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ABSTRACT

The structural upgrade of two existing facilities at the U.S. Department of
Energy Rocky Flats Plant site has recently been completed. The objective of
the structural upgrade was to strengthen two existing critical buildings to
enable them to withstand the design basis earthquake (DBE) forces and the
design basis wind (D6W) forces without breach of containment. These
buildings were designed and constructed in the 1960s, with minimal seismic
considerations. Building 707A is a two-story structure of precast concrete
elements with cast-in-place topping slabs, occupying approximately 27,000
feet of floor space. Building 779 consists of a two-story original structure
and several one- and two-story additions, with a total floor space of
approximately 64,000 square feet. The original two-story structure consists
of cast-in-place concrete with masonry infill shear walls. The additions are
primarily precast concrete with unreinforced masonry infill walls.

The DBE was determined as the maximum credible event with a magnitude
of 6.0 occurring approximately 16 miles from the site. The evaluation
criteria consisted of generated spectra at bedrock with a horizontal zero
period acceleration of 0.14g. Bedrock-to-ground soil amplification factors
were used along with dynamic analyses to evaluate the buildings. The
buildings were also required to withstand the DBW of 161 mph.

Because of operational issues and constraints associated with working
inside these buildings, the structural upgrades were mostly confined to
exterior work. The modifications utilized the existing roof and floor
diaphragms, and primarily consisted of large exterior concrete buttresses
and associated steel chords and collectors. A system of steel strongbacks
was also used in some locations to enable the facilities to maintain their
confinement integrity for out-of-plane forces. Connections between precast
elements of Building 707A had to be strengthened for ductility and shear
transfer.

The significance of this work is the successful implementation of a highly
complex and comprehensive design retrofit of two very critical and
important facilities, allowing for continued operation and minimal impact,
and using practical and overall cost-effective strengthening schemes.
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BUILDING 707A DESCRIPTION

Building 707A is a twa-story facility of precast
concrete construction, which is used primarily for
fabrication and assembly of critical material parts.
It is rectangular in plan with cverall dimensions
of 104 by 126 feet (see Figure 1). Hie rcof level is
20 feet above the finished first floor and grade.
The second floor is 40 feet above grade. The
structure is an addition to Building 707 and abuts
the lattsr's west side at its northwest quadrant
Building 707A dates from 1972.

The vertical-load-carrying system consists of
concrete topping slabs overlaying precast double-
tee beams at the roof and second floor, precast
concrete girders at the roof and second floor,
precast concrete columns, and precast concrete
double-tee wall panels at the east and west sides.
The foundations consist of a network of grade
beams supported by drilled piers. The first-floor
slab rests on the grade beams.

Building 707A is contained by the precast concrete
double-tee wall panels, which are located along
the entire perimeter. These panels are similar to
the roof and floor joists. They extend the full
height of the structure and are oriented with their
ribs facing outward.

The lateral-force-resisting system of the existing
structure consists of the concrete topping slab
diaphragms at the roof and second floor, and the
precast shear wall panels along the perimeter.

BUILDING 779 DESCRIPTION

Building 779 is a one- and two-story facility of
mixed construction, which is used primarily for
research and development. It is irregular in plan
with overall dimensions of 263 by 214 feet (see
Figure 2). The highest roof level is 26 feet above
the finished first floor.
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Figure 2: Building 779

The original structure is located at the southern
area of the building and includes the majority of
the two-story portion and a single-story
mechanical room at the central-eastern area. The
two-story portion is divided by a seismic joint
along line 9. The original structure dates from
1964.

The first addition, known as 779A, was designed
in 1967 and is located at the northern side of the
building. It is of single-story construction, but has
a mechanical room with a higher roof level. It has
a seismic joint running north-south through the
central portion at line 5.

The second and last major addition, known as
779B, is located at the southern side of the
building with the original portion and is two
stories tall. It was designed in 1973 and partially
fills in an area formed by a reentrant comer of the
original structure.

The vertical-load-carrying system of the original
two-story structure consists of concrete roof and
floor slabs, closely spaced concrete pan joists,
concrete beams, and concrete columns. The
original two-story portion is all of cast-in-place
construction. The columns are supported by
spread footings, and the first floor is a grade-
supported slab. The mechanical room's vertical-
load-carrying system includes a light-gage metal
deck, steel roof beams, interior steel columns, and
concrete masonry block wall along die perimeter.
The steel columns are supported by spread
footings, and the walls are founded on strip
footings.

The vertical-load-carrying system of me norm
addition, 779A, consists of precast double tee
joists overlain with a reinforced topping slab,
precast concrete girders, and precast concrete
columns. The columns are supported by spread
footings, and the first floor is a grade-supported
slab.
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Building 779 is contained by concrete masonry
unit (CMU) walls along the perimeter. At the
original portion and at the second addition, 779B,
the perimeter walls extended between concrete
spandrel beams and foundation beams. These
walls have some nominal reinforcement both
horizontally and vertically and are considered to
be structural. This includes the original exterior
wall on line B now contained by 779B, In
addition, a wall of similar construction is found at
the interior on the west side of the seismic joint on
line 9.

At the first addition, 779 A, the CMU walls at the
perimeter extend from foundation beams to the
underside of the topping slab at the building's
eaves. There is no connection to this slab, and the
walls' attachment to the precast beams at the roof
and to the columns is minimal. These walls have
only nominal horizontal reinforcement and are
considered to be architectural.

The building has numerous other interior CMU
walls. However, their reinforcing and connection
to the other main structural elements were
determined to be inadequate for the walls to be
considered part of the structural system. Since
they carry no vertical load, their retrofit was
beyond the scope of tlus project.

Along the eastern side of the building there is a
shed structure constructed of metal deck with a
concrete topping, steel beams, and steel pipe
columns. It is supported by the main building on
one side.

The lateral-force-resisting system of the existing
structures includes the concrete-slab diaphragms
at the roof and floor levels, and the CMU walls at
the perimeter and the interior.

Also included in the project scope was a vertical
plenum structure located at the southeast of the
original portion of Building 779. It serves as a
mechanical shaft for ducts, piping, and conduit,
which are located on the rooftop and upper level
of the main building and proceed downward
outside the building to below grade. From here
the lines extend under a road to Building 782. The
vertical plenum is 12 feet, 8 inches by 14 feet, 8
inches in plan, and 42 feet high from the first-floor
level. It was designed in 1972.

Above grade the vertical corridor is of reinforced
concrete masonry unit construction with
horizontal channels installed at the interior to
support platform grating as it occurs. The roof is
a reinforced concrete slab on metal deck. The
CMU walls are supported on the beJow-grade
reinforced concrete tunnel structure, which
extends to Building 782.

For lateral forces, the vertical corridor cantilevers
from the below-grade tunnel structure and relies
on bending resistance of the masonry in its
rectangular box configuration.

PERFORMANCE AND DESIGN CRITERIA

The criteria used are set forth in the document
"Design Criteria for Structural Upgrading of
Existing Plutonium Facilities, Rocky Flats Plant,
Golden, Colorado, Volume II, Revision 1, January
1986" [1]. Tliis document specified performance
and design criteria for three facilities at the Rocky
Flats Plant subjected to wind and seismic
phenomena hazards. For Buildings 779 and 707A,
both seismic and wind loadings were included in
the upgrade scope.

Loads

The natural phenomena hazard loading criteria
called for a two-level approach. The ultimate load
case was referred to as the "design basis" criteria,
and was designated "DBE" for the design basis
earthquake, and "DBW" for the design basis wind.
The working load case was referred to as the
"operating basis" criteria and was designated
"OBF." for the operating basis earthquake, and
"OBVV" for the operating basis wind.

The DBE was defined by the bedrock acceleration
response spectra shown in Figure 3. These spectra
have a bedrock horizontal zero period
acceleration of 0.14g. They are based on the
occurrence of a magnitude 6.0 seismic event
located 16 miles from the site. This would be
consistent with the largest historical local
earthquake, an event occurring in 1882 with an
epicenter postulated to be northeast of the plant.
The estimated return period for an earthquake
generating this intensity at the site is 5,000 years.
The vertical response spectra are assumed to be
two-thirds of the horizontal case.
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Bedrock-to-ground surface soil amplification
factors were then applied to the response spectra
as appropriate to the different buildings. These
vary at the Rocky Flats Plant, depending on the
thickness of the soils overlaying the daystone
bedrock materials at the sites. The soil
amplification factor used for Building 707A was
1.7, and that for Building 779 was 1.5 [2].

The OBE was defined as an equivalent static
lateral force to be applied to the structures as per
the 1985 Uniform Building Code (UBC) [5], where
the lateral base shear, V, is 0.28g. As with the
design basis case, the vertical OBE forces were
equal to two-thirds of the horizontal. The vertical
and horizontal loads were to be applied
simultaneously.

The DBW was defined for a straight wind with a
basic wind speed of 161 mph. This was based on
a wind event with a return period of 10,000 years.
The OBW was defined for a straight wind applied

to the structures, with a basic wind speed of 138
mph. This was based on a wind event with a
return period of 1,000 years. Because of their
relatively low probabilities of occurrence, tornado
event loadings were not included in the project.

Wind loads for these two criteria levels, as they
were applied to the structures as a whole and to
the individual elements, were determined in
accordance with Rocky Flats Plant Standard SC-
105 [3]. The wind portion of the standard as it
applies to this project is essentially Chapter 7 of
ANSI A58.M982 [4].

The natural phenomena loads were combined
with gravity (dead and live) loads as per the 1985
UBC. It was assumed that an appreciable
snowfall would not occur at the same time as a
significant wind or seismic load, therefore load
combinations including snow were not evaluated.
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The performance criteria used were relatively
simple, as they attempted to address the ultimate
design basis events and their effect on the
facilities under consideration. The structures
were to be upgraded as required to withstand the
DBE or DBW in combination with gravity loads
without structural failure or loss of confinement.
Any other damage to the interior or other non-
envelope portions was permissible as long as
there was no breach of the building envelope to
the outside atmosphere.

The capacities of elements of the various
structural systems were determined using
allowable stresses in accordance with: AC1318-83
for reinforced concrete; the AISC Specification for
the Design, Fabrication, and Erection of Structural
Steel for Buildings, 1978, for structural steel; and
the 1985 UBC for masonry and other materials.

For the OBE case, elements were designed to
satisfy detailing requirements as per the 1985 UBC
for a structure located in Seismic Zone 4.

Design and Analysis

EQE used a three-phase approach in applying the
load combinations to the structures in the design
and analysis of the facilities. Step 1 called for an
analysis of the existing structures, using the
design basis (DBE and DBW) loads. If portions of
the structure failed to meet the performance
criteria, men Step 2 called for a retrofit design to
be performed with the operating basis (OBE and
OBW) loads. The new scheme could include
either strengthening of existing elements, new
elements designed to supplement the existing
lateral system, or both.

The retrofitted structures were then analyzed with
the design basis (DBE and DBW) load
combinations in Step 3. If the structures still
failed to meet the performance criteria, then
another iteration of design work had to be
performed such that the final scheme satisfied the
performance criteria.

EXISTING BUILDING ANALYSIS

Many deficiencies were found in the lateral-force-
resisting systems of Buildings 779 and 707A. This

is not unexpected, since the structures were
assumed to be designed for no more than UBC
Zone 1 seismic criteria (O.Q25g-Q.O33g prior to the
1976 edition) and from 80- to 110-mph wind
criteria. In addition, current practice has more
demanding detailing standards. A discussion of
the major deficiencies is given below for each
building.

Many of the deficiencies found relate to the use of
precast concrete elements in the structural
systems. To effectively use these elements in the
lateral-force-resisting system of a facility in a high
seismic or wind zone requires that extra effort be
made in the detailing of inter-element
connections. Proper load transfer capacity at
these connections is critical. Many of the
problems found in the behavior of tilt-up concrete
structures in recent California earthquakes were
due to deficiencies at the connections with the
precast panels. Because of the less-stringent
criteria that the subject buildings were designed
to, such deficiencies were not unexpected.

It was determined that for the overall structural
systems of the two buildings, die seismic criteria
governed, while for the local exterior elements
such as the CMU walls, the wind criteria were
more critical. This follows, since the buildings as
a whole are relatively heavy for their size but the
exterior walls are relatively lightweight for their
local area. Seismic forces typically increase along
with mass, while wind forces increase with
exposed areas. Therefore, with the wall elements,
the seismic load cases governed for in-plane
forces, and the wind load cases governed for the
out-of-plane forces.

For both buildings, the damping ratio used with
the DBE criteria response spectra was 0.07.

Building 707A

The following structural elements in the existing
lateral-force-resisting system were found to be
inadequate to resist the design basis loads:

1. The shear connections between the
perimeter precast double-tee wall panels,
which together act as shear walls.

2. The shear connections between the
perimeter precast double-tee wall panels
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and the roof and second-floor
diaphragms.

3. The shear connections between the
perimeter precast double-tee wall panels
and the foundation grade beams.

4. The diaphragm chords at the roof and
second floor. No true chords existed, and
the existing slab steel was inadequate as a
chord.

Building 779

The following deficiencies in the existing lateral-
force-resisting system were found after analysis
with the design basis loads:

Two-story Portion

1. The CM U walls were overstressed for in-
plane shear forces.

2. The shear connection at the base of the
shear walls was inadequate to transfer
loads to the foundations.

3. The CMU walls were overstressed for
out-of-plane forces.

4. The steel roof girders of the mechanical
room were inadequately anchored to the
CMU walls.

Original Mechanical Room

5. There was no structural restraint of the
mechanical room diaphragm at the south
side.

779A Addition

6. The connections between the perimeter
CMU walls and the roof diaphragms,
girders, and columns were found to be of
architectural quality with minimal shear
transfer capacity.

7. Assuming shear transfer to the CMU
walls exists, the walls were found to be
overstressed for in-plane shear forces.

8. The CMU walls were oversttessed for
out-of-plane forces.

Vertical Plenum

9. The CMU walls of the structure were
inadequate at the base to resist the in-
plane loads.

10. The CMU walls lacked adequate strength
to resist out-of-plane loads.

RETROFIT DESIGN

The purpose of the structural upgrade designs for
Buildings 707A and 779 was to implement new or
revised structural systems that contained
elements capable of adequately resisting the
prescribed loads without breach of the exterior
shells of the structures. Of primary importance to
the design was the inclusion of new elements and
detailed connections, which would form
competent load paths through the existing
structures to the supporting foundations.

Retrofits of both buildings were designed to
minimize the amount of interference and labor
required at the interiors of the facilities. This was
accomplished primarily with the use of exterior
concrete buttresses supported on drilled pier
foundations. Other main structural elements
were attached from the exterior where feasible.
Only a few primary load transfer connections
were located completely within the interior space
of the buildings.

Retrofit schemes typically utilized existing roof
and floor diaphragms and foundations without
modification. New foundations were added with
the buttresses, but no new roof or floor slab
upgrades were required at the interiors.

Building 707A

The structural upgrade for Building 707A
consisted primarily of four new exterior concrete
buttresses at die north side; new cast-in-place
concrete infill between the double-tee wall panels
at the north and south walls; and appropriate new
connections between the diaphragms, walls, and
foundations. The building was analyzed with the
computer program ETABS.
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The buttresses were oriented in a north-south
direction and were aligned with interior column
lines so that new collector attachments could be
made to the existing girders. The two inboard
buttresses stop at the second-floor level, and the
two outboard buttresses extend to the roof level.
These elements primarily resist north-south
lateral forces.

The wall panels at the north and south sides
together with the concrete infill are designed to
resist the east-west seismic forces. In preparation
for pouring the infill concrete, holes were drilled
in the stems of the double-tees to allow passage of
reinforcing bars, which serve to connect the
existing panels and infill concrete for wall shear
forces.

For wall out-of-plane forces, the panels
themselves have the capacity to span between
diaphragms. The retrofit scheme strengthened
the connection of the panels to the diaphragms.
At the north and south walls continuous steel
angles were placed at the floor, adjacent to the
walls. Adhesive anchors were used to connect the
angles to the roof/floor topping slabs and double-
tee joist flanges. Other bolts were extended
through the angles and flanges of the wall panels,
and were anchored in the new concrete infill.
This made a continuous connection between the
walls and the diaphragm for both in-plane shear
and out-of-plane tension forces.

At the east and west walls the double-tee joist
stems were positively connected to the walls for
out-of-plane tension by built-up holddown
devices. This served to strengthen the existing
out-of-plane connections and create a more
ductile system.

Seismic forces were collected into the buttresses at
the north by utilizing the existing girders as
collector members. Large straps were passed
through the panels at the north side to connect the
buttresses to the girders at that wall. In addition,
the interior connections between the girders were
enhanced at each girder-to-girder connection
across the building.

Building 779

Two-story Portion. This portion of the building
consists of two seismically separate structures

with the division created at the construction joint
at line 9. The retrofit scheme included new
buttresses located around the structures, the
existing CMU shear walls, and the infill of many
window openings in the existing exterior walls,
With the assistance of the ETABS computer
program, new buttress elements were added to
the existing lateral system, which would attract
load from the CMU walls, thereby reducing their
stress state to an allowable level. The new
buttresses were connected to the building
spandrel beams with drilled-in dowels, concrete
adhesive anchors, and in one case, a collector
plate attached with adhesive anchors along the
exterior of a roof spandrel. The buttresses
adopted various shapes in order to conform to the
geometric constraints of the site, such as fire truck
access at driveways, and for efficiency of function.

The out-of-plane overstress problems were
handled with a system of horizontal strongbacks.
The primary CMU wall reinforcement consisted
of vertical deformed rebar within grouted cells. A
single line of steel wide-flange strongback beams
were attached to the walls with through-bolts at
approximately rnidheight between the spandrels
at each of the floor levels. The out-of-plane span
of the walls was then reduced by half, with
subsequently lower wall bending stresses. The
strongbacks spanned between existing concrete
columns.

Original Mechanical Room. The retrofit for mis
portion of the building attempted to strengthen its
lateral system so that adequate load paths would
be provided in order to meet the project
performance objectives. The upgrade scheme
required was minimal, as the structure was
relatively lightweight. It consisted primarily of
strengthening the roof girder seat connections at
the wall on the north side of the room, and
creating a mechanism for shear transfer of the
diaphragm at the south side. At the south side,
the roof deck stops short of the two-story
portion's north wall, due to mechanical
interferences that extend higher than the
mechanical room's main roof. The structure is
contained here by transite paneling. This
paneling was removed and new steel decking was
attached so that a shear transfer could be made
from the mechanical room roof to the CMU walls
of the two-story portion of the building.
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779A- This building addition was
h

g
retrofitted so that it comprises three effectively
seismically separate structures. The north-south
construction joint along the line 5 reentrant comer
separates the eastern structure from the remaining
portion. The high-roof mechanical room at the
southern third has its roof diaphragm separated
from that of the lower third to the north along line
H. A CMU wall contains the portion between the
diaphragms, but has little shear capacity.
Therefore, the southern third is effectively a
separate structure from the portion to the north.
The precast columns along line H support the roof
structures at both levels. The design of the
upgrade scheme treated each portion
independently, but relative drifts of the two
portions along line H were checked so that the
columns would not become distressed.

The low overall capacities of the existing shear
walls were ignored for 779A, and new buttresses
were designed to take all of the lateral loads.
Because of the unknown drift capacity of the
marginal precast member connections, it was
decided that concrete buttresses would be used to
reduce lateral deflections.

With each building portion seismically
independent and adjacent to another portion or to
the original structure, only one or two exterior
sides were available at each structure for buttress
attachment. Also, a geometric restriction was
made for all work on the western side, where the
proximity to the adjacent Building 777 and the fire
lane between them allowed only a 6-foot
maximum encroachment into the driveway. This
limited the placement and size of the buttresses so
that some torsion was unavoidable. This was
particularly true at the high-roof portion where
only the western side was exterior and available
for construction.

Loads were collected into the new buttresses from
the roof diaphragms with a system of continuous
plates attached to the roof topping slabs. These
plates also functioned as diaphragm chords. With
the configuration used, the existing diaphragm
shear capacity was considered adequate.

Gut-of-plane support for the walls was provided
by a combination of the new buttresses and new
vertical strongbacks. The only existing CMU wall
reinforcement consisted of horizontal wire-gage

ladder or truss-type reinforcement laid between
courses. It was determined that the walls could
span horizontally without distress if support were
provided at the columns and midway between the
columns. This was accomplished with either the
buttresses or with strongbacks. The steel wide-
flange strongbacks spanned between the roof
slabs and the existing building foundations.

An exception to this out-of-plane support
condition occurred at the east side of the building.
Here, mechanical and electrical equipment,
piping, and conduit would have interfered with a
strongback system. Instead of contending with
removal and replacement of these items, the shed
adjacent to the wall was strengthened so that it
could withstand the criteria loads and provide
containment for the building. The existing siding
was removed and replaced by steel decking with
appropriate attachments, and the exposed wall
above the shed roof line was strengthened. The
existing roof diaphragm then spanned between
the new buttresses at lines P and H.

There was concern that the wall on line H
between the high-roof portion and the lower
portion to the north was vulnerable, with
differential deflections occurring at the two
diaphragm levels. It was found to be infeasible to
strengthen die wall, so the masonry block was
contained with a steel deck covering that spanned
between the roof slabs of the high and low
portions.

Vertical Plenum Tower

The vertical plenum tower was upgraded for
overall lateral loads with two pairs of steel pipe
struts attached to the tower at approximately the
upper third point. One pair connects to the
western side of the tower and is supported off a
buttress foundation for the original building. The
other pair connects to the southern side and is
supported by an isolated pier foundation.

The struts attach to the tower at a horizontal ring
of steel wide-flange strongbacks, which also
strengthen the walls for out-of-plane forces.
Another ring of strongbacks is located at the
lower third point of the tower.
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SITE CONDITIONS AND CONSTRUCTION 5. International Conference of Building
Officials, "Uniform Building Code," 1985

Building and site conditions significantly
controlled the retrofit design, the security, safety,
and ongoing operational requirements of the
buildings presented significant concerns for cost
and schedule as well as constructibility. To
minimize impact, the design focused on exterior
retrofit construction. The exterior design was also
significantly constrained by adjacent existing
structures and utilities, and the need to maintain
emergency response access as well as access by
construction equipment. Design controls and
construction sequencing made the project
efficient

Several unique construction methodologies were
developed to support the project. Most notable
was the method required to facilitate concrete
placement against existing building walls.
Construction plans required placement of
concrete shear walls and buttresses against the
existing double-tee wall panels of Building 707A
and against the tightly reinforced masonry walls
of Building 779. The construction plan for
Building 707A utilized the existing wall as the
form, and controlled pressure from placement by
restricting lift heights. For Building 779 the
existing wall was protected by sheet steel forms
placed against the wall, with pressure loads
transferred out to the exterior forms. These
construction methods allowed the efficient and
safe execution of the construction plans.
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