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1. INTRODUCTION

Recent earthquakes such as Whittier 1987, Loma Prieta 1989, and Northridge 1994, have
demonstrated the vulnerability of older reinforced concrete bridge columns to fail under the imposed
seismic deformation demands. Particularly vulnerable are bridge piers designed prior to the 1971 San
Fernando earthquake since before that time the transverse or horizontal column reinforcement was
only nominally provided, typically #4 bars (D 13 mm) placed 300 mm (12 in) on center, independent
of column size, strength, or deformation demands. Even after 1971, substandard transverse
reinforcement amounts and inadequate seismic reinforcement detailing can be encountered in some
of the existing reinforced concrete bridge columns.

The functions of the transverse reinforcement are (1) to provide shear capacity to columnns where
principal tensile stresses cause inclined cracking, (2) to confine potential flexural plastic hinge
regions for increased concrete deformation capacity and for lateral support to the longitudinal
column reinforcement subsequent to cover concrete spalling, and (3) to clamp lap splices in the
longitudinal column reinforcement. To fulfill these requirements, transverse reinforcement amounts
can be calculated and designed based on established principles. Appropriate seismic detailing in the
form of anchorage in the column core, welded hoops, or continuous spiral reinforcement will ensure
functionality of this transverse reinforcement even subsequent to cover concrete spalling.

In existing reinforced concrete bridge columns where insufficient transverse reinforcement
and/or seismic derailing are provided, three different types of failure modes can be observed under
seismic load/deformation input.

The first and most critical failure mode is column shear failure (Fig. 1), where inclined cracking,
cover concrete spalling and rupture or opening of the transverse reinforcement can lead to brittle or
explosive column failures. The failure sequence consists of (1) the development of inclined cracks
once the tensile strength of the concrete is exceeded, (2) the opening of inclined or diagonal cracks
in the column and onset of cover concrete spalling, (3) rupture or opening of the transverse or
horizontal reinforcement, (4) buckling of the longitudinal column reinforcement, and (5)
disintegration of the column concrete core. While new column designs feature engineered and better
detailed transverse or shear reinforcement, the shear strength of existing substandard columns can
be enhanced by providing external shear reinforcement or strength to the column through carbon
fiber wraps in the hoop direction. The shear capacity of columns needs to be checked both in the
column end regions or potential plastic hinge regions and in the column center portion between
flexural plastic and/or existing built-in column hinges.

The second column failure mode consists of a confinement failure of the flexural plastic hinge
region (Fig. 2), where subsequent to flexural cracking, cover concrete crushing, and spalling,
buckling of the longitudinal reinforcement, or compression failure of the core concrete initiate plastic
hinge deterioration, associated with a shortening of the column in the plastic hinge zone. Plastic
hinge failures typically occur with some displacement ductility, and are limited to shorter regions
in the column. Thus, these failures are less destructive and, because of their large inelastic flexural
deformations, are more desirable than the brittle column shear failures of the entire column as
described above. This desired ductile flexural plastic hinging at the column ends can be achieved
through added confinement in the form of increased hoop or transverse reinforcement in new and
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external jacketing in existing columns. The confinement objective is to prevent cover concrete
spalling, to provide lateral support of the longitudinal reinforcement, and to enhance concrete
strength and deformation capacities. All of these characteristics apply along the entire column
perimeter and thus uniform confinement provided by circular hoops or a circular external jackets
would be most beneficial. In rectangular columns, either a circular or oval jacket can provide
confinement along the entire column perimeter while rectangular jackets effectively only provide
inward corner forces, and significant jacket thickness needs to be provided between corners to
restrain lateral dilation and column bar buckling. However, large scale tests (Fig. 3) have shown that
appropriately designed rectangular carbon jackets can provide sufficient confinement and bar
buckling restraint to achieve high flexural displacement ductility levels.

Finally, some existing bridge columns feature lap splices in the column reinforcement, which
for ease of construction are located at the lower column end to form the connection between the
footing and the column. Starter bars for the column reinforcement are placed during the footing
construction and lapped with the longitudinal column reinforcement in this region of maximum
column moment demand, i.e., the potential plastic hinge region. While the confinement concepts
discussed above for plastic hinge regions also apply to lap-spliced column ends, the flexural strength
of the column can only be developed and maintained when debonding of the reinforcement lap splice
is prevented. Lap splice debonding occurs once vertical micro cracks develop in the cover concrete
and debonding gets progressively worse with increased vertical cracking and cover concrete spalling,
(Fig. 4). This flexural capacity degradation can occur rapidly at low flexural ductilities in cases
where short lap splices are present and little confinement is provided, but can also occur more
gradually with increased lap length and confinement. Confinement can again be provided by external
jacketing or winding with continuous carbon fibers, where jackets with convex curvature are again
more advantageous to provide continuous lateral clamping pressures to the column bar lap splices
along the entire column perimeter

None of the above failure modes and associated column retrofits can be viewed separately since
retrofitting for one deficiency may only shift the seismic problem to another location and failure
mode, without necessarily improving the overall deformation capacity. For example, a shear critical
column strengthened over the column center region with carbon wraps is expected to develop
flexural plastic hinges at the column ends, which in turn need to be designed and retrofitted for the
desired confinement levels. Furthermore, lap splice regions need not only be checked for the required
clamping force to develop the capacity of the longitudinal column reinforcement, but also for
confinement and ductility of the flexural plastic hinge.

Based on the different failure mechanisms discussed above different column regions which will
require different jacket designs can be identified, as shown in Figs. 5 and 6, where L, = lap splice
length, L, = primary confinement region for plastic hinge, L., = secondary confinement region
adjacent to plastic hinge, L, = shear strengthening region, L, = shear retrofit inside the plastic hinge
zone and L.° = shear retrofit outside the plastic hinge zone. The secondary confinement region is
necessary to prevent flexural plastic hinging above the primary plastic hinge zone when confinement
allows for significant overstrength development in the primary plastic hinge. Plastic hinge
confinement lengths L, and L, are tied to the column geometry based on the expected plastic hinge
length both in terms of column depth or diameter in the loading direction, and to the shear span or
distance from the column hinge to the point of contraflexure. The lap splice length L, is directly
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Figure 5: Photograph of instruments to measure deflections used by UMR
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- Modeled region:

Figure 9: A typical modeled region of the tested slab
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DRAFT DESIGN GUIDELINES FOR CONCRETE BEAMS
EXTERNALLY STRENGTHENED WITH FRP

by Hota V.S. GangaRao and P.V. Vijay
West Virginia University

Abstract: This paper proposes guidelines for the design of concrete beams reinforced
internally with steel and externally with FRP. The beam static response is described in
terms of strength, stiffness, ductility / deformability, compositeness between wrap / plate and
concrete, and associated failure modes.

1 INTRODUCTION

Factors responsible for the deterioration of reinforced concrete structures leading to reduced
service life include chemical aging e.g., corrosion, and load induced stresses greater than
design stresses. To avoid the high cost of structural replacement, to maintain structural
integrity, and to extend the performance of constructed facilities, viable rehabilitation
schemes have been suggested (Ichimasu et al., 1993, Baluch et al., 1995, Oehelers D.J.,
1992; Ziraba et al., 1994, Priestley et al., 1992; Plevris et al., 1995; Saadatmanesh and
Ehsani, 1991, Meier et al., 1993).

Thin carbon or glass fabric in conjunction with resin constitute a durable combination
against temperature, moisture, weathering and chemical attack (GangaRao et al., 1995) and
can be easily wrapped on at least three sides of structurally deficient beams to improve
structural performance. Carbon fabric wrapping can provide some additional advantages
over conventional strengthening methods, such as: reduction in corrosion related damage;
minimization of structural joints; improvement in mechanical and fatigue properties; and
maintenance of member integrity under stress reversals (Meier et al., 1993).

Since many field applications of reinforcing concrete beams through wrapping/plating with
CFRP composites are expected in the future, a set of preliminary design specifications are
suggested here.

2 OBJECTIVE

The objective of this paper is to provide some preliminary design specifications of concrete
beams wrapped/plated with CFRP composites and subjected to static bending, shear, creep
and aging. A partial list of design guidelines concerning the external strengthening (wrap /
plate reinforcement) of concrete beams using FRP is outlined below.

Increase in nominal flexural strength resulting from FRP wrap/plate .

Increase in stiffness before and after cracking of concrete and yielding of steel.

Decrease in steel reinforcement stress.

Change in composite action between wrap and concrete under varying loads.

Evaluate failure modes based on wrap configuration.

Provide moment and shear capacity formulation.

ARl A
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Provide creep coefficients of steel reinforced concrete beams wrapped with carbon.
Suggest knock-down factors for strength and stiffness under aging (accelerated vs.
natural) accounting for temperature, moisture and pH variations.

Suggest accelerated aging methodology and calibrate results of composites under
accelerated aging with naturally aged materials.

10. Provide guidelines on calculating deformability factors.

3

BENDING, SHEAR, CREEP AND AGING

3.1 Nominal flexural strength

The fiber orientation of the composite plays a key role in the moment increase.

Wrapping/bonding with fabric/plate at the soffit of the concrete beam is more effective
than at the sides (flexural strengthening at the sides contributes less than 5 % to the
overall moment increase, GangaRao and Vijay, 1998).

The increase in the moment capacity caused by wrapping/bonding concrete beams with
FRP composites is a function of the number of layers of the fabric. For a given concrete
section and number of fabric layers, the increase in strength is higher for beams with
lower steel reinforcement.

3.2 Increase in stiffness

Wrapping leads to an increase in the stiffness of concrete beams accounted for by the
stiffness of the FRP and its lever arm.

Steel reinforced concrete beams exhibit high rotation or deflection with very little
moment enhancement after steel yielding. Beams reinforced with FRP fabric exhibit
controlled increase in deflection after steel yielding, since FRP has considerable strength
left after steel has yielded (yield strain is 0.002 for Grade 60 steel, whereas FRP
fabric/plate ultimate strain varies between 0.015 and 0.030).

3.3 Decrease in steel stress

Reduction in steel stress can be calculated by treating the FRP fabric/plate as an
additional reinforcement sharing the tensile forces with the steel reinforcement and
contributing towards the overall force equilibrium.

In estimating the stresses induced in the external FRP fabric/plate and the internal steel
reinforcement, suitable consideration should be given to the modular ratios, strain-
compatibility, linearity in strain distribution and geometric location of the intemnal and
external reinforcements.

3.4 Composite action between FRP wrap/plate and concrete

Unless otherwise specified, perfect composite action (implying no slip at the bond-line)
can be assumed between FRP wrap/plate and concrete for computations on moment
capacity, shear capacity, bond strength and short term deflections.
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3.5 Failure modes based on wrap configuration

FRP fabric/plate should preferably consist of fibers oriented parallel to principal tension,
as in beam bending or column confinement. Alternatively, fibers should be oriented to
address bi-directional stresses as in the case of a slab .

Design for shear strengthening of a concrete beam with FRP fabric/plate should
preferably consist of fibers orientated at #45° to the beam axis. This external
strengthening should be placed over the sides and the entire depth of the beam in the
shear zone.

Tension and compression failure in a flexurally strengthened beam can be calculated
based on ¢/D approach (ratio of the compression depth to the total depth). For example,
for a steel reinforced and carbon wrapped beam, balanced strain conditions exist at a ¢/D
ratio of 0.17 (obtained by treating strains in concrete, Grade-60 steel and carbon fabric
as 0.003, > 0.002 and 0.015 respectively). If the moment resistance is developed by
force equilibrium having ¢/D < 0.17, then primary tension failure (i.e., steel yields and
fabric ruptures) is to be expected. On the other hand, if the moment resistance is
developed by a force equilibrium having ¢/D > 0.17, then secondary compression failure
(i.e., steel yields followed by concrete crushing, but no steel or fabric/plate ruptures) is
to be expected.

If a beam is expected to fail in flexural tension, then localized fabric/plate rupture or
debonding is to be expected at high fabric/plate strains in the tension zone. The
wrapping of transverse layers helps to prevent fabric debonding.

3.6 Moment and shear capacity

The mechanical properties of FRP strips should be established based on the available
standards, e.g., ASTM D 3039 for the tensile strength of FRP strips.

For tension failure of a concrete beam with external FRP wrap/plate, the neutral axis

depth should be calculated in the same way as for any reinforced concrete beam by
accounting for the contribution of tension provided by the FRP in addition to the
existing steel reinforcement. For a singly reinforced beam,

a A.\‘tfy + AFRPfFRP

c=— 1
B, 085f.’b @
t
Mn = Av:f'[d__a_J"-AFRPfFRP(D-Fﬂ—iJ @
wed 2 2 2
where,
a = ACI rectangular stress block depth;
Ag = area of tension steel,

Arrp= area of FRP;

B = 0.65 to 0.85, based on f’;
c = depth of neutral axis;
d = effective depth of beam without wrap/plate;
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D = total beam depth;

S = steel yield stress;

frrP= FRP failure stress;
M, nominal moment and

thickness of FRP at beam soffit.

For compression failure in a beam with external FRP wrap/plate, the unknown FRP strain
can be expressed in terms of neutral axis depth and ultimate concrete strain (€, = 0.003).
Alternately, the unknown strains in the fabric/plate can be assumed and solved in a few
iterations as given by the equations (3) and (4). By accounting for the flexural steel
reinforcement (compression and tension), one obtains the neutral axis depth and nominal
moment (GangaRao and Vijay, 1998).

(0.85 fc,bjaz +

(0-003E,A,, -Af, - g}(AFRP ) (Avg. Errp )i Erp Ja -0.0038,d"E, A_" =0 3)
M, =085 fc,ab(d _ %) +A f (d-d")+ il (Apep ) (AVE. frep)'d' @)
where,

A’ = area of compression steel;

(Arrp) = area of the i"™ segment;

(Avg. prp)i = average FRP stress in the i segment;

(Avg. emrp) = average FRP strain in i segment.

b = beam width;

d’ = lever arm to the ith segment considered;

Errp = modulus of elasticity of FRP;

E; = modulus of elasticity of steel;

e The shear capacity of a concrete beams wrapped with FRP fabric is given by:

Viere = Amrp (E FrP € £rp )d

for a fabric at 0°/90 ° layup o

Verr = V2 A (Epgp€ e )d  for afabric at 45° /135° layup

(6)
where,
Arrp = area of unit fabric length (length along longitudinal direction);
EFrP = 0.005,
Vrrp = shear carried by FRP.
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3.7 Creep coefficient of concrete beams wrapped with carbon fabric

¢ For estimating the creep strains and deflections of steel reinforced concrete beams
wrapped with carbon fabric, the creep-coefficient (C;) of an identical beam without
wrap can be used with suitable reduction factors. For example, the creep reduction
factor (f.) of carbon wrapped concrete beams is found to be 0.3 (Ligday, 1996).
_ creep.strain
" initial elastic strain For (7 JC M
where, v, = combination of reduction factors given by ACI-209.

3.8 Knock-down factors for strength and stiffness under aging

Reductions in strength and stiffness of the FRP strengthened/rehabilitated concrete beams
should be expected during the service life of the structure. Unless otherwise known,
knock-down factors for strength and stiffness due to aging under the influence of
temperature, stress, moisture and pH variations should be between 0.7 to 0.9 based on the
severity of the related parameters.

3.9 Accelerated aging methodology and calibration

Accelerated aging methodologies can be used for predicting the long-term mechanical
properties of FRP wrap/plate used for external strengthening of concrete beams. For
example, correlation of such accelerated results with natural weathering under in-service
conditions of a structure can be carried out with Proctor’s (1985) accelerated aging
methodology explained below:

STEP 1
Subject the composite specimens to either of the following conditioning scheme for 6 to 7

evenly spread different temperatures between T = 245 °K (-18 °F, low temperatures slow
down aging but cause brittle failure) to 7 = 340 °K (150 °F, below glass transition
temperature):

e Accelerated aging (wet conditioning);

e Accelerated stress corrosion.

STEP 2
Plot strength and stiffness loss curves (non-linear curves conforming to some power law,
e.g., S = S,+mt" ) versus aging period ¢.

STEP 3
Plot the curves in step 2 for an Arrhenius type relationship, i.e., A = A, exp (-AE/RT)
e Plot the logarithm of the time to reach particular strength values, e.g.,
600 MPa (87 ksi) or stiffness values, e.g., 45 GPa (6.5 Msi) versus the
inverse of temperature.
e Repeat for various values of strength or stiffness to obtain a family of curves.
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STEP 4

Normalize the curves in step 3 into 1 single curve by:

e Selecting a reference temperature, say 294 °K (70 °F).

e Plotting the ratio of the logarithm of the time taken by the composite strength or
stiffness to fall to a given value at T °K to the logarithm of the time taken to fall to
that value at the reference temperature, versus I / T. The time is read from the curves
plotted in step 2.

STEP 5

e The normalized Arrhenius plot gives one overall picture of the relative acceleration of
strength or stiffness loss at different temperatures.

e From the known time-scale shift (i.e., plot of Step 4), changes expected over long
periods under lower service temperatures can be predicted by considering strength
loss data from naturally weathered samples, mean annual temperature and other
factors (say, moisture, freeze-thaw and pH level) as a basis for calibration.

3.10 Deformability / Ductility

The deformability index defined below can be used for evaluating the energy-absorbing
characteristics of concrete beams reinforced with composite wrap/plate. The deformability
index is the ratio of the energy or area under the moment-curvature curve at ultimate to that
at a reference curvature which depends on the function of the structure, e.g., bridge deck
versus building slab. The reference curvature should be limited to 0.006/d, which is based
on serviceability constraints of crack width and deflection, resulting in a deformability
index of 4 or higher (GangaRao and Vijay, 1998, Vijay and GangaRao, 1997).

4 CONCLUSIONS

This paper proposed design guidelines for moment, shear, stiffness, creep, knock-down
factors and deformability of concrete beams externally reinforced with FRP composites.
These guidelines are based on research conducted at West Virginia University and other
results referenced below. -
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CHAPTER 4

WORKSHOP ORGANIZATION




NIST Workshop on Standards Development
for the Use of Fiber Reinforced Polymers
for the Rehabilitation of Concrete
and Masonry Structures
Jan 7-8, 1998, Tucson, Az.

AGENDA
Wednesday Jan. 7, 1998
100-115 Registration
115-130 Workshop objectives
130-200 Quality control program for Caltrans field applications of FRP
200-230 Design and Detailing of FRP Rehab System
230-300 Standards, durability and test methods for materials, manufacturing
and quality control in repair
300-330 Industry perspective on composite column casing specifications
330-400 In-situ load testing
400-430 Coffee break
430-500 Overview of seismic strengthening of concrete columns and beams
500-530 Standards for flexural strengthening using FRP
530-600 Research needs for concrete strengthening
600-630 Flaws in composite retrofit discovered in non-destructive evaluation
Thursday Jan 8, 1998
800-1000 Working groups
1000-1030  Coffee break
1030-1200  Working groups
1200-115 Lunch break
115-215 Presentation by group chairs and general discussion
215-230 Closing remarks
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NIST Staff
Dat Duthinh
Jim Roberts
Frieder Seible

Vistasp Karbhari

Gloria Ma

Tony Nanni

H. Saadatmanesh
H. Ganga Rao
Edward Fyfe

Gary Hawkins

Dat Duthinh
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NIST Workshop on Standards Development
for the Use of Fiber Reinforced Polymers
for the Rehabilitation of Concrete

and Masonry Structures
Jan 7-8, 1998, Tucson, Az.

QUESTIONNAIRE

What issues would you like the workshop to address ?

What areas are mature enough for Standards development (with the understanding that
Standards are continually evolving in response to improved knowledge) ?

What areas still need further research before Standards should be attempted ? What are
the knowledge gaps that need to be filled ?

Do you have a vision of what the Standards should look like? Performance based,
prescriptive, or hybrid ?

Do you have any recommendation for NIST ’s role in Standards development and basic
research on this topic ?

Please describe briefly your own research program or list relevant publications.

Please fax or e-mail answers by December 24, 1997 to:

Dat Duthinh, Ph.D., P.E.

National Institute Standards and Technology
Structures Division, BFRL

Building 226, Room B158

Gaithersburg, MD 20899

Tel: (301) 975-4357

Fax: (301) 869-6275

e-mail: dduthinh@nist.gov

Thank you.




NIST Workshop on Standards Development
for the Use of Fiber Reinforced Plastics

for the Rehabilitation of Concrete
and Masonry Structures
Jan 7-8, 1998, Tucson, Az.

LIST OF INVITED PARTICIPANTS:

Professor Oscar Barton
Dept. of Mechanical Engg.
U.S. Naval Academy
Annapolis, Md.

410 293 6510 fax: 2591
obarton@nadn.navy.mil

Professor Mohammad R. Ehsani

Depart. of Civil Engg. & Engg. Mechanics
Bldg. 72, Room 206

University of Arizona

Tucson, AZ 85721

tel: 520 621 6589 fax: 520 621 2550
ehsani@ccit.arizona.edu

Professor H.V.S. Ganga Rao
Constructed Facilities Center

West Virginia University
Morgantown, WV, 26506-6103

tel: 304 293 7608 fax: 304 293 7459
gangarao@cemr.wvu.edu

Professor Vistasp Karbhari

Division of Structural Engineering
University of California at San Diego
La Jolla, CA 92093-0085

tel: 619 534 6470 fax: 619 534 6373
karbhari@ames.ucsd.edu

UNIVERSITIES

Professor Antonio Nanni

Dept. of Civil Engineering
University of Missouri-Rolla

1870 Miners Circle

Rolla, Mo 65409-0030

tel: 573 341 4553 fax: 573 341 4729
nanni@umr.edu

Professor Hamid Saadatmanesh

Dept. of Civil Engg. & Engg. Mechanics
University of Arizona, Bldg. 72, Room 206
Tucson, AZ 85721

tel: 520 621 2148 fax: 5212
hamid@ccit.arizona.edu

Professor Frieder Seible

Division of Structural Engineering
University of California at San Diego
La Jolla, CA 92093-0085
seible@ames.ucsd.edu

Professor Yan Xiao

Department of Civil Engineering
University of Southern California
Los Angeles, CA 90089-2531

Tel. 213 740 6130 Fax: 213 744 1426
yanxiao@rcf.usc.edu or
yanxiao@almaak.usc.edu


mailto:ehsani@ccit.arizonaedu

LIST OF INVITED PARTICIPANTS:

Dr. Dat Duthinh

Structures Division

Building and Fire Researach Lab
NIST, Gaithersburg, Md. 20899
Tel. 301 975 4357 Fax 869 6275
dduthinh@nist.gov

Dr. John Gross

Structures Division

Building and Fire Researach Lab
NIST, Gaithersburg, Md. 20899
Tel. 301 975 6068 Fax 869 6275

john.gross@nist.gov

Mr. Orange Marshall

US Army Construction Engg. Research Lab.

P.O. Box 9005

Champaign, IL 61826-9005

tel: 217 373 6766 fax: 217 373 6732
o-marshall@cecer.army.mil

Mr. Steven Morton

Ohio Dept. of Transportation

Room 516, 25 S. Front St.

Columbus, Ohio 43215

Tel. 614 466 4318 Fax: 614 752 4824
e-mail: smorton@odot.ohio.gov
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GOVERNMENT

Mr. James Roberts

Director, Engg Services Center
California Dept. of Transportation
101 30th Street

Sacramento, CA 95816

or POBox 942 874 MS #9
Sacramento, CA 94274 0001

tel: 916 227 8808 fax: 8251

Dr. John Scalzi

NSF Directorate for Engineering
4201 Wilson Boulevard
Arlington, VA 22230

tel: 703 306 1361 fax: 0291
scalzi@ nsf.gov

Mr. Benjamin M. Tang

FHWA Bridge Division HNG-32
400 7th St. SW

Washington, DC 20590

Ph. 202 366 4592 Fax: 202 366 9981
Ben.Tang@fhwa.dot.gov

Dr.H. Felix Wu

Program Manager, ATP

NIST, Gaithersburg, MD 20899-0001
Tel: (301) 975-4685 Fax: (301) 548-1087
e-mail: felix.wu@nist.gov




LIST OF INVITED PARTICIPANTS:

Mr. Craig Ballinger

Craig Ballinger & Assoc.

314 Ayito Road SE

Vienna, VA 22180-5983

Ph. 703 938 1057 Fax: 703 938 1252

Mr. Steven Cauffman

Research & International Programs
CERF

1015 15 th St. NW Suite 600
Washington DC 2005-2605

Tel. 202 842 0555 Fax: 202 682 0612
jmeyer@cerf.asce.org www.cerf.org

Mr. Grant Corboy

Hardcore Composites, Ltd.

801 East 6th St., Newcastle, DE 19720
Ph. 302 326 5905 Fax: 302 326 0620
gcorboy3 @aol.com

Mr. Edward Fyfe, President

FyfeCo., LLC

6044 Corner Stone Court W., Suite C
San Diego, CA 92121-4730

Ph. 619 642 0694 Fax: 619 642 0947
fyfeco @earthlink.net

Dr. Gary Hawkins

The Aerospace Corporation
Mail stop M4 / 945

P.O. Box 92 957

Los Angeles, CA 90 009
Ph. 310 336 7379

Fax: 310 336 8821
g.hawkins@aero.org

Mr. Fred Isley

Hexcel Corporation

5794 West Las Positas Boulevard

PO Box 8181

Pleasanton, California 94588-8781

Ph. 510 847 9500 x4493 Fax: 510 734 9042
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INDUSTRY

Mr. James Korff

XXsys Technologies, Inc.

6619 Viewridge Avenue

San Diego, CA 92123

tel: 619 974 8200 X233 fax: 619 974 8208
jkorff@xsys.com

Dr. Gloria Ma, CEO

XXsys Technologies, Inc.

6619 Viewridge Avenue

San Diego, CA 92123

tel. 619 974 8200 X226 fax 619 974 8208
gma@xxsys.com

Mr. Barry Olson

General Manager

CMI, Inc.

1401 S. Santa Fe Avenue

Compton, CA 90221

tel: 310 223 2690 fax: 310 223 2694

Dr. Gary Steckel

The Aerospace Corp.

2350 E. El Segundo Blvd.

El Segundo, CA 90245-4691

Mail: P.O. Box 92957

Los Angeles, CA 90009-2957
Phone: (310) 336-7116, Fax: (310)
336-5860

gary.steckel@aero.org

Mr. Milan Vatovec

Simpson, Gumpertz & Heger, Inc.

297 Brodway, Arlington, Mass. 02174-5310
Ph. 781 643 2000 fax 2009
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