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NORTHRIDGE 25 YEARS LATER

Prescriptive Performance-Based Design
An Innovative Approach to Retrofitting Soft/Weak-Story Buildings
By David Mar, S.E.

Engineers recognize that multi-unit, wood-framed apart-
ment buildings with soft/weak stories are vulnerable 

to side-sway collapse from earthquakes. The risk was illus-
trated by the 6.7-magnitude 1994 Northridge quake and 
the 6.9-magnitude 1989 Loma Prieta quake (Figure 1). In 
the Northridge quake, for example, roughly 200 such build-
ings, containing thousands of units, suffered severe damage 
or collapse.
Although California cities aim to improve safety with incen-

tives and mandatory retrofit ordinances, the problem is vast. 
Reliable design solutions have proved elusive, primarily 
because these buildings are old, weak, and irregular; they 
were constructed using archaic materials and outdated prac-
tices and, usually, there are no plans. The Federal Emergency 
Management Agency’s (FEMA) P807, Seismic Evaluation 
and Retrofit of Multi-Unit Wood-Frame Buildings With Weak 
First Stories, was created to help engineers fix such buildings.
The challenge is threefold. First, retrofits must be affordable, which 

essentially limits the work to the ground floor to avoid displacing 
tenants. Second, rapid adoption is essential given that thousands of 
buildings are affected, so designs should be relatively inexpensive for 
engineers to perform. Third, solutions must be reliable and effective 
to justify the massive effort.
This problem has parallels to the old construction adage: Good, 

fast, cheap: pick any two. Nevertheless, a team of collaborators and 
advisors, under the leadership of the Applied Technology Council, 
delivered on all three aspects of FEMA’s design mandate. The team 
developed guidelines for inexpensive ground-floor retrofits that 
are easy to design and that perform well. It also created numerous 
innovative techniques for solving the problems typically associ-
ated with such work. The result is an approach called Prescriptive 
Performance-Based Design.
This strategy includes four breakthroughs: 1) utilizing nonstructural 

finishes; 2) optimizing the ground-story mechanism; 3) leveraging 
extensive nonlinear response-history analyses to predict real building 
results using previously analyzed surrogate structures; and 4) creating 
and using custom software to find relevant answers quickly.

Observations and Patterns
Buildings with soft/weak ground floors have two distinct parts. The 
strong but brittle upper portion, which contains housing units, is 
supported on a weak, brittle, and often torsionally irregular base. As 
in the damaged apartment building in Figure 1, weak ground floors 
may accrue significant damage from seismic forces, with resulting 
dramatic displacement or collapse.
Nevertheless, the weak ground floor also acts to some extent as a 

base-absorption system, protecting the upper (occupied) floors from 
more extensive harm. Note the lack of damage to the upper structure 
in Figure 1, despite that nothing from the second floor up would 

traditionally be considered structurally significant. The building was 
constructed in the 1940s using stucco, lath-and-plaster, and other 
contemporary materials; it is unlikely that there is a conventional 
load path or that any interconnecting metal hardware was used. 
The upper structure’s strength, in fact, derives from its multiple 
interconnected nonstructural walls. This capacity is significant, 
and one of FEMA P807’s innovations is that it brings into retrofit 
calculations all such walls and their sheathing layers, both structural 
and nonstructural.

The Relative Strength Method
Although cost-effectiveness dictates that retrofits be limited to the 
ground floor, this strategy poses practical challenges. In response, 
the team developed the “Relative Strength Method,” which aims to 
optimally strengthen the ground floor – enough, that is, but not so 
much that its base-absorption mechanism is compromised. In this 
method, the upper stories establish the building’s upper limit of ret-
rofitted strength, while ground-story retrofits add both strength and 
displacement capacity while reducing torsion to the building overall. 
This solution keeps the retrofitted ground story relatively weaker than 
the upper structure; that is, the ground story maintains its function 
as a deformation absorption level.

Surrogate Structures
To prove the robustness of the Relative Strength Method and to 
efficiently leverage the power of nonlinear response-history analyses, 
the team studied an extensive family of surrogate structures. The 
bulk of these were simple four-story nonlinear models with varied 
parameters for upper-structure strengths, ground-floor weakness, 
hysteretic behavior (to account for brittleness), and levels of retro-
fit. Once the team had established these parameters, it set out to 

Figure 1. Building damaged in 1989 Loma Prieta earthquake. Courtesy of Raymond B. Seed.
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determine, experimentally, how they all interacted 
under a variety of scaled earthquake simulations. 
The simple but powerful idea is that engineers can 
use previous analysis results to evaluate a particular 
surrogate structure as a means of understanding the 
behavior of a corresponding real building.
Selecting the appropriate surrogate is based on match-

ing key parameters. Engineers can simply borrow the 
predetermined analysis results rather than having to 
evaluate each real-world building independently. This 
works to determine both the original capacity of a 
structure and to select its optimal retrofit.
To create the surrogate structures, the team started 

with two broad categories of buildings: one ductile, 
one brittle. Each of those two categories had four 
levels of lateral strength assigned to the upper floors, 
expressed as percentages of G-forces (Figure 2). Each 
of those upper-floor categories was then assigned six 
strengths for the weak ground story, ranging from 60 
percent to 110 percent of the upper-story strength. 
Then, each of those weak-story ratios was given various 
levels of simulated retrofit strengths. There are 612 
virtual surrogate buildings shown in Figure 2. Each 
was subjected to Incremental Dynamic Analyses (IDA) 
per the FEMA P695 protocol; these consisted of 22 
earthquakes in each of two directions, at 35 inten-
sity levels. This yielded roughly a million nonlinear 
response-history analyses.
Thanks to these IDAs, engineers can now deter-

mine which intensities of seismic shaking would 
cause catastrophic damage to a given building. They 
can also assess what amount of retrofit strengthening 
achieves maximum benefit.
As noted earlier, this work would be constrained 

to the ground floor. Over-strengthening the lower 
stories to the point that the upper structure cannot 
sustain the transmitted seismic forces entails needless 
expense and actually reduces the building’s overall 
capacity, as shown in Figure 3. The vertical axis is 
Spectral Capacity, representing the building’s seismic 
capacity. The horizontal axis is the ratio of ground-
story capacity to upper-story capacity. The families of buildings with 
different upper-structure strength are represented by one of four 
colors, noted by Au. The Au = 0.6 family, shown with blue lines, 

is the strongest, with an ultimate lateral capacity 0.6 W (60% of 
the building’s weight). The Au = 0.1 family, shown with gray lines, 
is the weakest. The lines of each family are anchored with their 

unretrofitted capacity, noted with the coefficient Aw, represent-
ing the ground floor strength as a fraction of the upper-structure 
strength (Au). Aw = 0.6 corresponds to an unretrofitted structure 
with a ground floor that is 60% as strong as the upper structure. 
Each subsequent point on the line represents an additional level 
of retrofit strength that would result from adding more plywood 
shear walls or steel moment frames to the ground floor.
Figure 3 reveals a “sweet spot” of optimal strength. It applies 

to any family of upper-story strength Au, and any level of initial 
ground story weakness Aw. The optimal ratio of ground-story 
strength to upper-structure strength, for four-story buildings, is 
roughly 1.33 or 4/3. (The optimal capacity is reached when the 
relative demands on the ground story and the second story are 
the same.) The ground story carries four levels and the second 
story carries three levels. When the strength ratio is less than 4/3, 
the ground story is the weak link in the chain, where the story 
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Figure 2. The surrogate structures subjected to Incremental Dynamic Analyses (IDA).
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mechanism will occur. When the strength ratio is greater than 4/3, 
the second floor is the weak link, and the loads flow through the 
ground story and damage the second story.

Nuts and Bolts
FEMA P807 is a practical tool to determine how strong a given 
building is, both before and after retrofit, by evaluating a few key 

parameters. Using these parameters, engineers can 
compute the optimal retrofit so that a building absorbs 
and filters seismic forces at the ground level, without 
transferring so much of those forces upward that they 
would either damage the higher floors or necessitate 
the costly retrofitting of them. The critical structural 
coefficients are the following:

• Ground-story strength
• Upper-story strength
• Upper-to-ground story strength ratio
• Coefficient for Strength degradation
• Coefficient for Torsional imbalance

On the capacity side, engineers can tap into the 
previously performed analyses using simple formulas. 
On the demand side, USGS maps are used to deter-
mine the short period demands for the Maximum 
Considered Earthquake (MCE) hazard (2% chance 
of exceedance in 50 years).
Calculating the key parameters means finding the 

strength at each story. This is conceptually simple, 
but it requires pushover analyses (Figure 4 , page 36).  

This is a departure from traditional design for several reasons. First, 
as noted previously, all sheathing is counted, in both structural 
and nonstructural elements. Omitting walls or finishes is not con-
servative. Furthermore, capacities can be assessed only by adding 
pushover curves for the walls since different sheathing elements 
reach peak capacity at different displacements. The parameter 
for the Strength Degradation, Cd, is based on the shape of the 
ground-floor pushover curves. Finally, the torsional coefficient 

Figure 3. “Sweet Spot” based on analysis results for all surrogate structures.

williamsform.com
For More Information Visit:

All-Thread Bar  
with Steel Casing

Geo-Drill Injection Bar

Williams Form Engineering Corp. has been a leader in manufacturing  
quality products for the customer service for over 80 years. 

Belmont, MI  616.866.0815 Lithia Springs, GA  770.949.8300 Kent, WA  253.854.2268

San Diego, CA  858.320.0330 Portland, OR  503.285.4548 London, ON  515.659.9444

Golden, CO  303.216.9300 Collegeville, PA  610.489.0624

Large Bar Micropiles:
•  Excellent choice for underpinning or emergency repairs  

— can be installed in virtually any ground condition with  
minimal vibration and disturbance to existing structures.

•  Right-handed threaded Grade 75 All-Thread Rebar in #14  
– #28 along with a selection of reducer couplers that can adapt to space together any larger size bar to any small size.

•  Grade 80 to 100 All-Thread Rebar, as well as 150 ksi All-Thread Bar (as alternative for micropile design application upon request).

Hollow Bar Micropiles:
•  Accepted by the FHWA in the Micropile Design and Construction Guidelines Manual, Hollow Bars are being used increasingly for 

micropile applications as the reinforcement bar choice in collapsing soil conditions because of their increased bond stress resultant 
from the simultaneous drilling and grouting operation.

•  Using sizes from 32mm – 76mm, these bars offer up to 407 kips of strength, up to 3.88in2 of cross sectional reinforcement area, and 
their selection modulus provides considerable bending resistance.

Multi-Bar Micropiles:
•  Used for attaining ultra-high load carrying capacity. High-rise office buildings and condos are construction examples where such high 

load carrying micropiles (mini-caissons) are used.
•  Designed to specific contractor specifications and shipped to the jobsite fabricated in durable cages for quick installation.

QUALITY SYSTEMS
one source FOR MICROPILE

LARGE BAR . HOLLOW BAR . MULTI-BAR
reliable  |  durable  |  versatile

System illustrations courtesy of  
Williams Form Engineering Corp.

Williams Multi-Bar Micropile System

Construction photos courtesy of  
Williams Form Engineering Corp.

18104_WILLIAMS_Micropile_Structures_half_page_ad.indd   1 3/15/18   11:00 AM

ADVERTISEMENT–For Advertiser Information, visit STRUCTUREmag.org



STRUCTURE magazine36

is derived from the ratio of torsional strength demand to that of 
torsional capacity.
It is essential to note that the parameters are all based on expected 

strengths. Moreover, unlike traditional design, stiffness does not affect 
the results because the behavior is dominated by the strengths in the 
nonlinear region of the building’s response.

Software to Keep It Simple
Creating pushover results without automation is challenging given 
that multiple walls are involved. The Weak-Story Tool (WST) is 

a graphical spreadsheet that simplifies adding walls 
and generating pushovers. To find any wall capac-
ity, engineers can create the wall assembly using 
drop-down menus to account for all the elements 
of exterior and interior walls – stucco, horizontal 
wood siding, drywall, and so forth. Next, engineers 
can draw the walls on the graphical spreadsheet 
(Figures 5 and 6 ). The software will superimpose 
the pushover curves for the various walls. When all 
the walls are drawn, and everything is figured in, the 
engineer has not only all the story strengths but also 
values for the overall strengths, the strength degra-
dation coefficients, Cd, and the torsional demand 
and capacity.
Once the engineer has used the WST’s pushover 

features to determined capacities, he or she can deter-
mine the demands (Sm for the Maximum Considered 
Event (MCE)) by inputting the building’s zip code. 
If the real-world building turns out to be strong 
enough, retrofitting will be unnecessary; if it is not, 
the WST indicates the strength required to yield the 
optimal retrofit.
The retrofits would be composed of either new struc-

turally-sheathed walls (plywood or oriented strand 
board [OSB]), or new steel moment frames. These 
elements are expected to yield and go well into the 
nonlinear range during a major earthquake. As such, 
capacity design needs to be employed for the collectors, 
the members, and the foundations. The capacity of 
new elements (walls and frames) are input using back-
bone curves that reach ultimate values. For frames, the 
engineer can input custom backbone curves. Simpson 
Strong-Tie also has software for their Strong Frame 
that has been integrated with the WST.
The results, before and after retrofit, are expressed in 

probabilistic terms. For example, a building may have a 
90% chance of exceeding its dangerous drift threshold 

during the MCE. After retrofit, the improvement may be expressed as 
achieving only a 16% chance of exceeding the drift threshold. This sets 
up a useful conversation between engineers and stakeholders, capturing 
the benefit in real terms rather than with the abstract concept of being 
code compliant or not.

Shake Table Validation
Two different retrofit designs, based on the Relative Strength 
Method and FEMA P807, were validated on a shake table at the 
University of California San Diego as part of the Network for 

Figure 5. Walls of Level 1 in the Weak Story Tool’s graphical spreadsheet. Figure 6. Walls of Level 2 in the Weak Story Tool’s graphical spreadsheet.

Figure 4. Adding wall pushover curve to find the story pushover curve and peak strength.
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Engineering Simulation (NEES)-Soft program (Figure 7 ). One 
design featured cross-laminated timber (CLT) shear walls; the 
other featured Simpson Strong Frames. In both cases, the four-
story retrofits performed well. Deformations occurred primarily at 
the ground story, with little damage to the upper structure. After 
the successful tests with the retrofits, the structure was restored 

to the unretrofitted condition, where it collapsed 
under intense shaking.

Conclusion
Following the Northridge and Loma Prieta earth-
quakes, and in anticipation of potentially greater 
quakes to come, California and other states have 
undertaken plans to strengthen vulnerable weak/
soft-story buildings. FEMA P807 offers a practical 
approach to cost-effective retrofits. Prescriptive 
Performance-Based Design, coupled with the 
Weak Story Tool software, should ideally sim-
plify and expedite the evaluation and retrofitting 
of wood-framed, weak-story buildings throughout 
the region.
What’s important – and new, resulting from the 

Incremental Dynamic Analyses – is that, for these 
buildings, engineers and stakeholders can now dis-
cover the level of earthquake intensity that will cause 
catastrophic damage or collapse. Moreover, 
engineers can quantify for clients to what 

extent investing in a retrofit will reduce these risks.■

Figure 7. Shake table testing at UC San Diego, as part of the NEES-Soft program.

David Mar was the Technical Director for FEMA P807. He is a 
Principal at Mar Structural Design in Berkeley, California.  
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