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ABSTRACT

Since being designed and constructed in the late 1960s, the Director's Building
(Building 111) at Lawrence Livermore National Laboratory (LLNL) has been
evaluated for 1988 seismic criteria and has been upgraded to withstand a major
earthquake in the Livermore area.

During and immediately after a large earthquake in the Livermore area, Building
111 occupanis would be able to exit safely without loss of life. Building 111 itself
would be severely damaged, but would not collapse. Highlights of the seismic
upgrade design criteria and of the design, analyses, and construction that resulted
are presented in this paper.

INTRODUCTION

With a compressed schedule for completion in
February 1991, the final concrete pour was placed in the
two new external towers as part of the Building 111
seismic upgrade at the Lawrence Livermore National
Laboratory (LLNL).

Building 111 is a 7-story reinforced concrete struc-
ture, originally designed in accordance with the 1964
Uniform Building Code (UBC), (1J, and constructed in
the late 1960s. Since the January 1980 Greenville
Earthquakes, several seismic evaluations of Bldg 111
have been performed. From the damage incurred by
Building 111 during the January 1980 Greenville Earth-
quakes, the 198S Pre-Titie I Study concluded that the
building would suffer severe damage and possibly partial
collapse if subjected to a major earthquake, such as that
represented by the LLNL Site Response Spectra an-

chored to 0.5g, if no seismic upgrades were performed,
[2].

The Pre-Title I Study also concluded that strength-
ening of Building 111 so that it would only suffer severe
damage, but not collapse, during a major earthquake is
necessary for occupants to exit the building without loss
of life after such an event, [2]. The identified building
structural deficiencies are shown in Figure 1.

The Building 111 seismic upgrade was designed by
Forell/Elsesser Engineers, Inc., Structural Engineers;
and Kurtzman and Associates, Architects and Planners.
LLNL Plant Engineering provided a review of the seis-
mic upgrade design and construction. Ralph Larsen &
Son, Inc., performed the construction which began in
December 1989. With the shortened schedule, con-
struction was completed in only 14 months as opposed
to the original 24-month plan. The overall project cost
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was about $6.5 million.

After many conceptual design considerations for
seismic upgrading of Building 111, the final choice was
to add two large reinforced concrete towers to the exist-
ing seven-story structure. No new floor space was
added, but provision was made on the towers at each
floor for future connections if needed.

An earlier seismic upgrade scheme, devised in 1981,
would have approximately doubled the previous floor
space by adding two wings, resulting in a rectangular box
configuration with a center courtyard. Shapiro, Okino,
Mom, and Associates, Structural Engineers and ED2
Architects produced that conceptual design, which
would have cost about S25 million (in 19S2 dollars) to
build. This option was rejected as being "too expensive".

The four most serious structural deficiencies that
existed in Building HI before the seismic upgrade were
inadequate shear wall capacity; lack of special rein-

JgJ
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Deficiencies

Shear walls
1. Shear wall shear capacity
2. Shear wall boundary elements
3. Discontinuous shear wall
4. Discontinuous shear wall at

floors 5 to 7
5. Offset shear wall

Diaphragm
6. Diaphragm chords
7. Lack of collectors to walls
8. Lack of continuity (anchorage)
9. Weakness caused by openings

Columns
10. Non-ductile columns
11. Column ultimate capacity

(first floor)

Figure 1.* Building 111 deficiencies identified with cir-
cled numbers (on plan view of floors 2 and above).

*Schematics originated by Foreil/Elsesser Engneerst [3]

forcemem at vertical boundaries of shear walls and at
large openings; inadequate reinforcing bars in chord
members; and lack of collector and tie elements at the
connection of west, south, and east wings to the core.
The above items formed the basis for the upgrade
concepts used, [3],

Other major deficiencies in the building before the
upgrade were a general lack of lateral confining rein-
forcement in beams and columns and inadequate rebar
anchorage in the precast spandrel beams.

The seven-story structure had suffered some damage
during the January 1980 Greenville earthquakes.
Minimal repair and retrofit were performed shortly after
those quakes. To provide additional seismic resistance,
reinforced concrete was used to fill in some of the
second-story window openings in the concrete walls at
the west end of the west wing and at the northeast and
northwest corners of the north (5-story) wing. Also,
concrete grade beams were added to the first-floor
breezeway near the east side of the building core. Later,
the breezeway was enclosed to create a lobby area.

The major features of the retrofit design include two
reinforced concrete towers on a large, new foundation
(adjacent to the existing building); addition of interior
and exterior collector elements that tie the new towers
to the existing building; addition of several interior and
exterior reinforced concrete shear walls; and strengthen-
ing of some of the existing first-floor concrete columns
(see Figures 2 & 3).

DESCRIPTION OF ORIGINAL BUILDING

The original portion of Building 111, also known as
the LLNL Director's Building, is a reinforced concrete
(RC) structure that is a non-symmetrical cross-shape in
plan, having two long 7-story wings: the south wing and
the east wing. Also, there are two shorter length wings:
the 5-story north wing and the 7-story west wing. The
central core area contains elevators, stairs, air-condi-
tioning duct shafts, and ccnduit-cable vertical shafts. On
the first story, the story height (from floor to floor) is
18'-0", and the story height for the upper stories is 13'-6".
There is concrete or asphalt pavement on the ground
surface on all four sides of the building, [3].

In accordance with the 1964 UBC, [1], Building 111
was designed for a base shear of 0.057W, where W was
the total dead load (gravity load) of the building. The
seismic lateral forces were assumed to be resisted by
shear walls and the transverse beam-column frames in
each wing. At the time of the 1989 seismic upgrade for
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Building 111, the 1988 UBC, [6], would have required
the building to be designed OR an elastic basis for a base
shear of 0.18W. Also, many of the design details in the
current building code were not required by the 1964
UBC. As a result, details such as lateral confinement of
the vertical reinforcing steel in concrete columns and
anchorage of diaphragm chord member reinforcing bars
were not included in the original construction. Con-
finement of the concrete core and of the main vertical
rehar (in the column) is needed to prevent buckling of
the main vertical steel when the column is subjected to
high compressive forces. Adequate bar anchorage and
bar laps (per current code requirements) prevent sudden
pullout failures when high tensile forces are exerted on
the steel reinforcing, [2].

For the original portion of Building 111, the vertical
load-carrying system mainly consists of reinforced con-
crete floor slabs (4-1/2 inches thick in general, with some
6 or 12 inches thick) and RC roof slabs (4-1/2 inches
thick) which are supported by 14-inch wide by 28-inch
deep RC beams that are 40 feet long. These floor beams

1. New concrete toweis
2. New steel collector
3. New edge collector
4. New shear wall at floors 5 to 7
5. New shear wall at floors 6 to 7

Figure 2.* Upper floors of Building 111, showing mod-
ficaiior.s (Note: new added foundation for towers is not
shown in this view).

*Schanatics originated by Foreli/Elsesser Engineers, [3]

span between 14-inch by 24-inch RC columns which are
spaced at 10 feet on centers. The vertical load at the
exterior edges of the floor and roof slabs is carried by the
14-inch deep by 17-inch wide RC beams which were
cast-in-place with each corresponding slab. Precast
concrete spandrel beams (3'-l" deep by 10 inches wide)
arc connected to the underside of the slab edge beams by
vertical steel reinforcing dowels. Floor and roof slabs
next to the interior stairs and elevator shafts are sup-
ported by the RC walls enclosing the shafts, [3].

With respect to the original portion of Building 111,
the lateral load-carrying system is made up of: vertical
RC shear walls on the exterior ends of the south, east,
and west wings; RC walls enclosing the elevator, stair,
and duct shafts; RC walls enclosing portions of the 5-
story wing; and the transverse beam-column frames in
each wing, [2],[3J.

Roof

7th floor

6th floor

New concrete tower Existing building

Figure 3.* Elevation of new reinforced concrete to «ver
and existing building section.
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SEISMIC UPGRADE DESIGN CRITERIA

The following criteria were required by LLNL for
the development of the seismic upgrade during Title I
design phase, [4]:

• Building occupants can safely exit after
a major earthquake.

• Disruption of occupants is minimized
during the seismic retrofit construction.

• Aesthetics are maximized for the result-
ing construction.

• Total project cost is minimized.

Final structural design criteria,[3], for the seismic
upgrade of Building 111 were derived from the results of
the Pre-Title I study, [2], the LLNL Title I requirements,
[4], and UCRL-15910, J5], as it applied. These criteria
included:

• A major earthquake at LLNL is enc with a peak
ground acceleration of O.Sg,

• The combined structure (towers and building) shall
meet the non-collapse criteria with a O.Sg, 10%
damped, 1988 UBC response spectrum shape, [6].

• The existing building shall meet the
non-collapse criteria given above, but
does not have to meet all of the 1988 UBC detailing
requirements, [6].

• The new towers and their connections to the exist-
ing building shall be designed for the more stringent
of the following (includes mass of towers plus build
ing):
a. 1988 UBC equivalent static approach

(Z = 0.4g).
b. Response spectrum analysis with

non-collapse criteria given above.

• New elements including towers, foundations, collec-
tor elements, and shear walls shall be designed to
meet the 1988 UBC ,[6], requirements based upon
the UBC equivalent lateral force analysis, including
allowable stresses. For the 0.5g peak ground accel-
eration (PGA) response spectrum non-collapse
analysis, concrete elements shall be assessed on the
basis of ultimate strength values without the
strength reduction factor (<£ = 1.0). Steel elements
shall be assessed on the basis of yield strength.

• Dynamic analyses shall be used, because the build-
ing is irregular in plan and elevation. UBC equiva-
lent static load analysis shall be used for compari-
son.

• Reasonably conservative inelastic demand ratios
(IDRs) shall be used for the non-collapse assess-
ment. IDR is the ratio of the demand force to the
capacity force of each structural element.

• The effects of deflection of the tower foundation
piers on the response of the building shall be con-
sidered.

• A design force factor of 1.5 shall be used for design
of brittle-type connections.

• For combining three-directional earthquake mo-
tions, square root of the sum of the squares (SRSS)
supplemented by 1,0:0.4:0.4 (i.e.,"100-40-40 Rule")
as appropriate shall be used.

• For equivalent static forces, 1988 UBC load combi-
nations , (6), shall be used.

• For evaluating element non-collapse capacities,
based on results of the analysis in the second design
criterion mentioned above, the following load
combinations shall be used:

Demand = D+L+E, with L to be 25%
of design load

Demand = D+E

NEW STRUCTURAL ELEMENTS IN UPGRADE

Six types of structural elements make up the seismic
upgrade for Building 111: (1) concrete towers and foun-
dation, (2) interior collectors, (3) edge collectors, (4)
interior shear walls, (5) exterior shear walls, and (6)
improved concrete columns. Following is a short de-
scription of the new structural elements involved in the
seismic upgrade of Building 111 (see Figures 2 through

1. Concrete Towers and Foundation: Two RC box
towers are added to the outside face of Building 111.
One tower is located about midway along the south edge
of the east wing and the other tower is located similarly
on the east edge of the south wing. Both RC box towers
are anchored on a common 7-foot thick mat foundation.
The mat foundation in turn rests on 38 RC cast-in-
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drilled-hole (CIDH) piers which are 3-feet diameter and
range from 56 feet to 80 feet below finished grade.

The dimension for the strong direction (perpendicu-
lar to the main axis of the adjacent wing) of each RC box
tower ranges from 15 feet at the top to 30 feet at the
bottom. Aesthetic appearance and economy of material
are gained by sloping the tower (since strength demand
is less at the top of the tower). Improved view toward
the outside for some of the office occupants is accom-
plished by forming a chamfer at the tower corners that
are next to the face of the original building.

Wall thickness of the RC box towers varies from 3
feet to 4 feet. The large bending stiffness in both major
and minor axes and the high torsional rigidity of the box
configuration of the tower provide large lateral resist-
ance for the two long building wings. The chosen loca-
tions of the towers minimize the undesirable whipping
action to which the original building was vulnerable

during a large seismic s^nt. Also, the positions of the
new RC box towers reduce the lengths of the spans for
the existing roof and floor diaphragms.

2. Interior Collectors: Connection of the original
building to the RC box tower is partly accomplished by
steel channels that extend through the entire width of
the wing adjacent to the tower. At each floor, these
steel-channel collectors are located in pairs on the lower
corners of three existing RC floor beams that run trans-
verse to the long axis of the wing involved (see Figures 5
& 6). Interior collectors are placed on floors 3 to the
roof and are anchored securely to their corresponding
tower. The steel channels are bonded with injected
high-strength epoxy to the existing RC floor beams (for
the full length of the RC transverse floor beams).
Through composite action of the steel channels epoxied

Figure 4. View of new RC box tower attached to the
south wing of Building 111.

Figure 5. Example of pairs of steel-channel interior
collectors that extend the entire width of the existing
building wing and connect to the new RC box tower.
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to the RC floor beams, the result is a stronger transverse
beam. At the steel-channel end opposite the tower, a
thick steel anchor plate is welded to each channel pair as
shown in Figure 7 (to pull against the building face when
the building wing tries to move away from the tower).
The epoxy bonding of the channels to the three RC floor
beams (at each floor) helps to drag the diaphragm forces
(transverse to the long axis of the wing) into the RC box
towers.

3. Edge Collectors: The edge collectors appear like
two arms that spread out from the tower at each floor
level, along the exterior spandrel beams (in the long
direction of the wing). These particular collectors are:
made of reinforced concrete; doweled into the existing
exterior floor beams; and integral with the RC box tower
(see Figure 4). The edge collectors serve a purpose
simitar to that of the interior collectors, except that the
edge collectors help to drag the seismic shear forces (at
floors 3 to the roof) from the longitudinal axis of the
wing into the (minor axis of the) box tower.

4. Interior Shear Walls: At the fifth floor, a 12-inch
thick RC shear wall is added to help transmit the seismic
shear forces to the lateral load resisting system at the
lower floors. The new RC shear wall connects to the
existing RC structural elements by steel dowels and
epoxy.

5. Exterior Shear Walls: At the sixth and seventh
floors, new 12-inch RC exterior shear walls are connect-
ed to the existing RC structural elements by steel dowels
and epoxy. Also, a collector member is added at the roof
to transfer seismic shear forces to these new RC walls.

The combined resistance provided by the new inte-
rior and exterior RC shear walls will reduce the unde-
sirable torsional response that existed in the original
building configuration above the fifth floor. The earlier
condition was partly due to the discontinuous shear wall
on the north side of the east wing, above the fifth floor.

6. Improved Concrete Columns: Three first-floor RC
columns are strengthened by improving the lateral
confinement of the concrete core and of the main verti-
cal reinforcing steel. This is achieved by placing steel
bands around the existing RC columns. The result is
increased ductility and prevention of brittle failure and
collapse. The need for the column strengthening is due
to shear walls that were added after the 1980 Greenville
Earthquakes. Those previously added shear walls will
attract large seismic forces to the three columns which
are (as a result) receiving the new steel bands.

SUMMARY OF ANALYSES

Forell/Elsesser Engineers used four bade computer

Figure 6. View (looking down from roof) of steel rein-
forcement for RC box tower and of steel channels for
interior collector ties.
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models to make numerous analyses during the upgrade
which included: an ETA6S model, a SAP model of the
pier cap foundation, a vertical model, and a flexible
diaphragm model, [3].

For the ETABS model, all of the major new and
existing structural components are included in detail in a
three-dimensional (3-D) computer model. The major
components involved are the shear walls, beams, col-
iimns, collectors, and towers. The computer program,
ETABS, is used to perform the analyses. With these
models, seismic forces are obtained for the design and
assessment of selected structural components.

Three different ETABS models are usad to simulate
various building responses during a design earthquake.
These include a basic model, a collector model, and a
full model.

The basic ETABS model consists of all shear wall;,,
beams, and columns and two new RC box towers. The
interior collector members are not included in the basic
ETABS model, since this model tries to simulate the
seismic responses when the original building is leaning
against the new box towers. In this case, the interior

collectors would not be needed because the floor and
roof diaphragms would be acting in compression against
the towers. Also for this basic model, a fixed base is
assumed for the original building and for the new tow-
ers. Shear walls for this basic model include the open-
ings.

The ETABS collector model is essentially the basic
model with the interior collectors added to it. Because
the original building is trying to move away from the
new towers in this model, the interior collector members
are included. The interior collectors would be acting in
tension for this case.

The ETABS full model goes a step further than the
collector model by now including the pile foundations of
the original building and of the new towers. The full
model adds a dummy model below the ground to simu-
late the vertical, lateral, and rotational stiffnesses of the
pile foundations. These features help to verify that the
new tower configuration is stiff enough to resist exces-
sive movement without having to physically tie the old
and new foundations together.

For the pier cup on the new tower foundation, a 3-D

Figure 7. View of thick steel anchor plates welded to
steel channels on end opposite of tower. After welding
of plates is completed, the steel channels are pulled back
toward tower so that plates are bearing against existing
building column face.
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SAP computer model was developed. This model in-
cluded the pier foundation cap and the drilled piers.
Plate elements were used to model the pier cap, and the
drilled piers were modeled with foundation spring
elements to simulate the horizontal and vertical stiff-
nesses of the piers. This model was developed to obtain
efficiency in the design of the pier foundation cap as well
as to determine the seismic forces in the pier cap and the
drilled piers.

A vertical 3-D computer model was developed for a
portion of a typical existing building frame to simulate
the responses of typical existing beams and columns
subjected 10 the vertical component of earthquake
motion. Since ETABS does not have the ability to per-
form analyses for vertical seismic input, the SAP pro-
gram was used for analyses with the vertical 3-D model.

Another SAP mode! was developed to analyze the
flexible diaphragms. The flexible diaphragm model
included the shear walls of the existing building (exclud-
ing the beam-column frames), the interior collectors,
and the new towers. To simulate the flexibilities of these
elements in the horizontal directions, the actual dimen-
sions of the roof and floor diaphragms were used. The
purpose of this model was to determine:

• the ramifications of diaphragm flexibility on the
design of the new towers.

• the effectiveness of the tower design if formation of
plastic hinges could occur in the diaphragms; design
practice generally assumes that the horizontal roof
or floor diaphragms simply span between lateral
force-resisting elements; this implies that adjacent
to the supporting locations plastic hinges could
form.

CONSTRUCTION OF 111 SEISMIC UPGRADE

A massive foundation was required for the two new
reinforced concrete towers. Thirty-eight reinforced con-
crete piers were drilled and cast in place, with 3-ft
diameter and depths ranging from 56 feet to 80 feet
below finished grade. The pier cap was 7-ft thick and
required approximately 970 cubic yards of concrete,
which was placed in about six hours, once the rebar and
forms were properly positioned (see Figure 8), (7],[8].

Installation of the steel channels along the trans-
verse RC floor beams and the subsequent epoxy injec-
tion between the channels and the floor beams had to be
accomplished during the night shift to minimize disturb-

Figure 8. View of 7-ft thick pier cap being formed, with
steel rebar anchorage to top of cast-in-drilled-hole RC
piers.
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ance of occupants. It became necessary to widen the
coverage of window bays with plywood during installa-
tion of scaffolding, steel channels, rebar, and concrete
pours. As may be obvious, this was to prevent dropped
items from penetrating the office windows.

Figure 9. New external RC box towers with forms and
rebar in place for concrete pour at the sixth floor level.
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