also proposed. In order to meet the acceptance criteria for the desired
performance objective, the acceptance criteria for both the soil bearing, and foundation structural

component must be satisfied.

The tenets of this proposal are shown in the flow chart in Figure C-59.

Linear Analysis Fixed Base Analysis
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Fun = Pot prpar m factor
Msuivmic
Mup = Mq + DCRy or m factor
, _ Myp
Isolated Footing (.AE - up
T c Footing
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Figure C-59
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Flow chart of Proposed acceptance criteria methodology for soil bearing and the

structural footing
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The step-by-step procedure to be followed if this proposal were adopted as outlined in the flow chart
above is described in the following sections. While the acceptance criteria procedure is described
for isolated spread footings, it would be equally applicable to combined footings and mat
foundations.

ISOLATED SPREAD FOOTINGS

n F

Py

Figure C-60 Proposed method for evaluating soil bearing and footing acceptance based on
anticipated soil pressure distribution under the footing.

PROPOSED ACCEPTANCE CRITERIA - SOIL BEARING

The moment capacity of the footing given by Equation 8-10 of ASCE/SEI 41-17 is nonlinear and goes
to zero either when Pup or the instantaneous axial load on the foundation is small or goes into
tension, or the axial load is large compared with the bearing capacity of the soil.

Mep =222 (1 - qi) ASCE/SEI Eq. (8-10)

P
Where, q = ﬁ
fLf

is the vertical bearing pressure on the soil.

For this reason, when the seismic demands are not the actual demands on the footing, the results
can be erroneous. When the axial seismic demand on the foundation subtracts from gravity, and the
column is not yet under tension there is little to no reserve moment capacity in the foundation, but
this is a transient pseudo force load and basing the acceptance criteria on this condition would show
many end bay columns of moment frames or braced frames would not pass this test. Therefore,
where seismic axial demand subtracts from gravity, it is recommended that the moment capacity be
based on the gravity load on the footing instead.

Mcp = (1 - qic) When seismic demand subtracts from gravity.
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Since the seismic axial switches between compression and tension, and the soil bearing m-factors
are a function of the Ac/Ar ratio, where the m-factor is higher for small Ac/Ar ratios, it is further
recommended to check the foundation only when seismic axial load adds to gravity. When the
pseudo force demand puts the column in tension the formulations using the division of the seismic
demands by the m-factors are already considered in the acceptance criteria and the moment
capacity is taken as zero and not considered as the acceptance criteria for the footing. Mcr =0
When pseudo axial demand on the foundation is negative.

Therefore, from above, foundation acceptance criteria should only be considered when seismic axial
demand adds to gravity, and the following procedures are proposed:

Condition 1: When superstructure yielding governs the response:

A A
q--—ﬁ -

Figure C-61  Superstructure yield mechanisms limiting demands on the foundation

Pseis
Pyp = P +
UD D+L DCR4

M — Mseis
UD ™ DpcRy

Where, DCRa and DCRw are the maximum DCRs affecting the moment or the axial load on the
foundation from the superstructure (Figure C-61). This may be limited by 2C1Co.
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Figure C-62 Soil yielding governs the mechanisms limiting demands on the foundation

_ Pseis
Pyp = Ppy, + ==

Mseis
Myp = ==
And defining eac as:

€ac = Pup

The acceptance criteria for soil bearing can be written as:

fUD
ZBf(Tf - eAC>

AC = <
dc

Eq.C— 16

Where the numerator is written in terms of a rectangular soil pressure bulb at the end of the footing
that just balances the applied moment for a prescribed axial load. See derivation for Case 3
acceptance criteria where soil pressure distribution under the footing is rectangular and where Qmax

= Qe.

FEMA P-2208
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PROPOSED PROCEDURE FOR - EVALUATION OF THE FOUNDATION STRUCTURAL

COMPONENT
d:;
5
§ i
. Cobon: { . Column '!
, % i
i poin
Foating !
PLAN | PLAN
Critical moment tection f Craical plane shear
Colum l Noay e J.
- ' Jd - 1i

/] L,

Figure C-63 Evaluation of the structural footing at each critical section for moment and shear

Foundation components are to be evaluated at each critical section using an upward soil pressure
distribution under the footing (Figure C-63). This distribution varies for gravity and gravity plus
seismic loads. Traditional designs evaluate demands on the footing as a superposition of forces
from the axial load and moment on the footing. If the maximum soil pressure that can be resisted by
the footing is gc before excessive settlement occurs, and if the soil pressure block under the footing
is rectangular over an area supporting the axial load on the footing taken from the end of the footing
towards the neutral axis, this pressure distribution will generate the maximum moment or shear at
the critical section. Alternatively, when superstructure yielding governs the demand on the footing,
the pressure distribution can be triangular based on the axial loads and moments divided by the m-
factor or DCR for superstructure and provided Qmax < gc, Where Qmax is the maximum soil pressure at
the edge of the footing. The procedure to evaluate footings of rectangular geometry where the
applied moment is parallel to the axis of bending of the footing, is described in the next section.

Evaluation of Rectangular Footings:

For rectangular footings, the strength demand at the critical section can be determined using an
upward uniform rectangular soil pressure distribution where q = qc is applied over the critical contact
area for a distance L. = Pup/qcBr from the end of the footing towards the neutral axis as shown in
Figure C-64 below.
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qc

Pyp ‘
chf | L |

L. =

Figure C-64  Soil pressure distribution for evaluation of the structural footing

Alternatively, if the footing design fails this check, the soil bearing pressure g < qc across the width of
the footing and distributed along the length of the footing resulting in the lowest strength demand at
the critical section from one of the three cases below corresponding to the soil pressure distribution

under the footing as shown in Figure C-65, is permitted when all the necessary conditions for that
case is satisfied.

The demands (axial load and moments on the footing) are permitted to be divided by the governing
m-factor or DCR of the superstructure to account for superstructure yielding prior to the check.

i P
_—& L, = uD -

-~ Foundation — I
tdemgn check loop

@‘\ iy

Figure C-65 Alternative soil pressure distribution for evaluation of the structural footing
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Case 1: (Uniform or Trapezoidal distribution of soil pressure)

This condition as shown in Figure C-66 is applicable when the soil pressure, q, distributed along the
length from Qmax to Qmin determined from Equation C-17 satisfies the requirement that no portion of
the soil is in tension, Qmin > 0 and the Qmax < q¢, such that O < Qmin < q < qc, Where:

AT
[ N

Case 1

Figure C-66 Trapezoidal soil pressure distribution

= Pﬂ(l ieeAC>;When eac < Lg/6 Cc-17
Ag Ly

Qmax/min

Case 2: (Triangular distribution of soil pressure)

This condition as shown in Figure C-67 is applicable when the soil pressure, q, linearly distributed
along the length goes from Qmax determined in Equation C-18, to 0, and satisfies the requirement

that Qmax < gc. such that 0 £ q < q¢, where:

Case 2

Figure C-67 Triangular soil pressure

2P L L
= — U . when L< ey S;f C-18

Qmax - L -
3Bf(7f— eAC) 6

P L
Qmin= 0atl' =3(L - ex) < L
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Case 3: (Rectangular and triangular distribution of soil pressure)

This condition as shown in Figure C-68 may be used if the conditions in this section are met when
the soil pressure distribution of the seismic demands are not satisfied using either Case 1 or Case 2.

\n N A M AA A A A

q.

Case 3

Figure C-68 Rectangular and triangular soil pressure distribution

A rectangular distribution of soil pressure with g = qc shall be applied over an area for a distance X
from footing end towards the neutral axis followed by a triangular distribution over a distance Y with
dc = q =0, where:

x=2w _ly Eq.C — 19
qcByf 2
Y = J12{P'Lf—2M’—P’2} >0 Eq.C—20
And
X+Y <L Eq.C — 21
Where:
p' = Pup.
acBy
and
M = Mup
acBr

EXAMPLE: - FOUNDATION DESIGN CHECK

An example of the design demands at the critical section of an isolated footing for moment and
shear where the soil pressure resistance under the footing varies from a pure axial case to where the
overturning moments cause tipping over of the footing is shown in Figure C-69 through Figure C-72
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below along with a verification check of the results for Archetype Building 1 for the design using the
ASCE/SEI 7 in Figure C-73.

Observation of the results show that when overturning demand is resisted by purely an axial load,
the ratio of design demands at the critical section of the footing for moment and shear can be less
than one half of the demands when the axial load is completely resisted by a rectangular soil
pressure distribution at the end of the footing. This ratio approaches 1.0 as the overturning moment
approaches the tipping over moment or (Mup/m) = Mce.
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Foundation Design — Soil Pressure Uniform (Pure Axial Load)
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Summary Results Table

Fdn. Fdn. Fdn.
Soil Moment | Shear |Moment
D d/|D d /| DCR/Fdn
Ratio | Moment | Shear | .Shear m  |Perfomance
O/, | Capacity | Capacity | DCR | Factor | Ojective
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Section
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Moment and Shear Demand Ratios for Footings Under Pure Axial Load
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Foundation Design — Soil Pressure Trapezoidal
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Figure C-70 Moment and Shear Demand Ratios for Footings with Axial Load and Low Moment where no Gapping Occurs
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Foundation Design — Soil Pressure Triangular

Summary Results Table
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Soil Pressure distribution

Figure C-71 Moment and Shear Demand Ratios for Footings with Axial Load and Moment Producing Gapping
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Foundation Design — Soil Pressure in Transition Zone

Summary Results Table

Footing 12'x10'x 2"

Column bin 18
24x18 hin 24
Footing By fr 10
12102 Ly ft 12
Hy, ft 2
Axial Load e = 350
Prosem 800
DCR, DCR, 3
L™
kip ft 2000
DCRy DCR,, 1
Quscus
kst 4
' psi 3000
1, ksi 60
#of bars 14
Area per
bar 1
As 14
AS iy B0
d 200

Figure C-72

Part 3: C-76

PS'eismir

Pg +
" DCR, or m factor

Pyp =

1 Pup = 616.7 Kips

| \

_ MSei.hnin
DCRy; or Tn chtor

||

| Mysp = 2000 Kip-ft

Myp

=q =12 ksf
O‘T\ix qc inax _—

1

Soil Pressure distribution

Fdn. Fdn. Fdn.
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Ratio | Moment | Shear | .Shear m  |Perfomance
Qefq. | Capacity | Capacity | DCR Factor | Ojective
1.24 1.11 1.50 0.74 |Eq. Using DCR, & DCRy
0.87 0.89 1.17 0.76 2 10
0.66 0.68 0.91 0.76 3 LS
0.56 0.58 0.77 0.76 4 CcP
Muyp
e f— ——
A€ Pyp
Pyp Rectangular Distribution
Qmax = Ly soil pressure under the footing
ZBf T — €ac ﬁ

\\Transition Zone
\ \
): eac = Lg/6 <
Triangualar Distribution

soil pressure under the footing

Py 6ey¢
Q'n!ﬁx - A 1 + L
g X

b eqc > Le/6

B 33;[L?Le,w)

Footing Design Demands @ Critical

Maximum| Actual
Qe = q. |DEMEND Ratio
Moment k-f] 1500 1452 0.97
Shear kips 400 396 0.99

Moment and Shear Demand Ratios for Footings with Axial Load and High Moment with Soil Yielding
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Results for Archetype Building 1 — ASCE/SEI 7-10

Summary - Foundation Acceptance Criteria

PS . ., Soil
elsnuc Ratio
. 1 1 | P —_ P + Pressure
FOOtlng 70 : 5 X 8 '7 X 4 * 5 Ub G DCRA orm facto’r' Ratio Footing | Footing | (M,/M;) Perfomance
Quax/9: | Mu/M, VoV, |/ (Vu/V,) | m Factor Level
Column bin 12 0.85 0.98 0.87 1.13 |cq. Using DCR, & DCR,,
360x12 hin 360 0.65 0.78 0.69 1.12 2 10
Footing | Bft | 87 l Pup = 1304 Kips 059 | 071 | 064 | 112 | 3 LS
70.5%8.7'x4.| Lt 70.5 0.56 | 0.68 0.61 1.12 4 CP
Heg ft 4.5
Axial Load Pg= 1304
Ferep 0 MUD _ MG + M Seismic ASCE 7-10 Footing design, bearing pressure
DCR, | DCR 1 DCRy; or m factor M= 13177.5 k-, ASD (ETABS) with 25% reduction
Mseis kip P, total = 1304 kips (sum of dead load at all 4 cols)
Moment ft 13177.5 footing width, B = 8.7t
DCRy, DCR,, 1 fDOtil'Ig Iength, L= 705 ft
Q,, ksf 1.55 Le= LR
e L~ Mup = 13177.5 Kip-ft MP=e= o e> /6
L3 e =
fksi | 60 Hy ! £ b ! qmax= 398 ksf <4 66 ksf okay
1 1 - DCR = 0.85
#of bars 28 .\T\I‘\
Area per Q.. = 3.95 ksf
bar 1 .
As 28 -
AS in 17.4
d 50.0 < > Footing Design Demands @ Critical Section
‘ Lf L=32.2ft Maximum | Actual
‘ Qe = . | Demand Ratio
/] | Moment k-f{ 8295 6429 0.78
Shear kips 651 495 0.76

Soil Pressure distribution

Figure C-73  Verification Check of Footing Design Demands for Archetype 1 for the Two Methods
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C.4.6 Proposal B - Keep the General Philosophy for Acceptance Criteria but
Revise for Usability and Original Intent

Fixed
Base

v
[emand ] wor 4
L a

_ P”H ) o
q.By L

LP 7 In accordance
Strength |—> Meg = % (' - T) with materials Strength
| " - al -
>

Foundation
‘ sail

Structural

footing

L

v Qverturning

Meets AC for force-
controlled/deformation
-controlled actions in
materials chapters?

compression:

Acceptance
Mot < mkMcg

criteria

Acceptance
criteria

h 4
YES Foundation is YES
acceptable

Uplift:

Pyp < mkE,

Figure C-74  Flowchart for Proposal B

This proposal expands the current check in ASCE/SEI 41 to explicitly check the foundation structural
element. See flowchart shown in Figure C-74. Other aspects of the foundation evaluation using
ASCE/SEI 41 remain unchanged except when the seismic overturning and gravity load on the
foundation is predominantly an axial load with a small moment.

C.4.7 Comparison of Outcomes from Proposal A and Proposal B

To obtain consensus in adopting Proposal A, it was necessary to quantify the differences between
the new procedure formulated in Proposal A and a clarified version of the existing method in
Proposal B. To achieve this, two options were delineated, called Option 1 and Option 2. The
methodology and acceptance criteria for Option 1, conforms with the methodology in ASCE/SEI 41
where the element capacity is multiplied by the m-factor in the acceptance criteria check. In Option 2
the pseudo force demand on the element is divided by “m” in the acceptance criteria check. The
methodologies used for the two options is given below:
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OPTION 1

The acceptance criteria for overturning action for Option 1 is based on the following:
= Upper bound value for soil bearing capacity qc is retained, or gc = 2(3Qqaiiow)

=  Foundation overturning capacity is calculated as:

Mep = “L22(1— qi) ASCE/SEI 41-17 (Eq 8-10)
where:
Pyp = P; = Dpﬁ (DCR is as defined in Eq. 7-16 of ASCE 41-17, and is limited to 2C1C2)
and
q= PUD
BrLy

Acceptance Criteria for Overturning Action: - Soil Bearing

Overturning moment demand on the foundation Mor is less than m-factor times knowledge factor
times the capacity, or

Mor < mxMcg
When overturning results in compression on entire footing area, the acceptance criteria is given as:
Pyp < mkq Ay
When overturning results in an axial upward force Pup, acceptance criteria is given as:
Pyp < mkF,

Acceptance Criteria for Overturning Action: - Foundation Structural Component

Foundation design check is based on rectangular soil pressure distribution where q = qc is applied
over the critical contact area for a distance Lc = Pup/qcBr from the end of the footing towards the
neutral axis as shown in Figure C-64.

The applicable m-factors when the resulting axial load on the footing from gravity and seismic
overturning results in compression or uplift is given in the Table C-18 below.
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Table C-18 m-factors for axial uplift and compression

||
Ph"ﬂ"' P't‘ll P_g'ﬂ‘tl'll P.\l'i!
I P‘;q:
Overturning Action Performance Level

0 | LS cP

Compression
Uplift

2
=

o |W

[Co I~

OPTION 2

The acceptance criteria for overturning action for Option 2 is based on the following:
Expected values of gc are used, or qc = 3aliow

Pseudo force demands for compression load combinations are converted to an equivalent pressure
block:

Convert pseudo force demands to expected forces and then to an equivalent soil pressure block
defined as quo.

Pg |
DCRy '’

PUD=PG+

No limit on DCR can equal “m” or DCRa = m, for coupled column axial actions

Mg
DCR,,

M
MUD = MG + (a) or MUD = MG + WE (b)

Since Mk is divided by “m” or DCRwm, no additional m-factor reduction is permitted, and

_ Pyp
qup = T
ZBf (7 —_ eAC)
Where,
o = Myp
AC _PUD
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m-factors are the same as used for Option 1.

Acceptance Criteria for Overturning Action:- Soil Bearing

Equivalent soil pressure block demand is less than soil bearing capacity and is only applied when
seismic axial load adds to gravity.

qup < K{qc
When overturning results in an axial upward force Pup:
PUD < mKPg

Acceptance Criteria for Overturning Action:- Foundation Structural Component

Foundation design check is based on a soil pressure distribution beneath the footing determined as
described earlier, and where the pseudo force demands are reduced by the m-factor.

BENEFITS OF EACH OPTION

Option 1
This has already been accepted by ASCE/SEI 41.

m-factors have already been established based on test results for rocking behavior.

Option 2

Applicable to all footing types and methods.

Do not need to use upper bound for overturning and expected values when checking the footing.

If the same value of qgc is used for soil capacity, results converge at the same acceptance criteria
limit whether using Option 1 or Option 2:

Mor < mxMce - Option 1

guo/kqc <1 - Option2
DRAWBACKS OF EACH OPTION
Option 1

Use of upper bound values for soil bearing qc gives unconservative results for soil bearing in some
cases (Archetype Building 2).

Process needs to be tweaked for footings under different LFRS.
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Option 2

May need to recalibrate (increase) the m-factors to results from Archetype Buildings 1 and 2 and
other case studies because expected bearing capacity is used instead of upper bound.

COMPARISON OF OPTION 1 AND OPTION 2

To decide between the two options, a spreadsheet was created to show the similarities and
differences between the options. In addition, an alternate procedure similar to Option 2 was
proposed, and the outcomes from a different moment frame example than Archetype 2 was also
used to compare the results from the two options.

In Option 1, the provisions in the standard are applied closely as written, and changes made where
the standard does not give specific guidance. In Option 2, the rules for the acceptance criteria are
modified such that the seismic demands are divided by the m-factor or a DCR prior to performing the
acceptance criteria check.

Example 1: Analysis of Results from Spreadsheet Model

A 10 feet x 12 feet footing example was used to quantify the differences between the options. Three
cases are presented in Figure C-75 through Figure C-78. The moment demands and m-factor was
varied between the cases. The axial load is divided by DCR in both cases, so the axial load used in
the check is the same for both Options.

For case 1, the m-factor was set equal to DCRwm. For this case, the acceptance criteria using Option 2
was higher than Option 1. For the second case the m-factor and DCRw are different, and a division
by “m” after reveals that the results between the two methods are close, but slightly different 0.35
vs 0.39 for the same qc. For the case where Mor = Mce for the same value of qc, the acceptance ratio
is close to 1.0, and both methods converge.
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Comparison of Options

= Footing | Byft 10 Equations used
= Case 1 (m=DCRy) B q
ft ‘PUD = PG + Psez'sm/DCRA
—_ H H, 2
Mo+ = 3000 kip-ft g -
oT p Axial Load| P, = 350 Mup = Mor/DCRy
m=4.0 Pseism 800 eac = 52
. uD
DCR, | DCR, 2 1 (L Pup )
—_ e — _
DCR, = 2.0 ™ o= 31 i
Moment | kip ft 3000 Pup
DCR,, = 4.0 ot | ocR, |4 R
Qaitows '
L¢P
ks 4 Mgy = LU0 (1 i)
0 - 2 q[
ption 1 m 4
Option 2 m - Acceptance Ratio
Pup Mor | DCRa | DCRw €ac Ece q Qallow | e Mce m K MKMce | Mor/mkMce q/qc
Option 1 (Upper Bound 750 3000 2 - - - 6.25 4 24 3328 4 1 13313 0.23 0.26
Option 1 (Expected) 750 3000 2 - - - 6.25 4 12 2156 4 1 8625 0.35 0.52
Pup Myp | DCRy | DCRy €ac €ce | Quo | Qallow | Qe Mee m K KMce Myo/kMce Guo/dc
Option 2 750 750 2 4 1.00 | 2.88 | 7.50 4 12 2156 - 1 2156 0.35 0.63
Figure C-75 m =DCRwm

Comparison of Options

— A* Footing | Byft 10 Equations used
= Case 2 (m=4"DCR,)) 1% 9
. Ty = Pyp = Pg + Psejsm/DCRy
- - fig
MOT 3000 klp ft AxialLoad Pg= 350 Myp = Mor/DCRy
— P 800 _ Myp
m=4.0 eac = pys
DCR, | DCR, 2 1 Pup
—_ e Ly —
DCR, = 2.0 e o= 3 ~ra)
Moment | Kkip ft 3000 P
— quo=—"","
DC RM - 1 0 DCRu DCRn 1 25;({—%:}
Qallows L.P
kst 4 Mg = ﬂ(l _ i)
Option 1 m 4 2 e
Option 2 m Acceptance Ratio
Puo Mo+ DCR, | DCRy Eac e q Jallow | G Mee m LS MKMe | My/mkMc: q/qc
Option 1(Upper Bound| 750 3000 2 - - - 6.25 4 24 3328 4 1 13313 0.23 0.26
Option 1 (Expected) 750 3000 2 - - - 6.25 4 12 2156 4 1 8625 0.35 0.52
Puo Muo DCR, | DCRy €ac € Quo | Yallow | Y Mee m LS KM Myp/kMce quo/gc
Option 2 750 3000 2 1 4.00 | 2.88| 18.75 4 12 2156 - 1 2156 1.39 1.56
qyp/mq, =0.39
Figure C-76 m =4 x DCRm
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Comparison of Options

= Case 3 (m =DC RM) Footing | BTt 10 Equations used
12'x10%2'| Lt 12 Pyp = Pg + Pseisi/DCR,
MOT = 8500 klp‘ft Axial Load I-:)"::t 3;0 Myp = Mor/DCRy
m=4.0 Paiom | 800 eac =32
DCR, DCR, 2 1 Pup
DCRA = 2-0 Mseis “Ec = E(Lf 7quf)
Moment | Kkip ft 8500 _ Pup
DCR,,=4.0 DCRy | DCRy | 4 A (L enc)
QQI::fWG 4 M, — rFuo (1 q)
CE— =~ 5 -
Option 1 m 4 z 9e
Option 2 m

Acceptance Ratio

Pup Mot | DCRa | DCRy | eac | ec q | Qallow | Qc Mce m K mkMce | Mor/mkMee [ g/qc
Option 1 (UpperBound| 750 8500 2 - - - 6.25 4 24 | 3328 4 1 13313 0.64 0.26
Option 1 (Expected) 750 8500 2 - - - 6.25 4 12 2156 4 1 8625 0.99 0.52

Pup | Myp [ DCRy | DCRy | eac | € | 9uo | Yalow| 9c | M m K KMce Mup/kMce | quo/ac
Option 2 750 2125 2 4 2.83 | 2.88 | 11.84 4 12 2156 1 2156 0.99 0.99

Figure C-77 m = DCRwm, and Mor = Mce when qc = 3 X qaliow

A comparison of the acceptance ratio for the two options for the same axial load and soil bearing
capacity gc is shown in Figure C-78. From the figure the acceptance ratio for Option 2, is higher than
Option 1 for ratios less than 1 but has a shallower slope and increases exponentially beyond the
point where the ratio is greater than 1.0.

Variation of Acceptance Criteria with Overturning Moment
4.0 Axial Load, P = 750 kips
——qud/qc; Expected
3.5 ——MOT/mkMCE; Expected
——MOT/mkMCE; Upper Bound

3.0 —AC=1.0
W Case 1, Mot = 3000 k-ft, m=DCRm =4

2 W Case 2, Mot = 3000 k-ft, m=4, DCRm =1
a2 B Case 3, Mot = 8500 k-ft, Mot/m = 2125
P
_g ——Mce (qc = Expected) = 2156 kip ft
G 20 ——NMce (qc = Upper bound) = 3328 kip ft
g
© i L
£, AC Option1: Moy < mkMcg -
o ,
] .
B> AC Option 2:qyp < q¢

1.0

0.5

m = DCRy,
0.0
0 500 1000 1500 2000 2500 3000 3500

Overturning Moment Demand, Kip-ft; Normalized by m or DCRy,

Figure C-78 Variation of acceptance criteria between Option 1 and Option 2.
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From the three example cases, it is clear that both options result in the same final outcome. Either
the acceptance criteria is satisfied or is not satisfied when DCRa the reduction in seismic demand of
axial load from superstructure yielding is the same and the same bearing capacity of soil gc is used.
If DCRa used in Option 2 uses an m > DCRa, the acceptance criteria using Option 2 is more
conservative than Option 1, as the higher axial loads adds stability to the footing till the axial load on
the footing starts to approach around 80% of the ultimate bearing capacity of the footing.

The variation in acceptance ratio with axial load for the two options is shown in Figure C-79 and
Figure C-80.

Comparison of Option 1 vs Option 2

Option 1: M,/fmkM Option 2: q,p/q,

Acceptance Criteria
11
Acceptance Criteria

Marment Kig-ft Maoment Kip-ft

Figure C-79 Acceptance Ratios for the two options with varying axial load

Comparison of Option 1 vs Option 2

Option 1= M, /mkM Option 2: g9,

Agewptanes Critesia
Acceptance Criteria

Moment Kip-ft

Figure C-80 Three-dimension representation showing the comparison between the two options
with varying axial load.
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Example 2: Three Bay Moment Frame

MF Example

. § ' End Column Interior Column
sk e sesree saien DL=140k DL=150k

. LL=70k LL=70k
el /@m:u_-a& T EQ = 1690 k EQ = i‘78 k

Sl odid s
:

. BT End Column, Compression
\>_._@ — L@~ 1.1(DL + 0.25LL) = 173.25 Kips
e 1S uenas N geras 3F | EQ = P_seismic = 690 Kips

ny

End Column, Tension
0.9(DL + 30k ftg wt) = 153 Kips
EQ = P_seismic = 690 Kips

Figure C-81 Three bay moment frame example

For this example, a new acceptance criterion was proposed, Option 2a, where AC = (gg + ge/M)/ .
Here the acceptance criteria based on the soil pressure under the footing. Results of the
comparison of the two options when footing is in compression are shown in Figure C-82 through

Figure C-84.

MF Example — Option 1 Compression

Foundation Demands — Option 1?

End Column
Pud = 1.1*(140k+0.25"70k) + 690k = 850k Compression
[ﬂ] Pce = 2"3*(4ksf)'8"8" = 1,540 k 1.1(DL + 0.25LL) = 173.25 Kips
mPce = 471,540 = 6,160 k EQ = P_seismic = 690 Kips

AC = 850/6,160 = 0.14
Pud = 173.25 + 690 = 863.5

If Qajiow = 12 ksf

P.. = 3*(4ksf)*8'*8" = 768 kips
mPce = 4*768 = 3,072 kips
AC = 863.5/3,072 = 0.28

Figure C-82 Acceptance criteria using Option 1
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MF Example — Option 2 Compression

y - Foundation Accep Criteria
o8 x8 x 2 Pyp = Py 4 —Fseismic Fremare
FOOtIng 8'x8'x2 up G DCRA orm fa_ctor Ratio | Footing | Footing | (MJ/M,)| m Perfomance
aufac | MM, | VN, |/ | Factor | Level
Column bin 14 0.45 0.23 0.36 0.63 |Eq. Using DCR, & DCRy,
14x14 hin 14 Pyp=345.8 Kips 0.67 0.34 0.54 0.63 2 10
Footing | Bft | 8 053 | 026 | 042 [ 063 | 3 LS
s | utt | s 045 | 023 | 036 | 063 | 4 cp
Hyg ft 2
Axial Load Pg= 173.25
P 50 My, = M. + Seismic End Column in Compression
e U =6 T DCRy or m factor ;
M 1.1(DL + 0.25DL) = 173.25 Kips
Moment | kip ft 0 My = 0 Kip-ft . . .
e, [ oer, | 1 N EQ = P_seismic = 690 Kips
N v m =4 or DCR, = 4.0
fopsi | 3000 Hy
f,ksi 60 r = .
3 ) LK) ¥ -
T AC Option 1 =0.28 vs q p/q. = 0.45
‘Area per | Qprax = 5.4 ksf
bar 1
As 12
AS i 6.4 L 1
d 20.0 — Footing Design Demands @ Critical Section
Lf L=36Tt Maximum | Actual
‘ Q.,.=q. |Demand Ratio
1 | Momentkf| 560 =2 045
o . " . Sh ki 168 76 0.45
Soil Pressure distribution e

Figure C-83 Acceptance criteria comparing Option 1 and Option 2 for compression loads

MF Example — Option 2a Compression

Foundation Demands - Option 2a

qg = 1.1%(140k+0.25*70Kk)/(8'*8") = 2.7 ksf
qe = SQOKI(B'*ST) = 10.7ksf End Column in Compression
1.1{0OL + 0.25LL) = 173.25 Kips
EQ = P_seismic = 690 Kips

qg + ge/m =2.7+10.7/4 = 5.4 ksf m = 4 or DCR, = 4.0

qc = 3*4ksf = 12 ksf AC = 0.44 vs qp/q, = 0.45

AC=54/12=044
Check footing for 2.7+10.7/(4*0.44) = 8.8 ksf

Figure C-84 Acceptance criteria comparing Option 2a and Option 2
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For the same soil bearing capacity qc, the AC for Option 1 is less conservative than either Option 2 or
2a. For this case Option 2 gives the same results as Option 2a. Therefore, the proposed formulation
gup/qc is equivalent to the AC = (qg + ge/m)/Qe.

Results of the comparison of the two options when the footing is in tension is given in Figure C-85
and Figure C-86. Here three options are considered. In Option 1, the axial load Pup is the net uplift on
the footing which is resisted by m-factor times the restoring gravity load, resulting in an AC of 0.4. If
the seismic demand Pe = 690 Kips is resisted by m-factor times the gravity restoring force of 153
Kips, from the tension load combination Eq. 7-2 of ASCE/SEI 41-17, would result in an AC = 0.56. In
Option 2a the soil pressure qg from the compression load combination is compared with an
equivalent upward pressure qe/m. Here it shows that qg - ge/m > O or no uplift occurs. Therefore, the
AC is satisfied. In reality the tension load combination should have been used to gravity pressure on
the soil and compared with ge/m. The outcome would however be the same and show the footing AC
for tension is satisfied.

MF Example — Option 1 Tension

Foundation Demands — Option 1?

Pud = 690k-0.9"140k = 560k End Column
Pce = 140k + 30k (ftg weight) = 170 k Tension
mPce = 8170k = 1,400k 0.9(DL ) = 0.9%(140+30) = 153 Kips
AC = 560/1,400 = 0.4 EQ = P_seismic = 690 Kips
P.. =153 kips

mPce = 8%153 = 1,224 kips
AC=690/1,224 = 0.56

Uplift balanced by m multiplied by
restoring load

Figure C-85 Acceptance criteria using Option 1
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MF Example — Option 2a Tension

Foundation Demands — Option 2a

End Column
qg = 1.1*(140k+0.25*70K)/(8'*8") = 2.7 ksf Tension
qe = 690k/(8"8’) = 10.7ksf 0.9(DL ) = 0.9*(140+30) = 153 Kips
EQ = P_seismic = 690 Kips
qg + ge/m = 2.7-10.7/8 = 1.4 ksf down (no uplift)
P.. =153 kips
mPce = 8%153 = 1,224 kips
AC = 690/1,224 = 0.56

Uplift balanced by m multiplied by
restoring load, all things equal, end
result is the same.

Figure C-86 Acceptance criteria using Option 2 and Option 2a

Summary

The two options, Option 2 (quo/qc) and 2a AC = (qg + ge/m)/qgc results in the same acceptance
criteria for compression provided the same load combination and m-factors are used. Option 2 when
footing is in uplift AC should be as stated in ASCE/SEI 41-17, where the seismic axial demand is
equated with m-factor times the gravity restoring load.

CONCLUSION

For both examples considered, using either Option 1 or Option 2 results in the same acceptance
criteria at the ultimate overturning capacity of the isolated footing.

C.4.8 Overarching Issue not Addressed by Either Option

The flexible base procedures have been developed for an isolated spread footing subjected to a
dominant moment demand. Application to isolated spread footings subject to predominantly axial
force, combined footings with multi-directional loads, and mat foundations is not clear.
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Figure C-87 Rocking on an isolated footing

m-factors in Chapter 8 were calibrated for rocking behavior (Figure C-87) from many tests using
different rectangular and I-shaped footings to get allowable rotation demand, Qaiiowasle, cONnsidering
gradual accumulation of settlement with the number of cycles as a localized bearing failure
converted to m-factors through m ~ (Qatiowanie * K50) /Mcapacity. The actual magnitude of the elastic
stiffness of the springs is determined iteratively using a monotonic pushover analysis, so that the
secant rotational stiffness of the foundation corresponding to 50% mobilization of the foundation
moment capacity, M, is equal to 300Mcr (Deng et al. 2014).

Axial action behavior is different, settlement accumulates with every cycle with very little recentering.
Stiffness is very large for recompression and stiffness is much less for virgin compression as shown
in Figure C-89.

Local bearing failure (q =
a,, on a small area)

Rocking action Axial Action: General
bearing failure (q = q,ona

large area)

Figure C-88 Comparison of soil bearing failure from rocking and axial actions.
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Figure C-89 Soil force deformation for cyclic axial compression action.

C.4.9 Decision on Option Selection

From the results of the comparison between the two options, the following was decided.

= Continue with the methodology in option 1, but make necessary adjustments for footing design
check

=  Revisit the m-factors when seismic overturning demand on the foundation is primarily resisted by
axial resistance by the soil.

When demands from a fixed base linear analysis of the superstructure are transferred to another
program to check the foundations, if the foundation analysis program is nonlinear, only the seismic
demands are permitted to be divided by the m-factor prior to the foundation analysis check.

C.4.10 Options Recommendations from Review of Case Study Results

From numerous case studies and discussions on selected topics related to overturning actions on
shallow foundations recommendation for a number of code change proposals were formulated and
incorporated into the rewrite of Chapter 8 of ASCE/SEI 41. The flowchart of the structure of the
rewrite is given below. The recommended changes that resulted from this case study for Archetype
Building 2 and from the case study from Archetype Building 1 where further investigated and
enhanced and are presented in Chapter 1.
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Appendix C1 -Base Shear
Calculations:

C1.1 ASCE/SEI 7-10

V=CW
Where

S
C, = 2L

r(r)

BSE-1N
Sos
S

TBuilding
To

ot o

o -

1.386
0.842
0.016
65.7
0.9
1.40
8.0
1.0
1.575
0.122
0.608
0.69
0.97
0.11

Location, Van Nuys, CA

ft

Spi»04s

Special Concrete Moment Resisting Frame
Risk Category Il

Fixed based period

sec

sec

sec

sec

BSE-1N Vertical Distribution of Seismic Forces ASCE 7

DRAFT (FEMA Footer)

Floor Weight H, w,h* Cux Fx
7 1341 65.7 234786 0.25 273
6 1381 57 202908 0.22 236
5 1381 48.33 165523 0.18 192
4 1381 39.6 129441 0.14 150
3 1381 30.9 95302 0.10 111
2 1381 222 63367 0.07 74
1 1751 13.5 43486 0.05 51
9997 934813 1087
k = 1.23
v 1087
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C1.2 ASCE 41-17

Pseudo seismic force demands (Model A)

ASCE 41-17
Pseudo Seismic Force - LSP (Fixed Base)

V = C1C;CmSaW

C, 1 T>1zecond

C. 1 Tz07s

C. 1 T>1second

T, 1574 Seconds [Variable El for columns based on Asial Load)

[0.3Elfar beams)
Location, Van Muys, CA

BSE-1M

Sz 1386

S n.g4z

= 0.535 5 Damped spectrum
BSE-2N

Sz 2073

S 1263

=1 0.802 5% Damped spectrum

BSE-1N VYertical Distribution of Seismic Forces

Floor | ‘wWeight H, w h" C.. Fx

T 1341 B5.7 | 833733 0.25 1435

6 1381 57 BI0TIT | 0.23 1238

g 1551 45.55 | 538535 015 361

4 1381 336 [ 334322 013 TOT

3 1551 0.8 [ 263515 | 0.09 453

2 1381 Zz.2 | mzo0a | 0.0s 291

1 1751 13.5 95633 | 0.03 72

3337 2380802 C3da
k= 1537
Y= 5348

BSE-2N Vertical Distribution of Seismic Forces

Floor | ‘wWeight H, w h" C.. F

7 1341 E5.7 | 833733| 0.28 2244

B 1381 57 Eanay | 0.23 1857

5 1381 4833 | 535533 | 013 1441

4 1381 39.6 | 334322 013 1061

3 1381 303 | 263315 [ 0.09 725

2 1381 222 | ®wzooa | o005 436

1 1751 13.5 35633 | 0.03 257

3337 2380802 B022
k= 1537
W= g0z22
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Pseudo seismic force demands (Model B)

ASCE 41-17
Pseudo Seismic Force - LSP (With Area Springs no Grade beams)

V = €1C;CmSaW

Cy 1 T > 1zecond
Cs 1 Tz0.7=
Cr 1 T 1zecond
T. 1626 Seconds [Wariable Elfor columns based on Axial Load)
[0.3Elfor beams]
Lacation, Van Muys, CA
BSE-1N
Sz 1386
= 0542
S, 0.515 5% Damped spectrum
BSE-ZN
= 2073
= 1263
S, 0777 5% Damped spectrum
BSE-1N Yertical Distribution of Seismic Forces
Flaor ‘wieight H, w k" Co Fu
I 1341 B5.7 3235753 | 025 1460
G 1381 57 TEETO 0.23 1205
5 1351 45.33 | 532413 0.13 A
4 1351 39.6 433302 0.13 G52
3 1381 30.9 23444 0.03 463
2 1331 222 175605 0.05 276
1 1751 13.5 102323 0.03 1E1
3337 3234366 = i
k= 1563
W= 5177

BSE-ZHN Vertical Distribution of Seismic Forces

Flaor ‘weight H, w b C... Fu
7 131 BS.7 | 929573 0.28 2191
E 1381 57 TEETON [ 023 1807
5 1381 45,33 | 592413 015 1396
4 1581 396 | 433302 | 013 1023
3 1581 309 234441 | 0.03 £34
2 1381 22.2 1roE0s | 005 414
1 1751 135 102323 | 0.03 241
3337 3294366 TTES
k= 1563
W= TT65
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Pseudo seismic force demands (Model C)

ASCE 41-17
Pseudo Seismic Force - LSP (With Area Springs no Grade beams, LB Springs)

V = C1C3CmSaW

Cy 1 T> 1second

. 1 Tz07T=

C 1 T>1second

T. 1.E6E5 Seconds [Wariable Elfor columns based on Asial Load)

[0.3 Elfar beams)
Location, Van Muys, CA

BSE-1N

S 1.386

Sy 0.c4z

S, 0.506 5 Damped spectrum
BSE-2ZN

S 20743

= 1.263

= 0.753 5+ Damped spectrum

BSE-1N Yertical Distribution of Seismic Forces

Flaaor ‘weight H. w " C.. Fu
g 1341 B5.7 | 1003616 0.25 1435
G 1351 =1 823534 | 023 1151
g 1531 45,533 [ 638950 | 0.5 303
4 1331 396 456172 0.13 BE3
3 151 30.9 J4E515 0.03 44
2 1331 Z2.2 156551 0.05 265
1 1751 13.5 107656 | 0.03 153
3337 3552353 S056
k= 155825
W= 5056

BSE-2N Verntical Distribution of Seismic Forces

Flaor ‘weight H., w Co Fu

I 1341 B5.7 | 1003616 0.25 2153

& 1331 57 823534 | 023 17

5 1351 4533 [ 638950 | 013 1364

4 1331 396 466172 0.13 335

3 1331 30.9 I4E13 0.03 B2

2 1531 Z2.2 156551 0.05 335

1 1751 13.5 107656 | 0.03 230

3337 J952353 T3
k= 155825
W= 7583
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Pseudo seismic force demands (Model D)

ASCE 41-17

Pseudo Seismic Force - LSP (With Area Springs no Grade beams, UB Springs)

V = CC3CnS.W

Cy 1
C: 1
C. 1
T 1.604

T > 1second

Tz07s

T > 1second

Seconds

Location, Van Muys, CA

BSE-1N
Sys 1.386
S 0.542
s, 0.525
BSE-2N

Sye 2.079
S 1.263
5 0.757

a

52 Damped spectrum

52 Damped spectrum

[Wariable Elfor columns based on Axial Load)
[0.3 Elfar beams)

BSE-1N Vertical Distribution of Seismic Forces

Floar ‘weight H. w C,.. Fx
N 1341 E5.7 | 88743 028 1475
=] 13581 57 733350 023 1213
= 1381 4535 [ S6TETI [ 05 343
4 1381 396 41EE33 013 g2
3 1381 303 | 283537 0.03 47
2 1381 22.2 163720 [ 0.05 252
1 1751 13.5 33441 0.03 165
3337 3155163 5245
k= 1552
W= 5248

BSE-ZN Yertical Distribution of Seismic Forces

Flaar | ‘Weight H. w " C.. Fx

7 1341 E5.7 | 887749 | 0.28 2213

E 1351 57 | ¥33350 [ 0.23 1528

5 1351 | 48.33 | SETETI| 018 1415

4 1351 33.6 | 416693 [ 0.13 1033

3 1381 30.9 | 283537 | 0.09 707

c 1351 2.2 | 19720 | 0.05 423

1 1751 13.5 33441 | 0.03 248

3357 158163 7872
k= 1.552
W= 7872
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C2 Calculation of Target Displacement for NSP

The target displacement & is calculated in accordance with ASCE 41-17 equation 7-28 as:

2
—€_

6 = CyC C,S,
t 012a4n29

Where:

Te is the effective fundamental period of the building in the direction under consideration; Co, Cz and
C2 are defined in Section 7.4.3.3.2 of ASCE/SEI 41-17. S; is the response spectral acceleration at
the effective fundamental period in the direction under consideration.

C1 = Modification factor to relate expected maximum inelastic displacements to displacements
calculated for linear elastic response. For periods less than 0.2 second, C: need not be taken
greater than the value at T = 0.2 second. For periods greater than 1.0 second, C:= 1.0.

C> = Modification factor to represent the effect of pinched hysteresis shape, cyclic stiffness
degradation and strength deterioration on maximum displacement response. For periods greater
than 0.7 second, C2 =1.0.

c2.1 Determination of Effective Period

The effective fundamental period, Te, in the direction under consideration, is determined from the
force-displacement relation of the nonlinear static pushover analysis, used to determine the initial
lateral stiffness Ki and the idealized curve used to estimate the effective lateral stiffness, Ke, of the
building. The effective fundamental period, Te, is then be calculated as:

K.
T,=T, |—
Ké’
where:

Ti= Elastic fundamental period in the direction under consideration calculated by elastic
dynamic analysis.
Ki= Elastic lateral stiffness of the building in the direction under consideration.
Ke = Effective lateral stiffness of the building in the direction under consideration.

Te should always be greater than or equal to T..
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c2.1 Determination of Effective Period

The target displacement calculation for an assumed period of 1.8 seconds is shown in Figure C3-1.

Target Displacement - Calculation

2

T
0,=C,C\C,C8, —g;_ g
4

Cy 1.44 Table 7-5

c, 1 T.>1s

C, 1 T.207s

S, 0.7 5% Damped spectrum, BSE-2N
T. 1.80 Assumed

Target Displacment

Modal Load
Parameter Pattern
inches
Roof Disp. &= 31.97

Figure C3-1 Target displacement calculation at the BSE-2N earthquake hazard level

C3 Base Shear, Hinge Summary Table for NSP for the
Target Limit States

The plastic hinge progression to the target displacements for limit state LS and CP are shown Table
C3-1 and Table C3-2. Clearly the superstructure acceptance criteria (LS for BSE-IN and CP for BSE-
2N) was not satisfied at both hazard levels.
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Table C3-1 Hinge Summary at BSE-1N

TABLE: Base Shear vs Monitored Displ
Step  Monitored Displ Base Force A-B B-C c-D D-E >E A-lO 10-LS LS-CP >CP Total
in kip
9 11.4 1741.2 281 181 0 0 0 367 95 0 0 462
10 12.5 17711 257 205 0 0 0 357 93 12 0 462
11 12.7 1776.6 257 205 0 0 0 348 101 13 0 462
12 12.7 1776.7 257 205 0 0 0 348 101 13 0 462
13 14.3 1814.0 250 212 0 0 0 333 115 14 0 462
14 16.0 1850.7 245 217 0 0 0 302 144 16 0 462
15 17.5 1884.1 240 222 0 0 0 286 145 31 0 462
16 18.9 19145 227 235 0 0 0 268 125 69 0 462
17 20.1 1937.2 200 260 2 0 0 267 103 91 1 462
18 20.1 1937.4 200 260 2 | 0 0 267 103 91 1 462
19 20.4 1941.7 200 260 2 I 0 0 266 102 92 2 462
20 20.4 1942.0 200 260 2 0 0 266 102 92 2 462
21 20.5 1943.0 200 260 2 0 0 266 102 92 2 462
22 20.5 1943.1 200 260 2 0 0 266 102 92 2 462
23 20.5 1943.8 200 260 2 0 0 266 102 92 2 462
24 20.5 1943.9 200 260 2 0 0 266 102 92 2 462
25 20.5 1944.4 200 260 2 0 0 264 104 92 2 462
26 20.5 19445 200 260 2 0 0 264 104 92 2 462
27 20.7 1946.5 199 261 2 0 0 262 103 95 2 462
28 20.7 1946.6 199 261 2 0 0 262 101 97 2 462
29 214 1957.6 194 266 2 0 0 255 96 109 2 462

Target Displacement: LS = 21.4”

Table C3-2 Hinge Summary at BSE-2N

TABLE: Base Shear vs Monitored Displacement

Step  Monitored Displ Base Force A-B B-C c-D D-E >E A-lO 10-LS LS-CP >CP Total
in kip
45 229 1979.3 179 281 2 0 0 244 102 114 2 462
46 229 1979.4 179 281 2 0 0 244 102 114 2 462
a7 229 1979.9 178 282 2 0 0 242 104 114 2 462
a8 229 1979.9 178 282 2 0 0 241 105 114 2 162
19 229 1980.4 178 282 2 0 0 238 108 114 2 162
50 229 1980.5 178 282 2 0 0 238 108 114 2 462
51 23.0 1981.2 177 283 2 0 0 235 107 118 2 462
52 23.0 1981.2 177 283 2 0 0 235 107 118 2 462
53 23.1 1982.1 177 283 2 0 0 233 107 120 2 462
54 23.1 1982.2 177 283 2 0 0 233 107 120 2 462
55 23.1 1982.6 177 283 2 0 0 232 108 120 2 462
56 231 1982.9 177 281 4 0 0 232 108 120 2 462
57 231 1982.9 177 280 5 0 0 232 108 120 2 462
58 231 1983.0 177 280 5 0 0 232 108 120 2 462
59 25.3 2013.0 165 281 16 0 0 217 99 130 16 162
60 27.4 2041.7 159 282 21 0 0 202 98 145 17 162
61 29.5 2059.2 157 272 33 0 0 195 73 161 33 462
62 30.6 2064.5 157 269 36 0 0 195 71 160 36 462
63 31.7 2063.7 157 237 68 0 0 195 69 140 58 462
64 32.0 2060.5 157 236 69 0 0 195 69 129 69 462

Target Displacement: CP = 32”
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