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T heuse of fiber reinforced polymers (FRP) for

reinforcement of aging and deteriorating con-
crete members has emerged as a viable and cost-
effectivedternativeto traditional repair and strength-
ening techniques. Their use enables upgrading of
deficient structuresto meet today’ sdesign standards
(Crasto et al., 1996; Myerset al., 2000). The load-
carrying ability of structures such as beams and
columns can be enhanced by externally attaching
the FRPlaminatesto the concrete surface. FRPlami-
nates havehigh tensile strength-to-weight ratiosand
high tiffness, and can beeasily ingtalled by amanual
lay-up process. Because fibers and resins are non-
corrosive, they areideally suited for the repair and
retrofitting of concrete bridges and parking struc-
tures where high concentrations of chlorides from
de-icing saltsare found.
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Externally applied FRP sheets or laminatesare
impregnated in-situ and bonded directly to aconcrete
surface with an epoxy (see Figure 1). These FRP
materials are often applied to provide additional
flexural or shear strength capacity for deficient
structures or structures where a change in the
occupancy or usage occurs. The overall perfor-
mance of the system and the parametersthat affect
delamination (see Figure 2) depend highly upon
the quality of the bond between the concrete and
the laminate. Experience has shown that when
delamination of the FRP sheets occur at the sub-
strate level, the load-bearing capability of the
strengthened member iscompromised except when
FRPlaminatesare used to confinemembersin axial
compression. Research hasindicated that the bond
strength between the epoxy adhesive and the con-
crete depends on a number of factors, including
the material properties of the epoxy aswell asthe
properties of the concrete substrate (Miller and
Nanni, 1999). The strength of the epoxy isaffected
by how it is stored, handled, installed, and cured.
The epoxy-concrete bond strength is affected by
the strength, roughness, and cleanliness of the pre-
pared concrete surface.

Ongoing research at the Center for Infrastruc-
ture Engineering Studies at the University of
Missouri-Rollaisfocusing on waysto reduce the
incidence of delamination of FRPs by developing
new specificationsfor FRPinstallation.

Substrate Preparation
Theeffectivenessof any externally bonded FRP
reinforcement i saffected by the quality of thebond
between the reinforcement and the concrete sur-
facetowhichitisapplied, aswell asby the strength
of the concrete substrate. | mproper bonding may
causefailureresulting from the FRP reinforcement
detaching or peeling from the concrete substrate.



Surface preparation is the process by which
sound, clean, and suitably roughened surfacesare
produced on concrete substrates. These include
detergent scrubbing, low-pressurewater cleaning,
acid etching, grinding, sandblasting, shot blasting,
scarifying, needle scaling, scabbing, high-pressure
water jetting, flame blasting, and milling (ICRI,
1997) (Figure 3). Each of these methods has its
advantages and disadvantages in the terms of ef-
fort and efficiency of cleaning, removing un-
sound material, and roughening the surface.

Role of Substrate Roughness
Assuming aclean, sound, prepared surface, one
of the principal factorsaffecting the bond behavior
between the concreteand epoxy istheroughness of
the concrete substrate. Too smooth a surface may
result in poor bonding. Too rough a surface will
require the addition of a putty filler under the
epoxy. Anoptimal level of roughnesswill resultin
maximum bond strength while reducing the addi-
tional cost and effort of placing putty filler. While
this optimal level of roughness has not been char-
acterizedto date, preliminary bond characterization
work hasindicated that thislevel of roughness
impacts the loading level at which de-lamination
between the two materials occurs. Based on this
initial study, too little or excessive roughness
resultsinless-than-optimal bonding characteristics.
Tothat end, aportable device has been devel oped
to measure the roughness of concrete surfaces. If sur-
faceroughnesswasmeasured accurately and controlled
during the ingtdlation process, more reliable bond
strength and bond failure mode could be predicted.
This device can be used as a quality control tool to
characterize surface roughness and identify when an
adequate surface preparation has been attained. The
method useslaser striping and imageanalysis.

Characterization of Concrete
Surface Roughness

State of the Art

There are currently no means to effectively
measure roughness of concrete. The state of the
art is to subjectively compare the concrete sur-
faceto concrete surface profiles (CSP) intheform
of nine plastic model surfaces produced by the
International Concrete Repair Institute (ICRI,
1997) (Figure 3).

Principle of Laser Profiling

A new, portable, concrete roughnesstesting
device—an opticd laser-based imaging system—has
been developed aong the principles of Schmaltz
microscope (Schmaltz, 1936) and the method of
shadow profilometry (Maerz and Franklin, 1990), that

Fig. 3: Plastic model concrete surface profiles. The profiles are ordered
1 to 9 in order of increasing roughness, and correspond to acid etching,
grinding, light shotblast, light scarification, medium shotblast, medium
scarification, heavy abrasive blast, scabbing, and heavy scarification

usesalaser profiling linerather than alinear beam of
light or shadow edge. Thisprocedureiscalled“laser
striping.” Thisnew deviceisaportableimaging
devicethat can beused to measureroughnessinboth
research and production environments.

Imaging Principles

Using laser striping, a rough concrete surface
isilluminated with thin slitsof red laser light at an
angle of 45 degrees, and the surfaceisobserved at
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Concrete surface

Fig. 4: Schematic representation of the laser-profiling equipment

;. al i o N
Fig. 5: Prototype of the laser profiling device, measuring six
manufactured concrete surface profiles

Fig. 6: CCD camera
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90 degrees (Figures4-8). The projected dlit of light
appearsasastraight lineif the surfaceisflat, and
as a progressively more undulating line as the
roughness of the surface increases. A striping
laser with 11 stripesismounted at 45 degreeswith
a standoff distance of about 170 mm to the sur-
face. Laserswith 1, 5, or 11 stripes were used.

A high-resolution board CCD camera is
mounted vertically in the housing with a standoff
distance of about 150 mm.

A band passfilter isplaced over thecameralens
that rejectsboth high- and low-frequency light and
allows only the laser light to pass through to the
camera.

Thevideoimage of thelaser stripesisdigitized
with a PCMCIA frame grabber on a laptop
computer, at aresolution of 640 by 480 picture
elements (pixels) (Figure9).

Image Analysis Principles

Classical image analysistechniquesare used to
transform theimage of the laser stripes (Figure 9)
into aseriesof 11 profilesin x-y space. Each pro-
file is analyzed to provide various statistics. The
most useful statistic isthe micro-averageinclina-
tionangle(i,), whichisthe average of the pixel to
pixel angles of the stripe profile:

14
iA =—a ‘Ij‘

n =
where
n = number of evenly spaced sampling points;
| = inclination angle between points along

sampling line.

In effect, theroughness of the surfaceischar-
acterized by the absolute value of the average
inclination angle of surface along a series of
linear profiles.

Measurement Examples
Manufactured Concrete

Surfaces

For the purpose of eval uating the measurement
technique, two sets of concrete surfaces were
studied. Two sets each of six concrete blocks
(300 mm x 300 mm x 100 mm) were prepared
(Figure5). Five of the concrete surfaceswere pre-
pared by sandblasting. Surfaces 1-5 were progres-
sively made rougher by increasing the duration of
sandblasting. (While there was nominaly alinear
increasein the duration of sandblasting, the differ-
encein roughness between samples was found to
be decidedly non-linear). Surface 0 was made
smooth by grinding.

For the purpose of characterizing the surfaces,
measurementsweretaken for each surface at three



Fig. 7: Line laser

different orientations, two different positions, with
two replicatesfor each measurement. Intotal, 144
measurements were taken. All measurements
weretaken with an 11-linelaser at 2100 mm base
length.

The result of the analysis (Figure 10) reveals
that the surfaces can be characterized in terms of
theaverageinclination angle of the profiles. While
surfaces 0 and 1, and surfaces 5 and 6 are very
distinctive, surfaces2 and 3 arevery similar toeach
other. This reflects the fact that the actual rough-
ness of the two surfacesisvery similar.

The experimental design was set up to measure
surfaceroughness asafunction of the different con-
trol blocks, set of blocks, the profile orientation,
profile position, and using replicatesfor control.

Analysis of variance indicated that, for these
samples, the differences in measured roughness
were significant, orientation was not significant
(roughnesswas not an isotropic), and position was
significant (roughness wasinhomogeneous).

Summary

The manufactured roughness is undoubtedly
an important requisitein the proper adhesion and
performance of fiber reinforced polymerson con-
crete substrates. Characterization of that rough-
ness is then also of significant importance,
although the current state of the art allows only
subjective evaluation of roughness, rather than a
guantitative measurement.

Fig. 8: Image of a concrete surface being illuminated by an 11-line
generator
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Fig. 9: Laser profiles for the 6 different roughened concrete surfaces
of Figure 5

A prototype of a new device for measuring
roughness in the laboratory and in-situ has been
developed. Preliminary studies have shown the
deviceto be effective in measuring and character-
izing roughness.

Ongoing research hasbeeninitiated to devel op
construction specifications, as warranted, and to
determinethelevel of influence surface roughness
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Fig. 10: Roughness measurement results for the six concrete surfaces
in terms of the average inclination angle of the profiles

hason bond performance. Current studiesarelook-
ing at surfaces generated by water jets and sand-
blasting. Ultimately, the roughness measurements
will berelated to FRP bond strength in an effort to
correlate surface roughness to bond strength. In
addition, the research program intendsto provide
specifications of acceptable and optimum levels
of roughness, and if appropriate, specificationsfor
ameasuring devicethat can be used inthefield as
aquality assurancetool.
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