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Coordination and Quality Control for the Use of FRP Composites

By Ammar Motorwala, PE., and J. Brent Stephens, PE.

S ince its introduction to the commercial construction industry
in the 1980s, the use of Fiber Reinforced Polymer (FRP) sys-
tems to strengthen/retrofit reinforced concrete and other structures
has increased dramatically from a few early experimental projects
to currently being the material of choice for many renovation
projects. FRP strengthening techniques have gained popularity
due to the ease of installation (particularly in occupied spaces),
minimal impacts on structural appearance and geometry, cost-
effectiveness, and other benefits. The development of codes and
standards for externally bonded FRP systems is ongoing in Europe,
Japan, Canada, and the United States. For the United States, the
publications and standards regarding FRP design procedures
for reinforced concrete remain limited to guidelines such as the
American Concrete Institute’s ACI 440.2R, Guide for the Design
and Construction of Externally Bonded FRP Systems for Strengthening
Concrete Structures. These have not been included in the enforce-
able building codes. This leaves the design and quality assurance
processes for FRP strengthening scope up to the consultant teams
and local jurisdictions for individual projects.

Design

The detailing of FRP for structural strengthening is a specialization
and somewhat dependent on the product selected by the contractor.
Therefore, it is typical for the project’s Structural Engineer of Record
(SEOR) to delegate the FRP design scope to a third-party engineer
working with the product manufacturer and installation contractor

Table 1. Recommended distribution of responsibilities.

SEOR's Responsibilities

Have a general idea and understanding of different FRP strength-
ening sysfems and available techniques. Work with

the project architect and local building officials to confirm
acceptable materials and fireproofing requirements (if any).

FRP Specialty Engineer’s Responsibilities

Strengthening Design to satisfy the requirements
specified on the consfruction documents by SEOR.
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Figure 1. Sample FRP schematic layout plan for slab flexural strengthening.

to develop the FRP design to meet the project performance criteria.
However, even with this delegation of design responsibilities, the
overall structural design integrity lies with the SEOR. Hence, they
must maintain a sufficient understanding of the externally bonded
FRP reinforcement design, various FRP systems available in the
market, and their limitations. This knowledge helps the SEOR deter-
mine the feasibility of FRP on
their project and provide clear
information on their docu-
ments regarding FRP design
performance requirements.
That said, the lack of univer-
sally adopted standards has led

Evaluate the feasibility of FRP system application:
— Existing concrefe compressive sfrength (min. 2,500 psi concrefe)
— Concrete tensile strength (200 psi min. )
— Unssirengthened load combo check (in accordance with
ACI 440.2R Section 9.2)
— Fire load combo check (in accordance with ACI 216.1
or ACI 562 as referenced in ACI 440.2R section 9.2.1)

In general, design and detailing shall be devel-
oped in accordance with ACI 440.2R guidelines.
Consult with SEOR whenever recommended limits
and provisions of the guidelines are not mef and
when this may be acceptable based on engineer-
ing judgment and the particular application.

to significant variation in the
methods for specifying and
denoting FRP strengthening
requirements on construction
documents.

Certain delegated design
items like guardrail systems or

Provide FRP specifications and design criteria for FRP engineer
to calculate the amount of reinforcement and other details for
construction.

Provide feedback to SECR regarding specific
requirements for quality assurance and tesfing
based on final design and assist with site obser-
vations as needed.

building fagade and cladding
systems are independent of the
base building structure, except
anchorage, and do not require

Establish and enforce quality assurance and quality control
measures fo ensure construction meefs design goals.

significant SEOR involvement
beyond providing perfor-
mance criteria and review of
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loads exerted on the base
building structure. On
the other hand, delegated
design items like structural
steel connections and post-
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ture’s load-carrying capacity
and serviceability. Similarly,
as externally bonded FRP
strengthening design is a
structural reinforcement,
it requires significant input
and involvement of the
SEOR in the design pro-
cess to ensure a successful project. Recommended responsibilities
for the SEOR and FRP specialty engineer for an FRP strengthening
project are outlined in 7able 1.

As a first step, it is recommended that prior to specifying externally
bonded FRP reinforcement as a viable solution for strengthening
concrete structures, the SEOR should consider performing a feasibility
study including these steps:

a) The structural element to be strengthened shall be analyzed
and reviewed for capacity to support minimum new loads
without FRP contribution per ACI 440.2R Section 9.2: 1.1
Dead Load + 0.75 Live Load (use 1.0 if sustained Live Load).

b) Structural elements to be strengthened shall be analyzed and
reviewed for capacity to support minimum loads consider-
ing reduced steel and concrete strength in case of fire event
(without FRP contribution) in accordance with ACI 216.1
methodology: 1.0 Dead Load + 1.0 Live Load.

¢) Confirm existing concrete compressive strength is higher
than 2,500 psi (required minimum for proper bonding
of FRP systems). If existing drawings are not available to
confirm this information, then testing of core samples is
recommended.

d) Check the condition of the existing structure and con-
firm concrete tensile strength to be a2 minimum of 200 psi

(required minimum for proper bonding of FRP systems).
Perform pull-off testing if uncertain.

In addition to this structural feasibility review, it is highly recom-
mended that the SEOR have discussions with the project architect
and local jurisdiction building official to confirm acceptance of the
use of FRP for the proposed application and any fireproofing
requirements that may arise. As previously noted, the incorpora-
tion of FRP strengthening into design and building codes is still
evolving. Therefore, an early understanding of the local jurisdic-
tion’s stance regarding this strengthening technique is important
to avoid permitting and other issues.

After confirmed feasibility, the next task for the SEOR is incorpo-
rating FRP strengthening criteria into the bid, permit drawings, and
other construction documents. Current methods for communicat-
ing these criteria vary significantly. The following is recommended
to maximize the FRP specialty engineer’s understanding of design
intent and application of FRP:

a) Provide a schematic layout plan depicting areas/elements

requiring externally bonded FRP reinforcement with
typical details clarifying the design intent to the delegated
design engineer (Figure 1 and Figure 2).
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Figure 2. Typical flexural FRP strengthening section.

b) Provide suflicient information to the delegated design
engineer of existing structural properties needed to perform
appropriate calculations. A tabulated FRP
schedule scheme for FRP reinforcement design require-
ments, as shown in Table 2 (page 14), where an example
of slab flexural strengthening is shown, is generally recom-
mended to communicate criteria on bid documents. A
similar scheme can be applied to other structural strength-
ening applications. Information that should be provided,
when available, includes:

* Concrete compressive strength

* Structural element geometric properties (slab thickness,
effective width, etc.)

» Existing reinforcing details, including effective depth and
grade of steel

* Design strength requirements (for example, required
factored moment capacity and service moments for
flexural strengthening)

Construction and Quality Assurances

Similar to other proposed structural systems on a project, the SEOR
is also responsible for defining within the structural construction/
permit documents the requirements for Special Inspections and
Testing for the FRP installation during construction. This can be
challenging as codes and standards do not provide details regarding
FRP inspection and testing criteria. According to the International

Building Code (IBC) Chapter 17, Required Special Inspections and
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Table 2. Sample FRP schedule for slab flexural strengthening.

SERVICE SERVICE

(E)SLAB  EFFECTIVE  (E) MILD STEEL  EFFECTIVE SERVICE  SUPERIMPOSED  LIVE LOAD

FRPLOCATION  THICKNESS ~ DEPTH'd"  REINF "As"  SLAB WIDTH  SELF-WEIGHT ~ DEADLOAD  MOMENT
MARK & ORENTATION  "h"(in ) (in.) . "bf (in)  MOMENT (k-fl)  MOMENT (k-fi) (k-Ft)
FRP-1 BOTTOM [NS| 10° 8.3' 3.41 174" 46 34 30
FRP2 | BOTTOM [EW) 10° 89" 3] 165" 42 37 30
FRP-3 TOP [EW) " ;"%ROP) 9" (17" 85 e ]Q‘Z?DROP, 187 250 90

Tests, FRP strengthening would likely be considered “special cases”
per Section 1705.1.1, where requirements are dictated by the build-
ing official and/or design professional. The lack of detailed standards
often leads to an SEOR providing either too little or too superfluous
information regarding FRP inspection and testing requirements in
their documents. This may result in minimal oversight of the qual-
ity of FRP installation.

The ACI 440.2R guideline provides a long list of recommenda-
tions regarding a Quality Assurance and Quality Control Program
for FRP installation. The guideline recommends that the SEOR
becomes familiar with these recommendations and selects a program
based on the project type, scale, etc., and ensures the completeness
of third-party inspection reports. The following are recommended
steps for an FRP inspection and testing program, with a summary
provided in 7able 3:

1) Material Storage Inspection and Product Data Verification,
including material testing and sampling.

2) On-Site Layout Verification and general observations of
existing conditions.

3) Surface Preparation Inspection and Concrete Substrate
Compressive and Iensile Strength Verification to check if proper
surface roughness is provided, cracks are treated per manu-
facturer requirements, imperfections or obstructions are
removed, etc. Consider testing of prepped sutface to confirm
adequate tensile strength.

4) FRP Installation Procedure Observation including saturation
of fabric, priming, epoxy application on substrate,
and finishing.

5) Installed FRP Inspection — cured FRP review for any defects
like bubbles, damaged FRP fibers, etc., and recommend
repairs at any defective installation locations.

6) Final Inspections — Pull tests of installed FRP and inspection
of fireproofing (if required).

Table 3. Potential inspections programs.

Conclusions

FRP reinforcement is generally considered a supplementary reinforce-
ment instead of primary reinforcement like mild steel or embedded
post-tensioned cables. Hence, strengthening limits enforced by ACI
440 guideline checks ensure that the un-strengthened base struc-
ture has sufficient capacity to temporarily support imposed loads
without failure in case of vandalism, accidental damage to the FRP
reinforcement, or in a fire event until the supplementary reinforce-
ment is repaired/re-installed. However, fireproofing of FRP systems
is a complicated discussion topic that is not covered in this article.
Fireproofing requirements should be discussed with the local jurisdic-
tion and appropriately provided to meet their requirements.

It is also imperative that, after successful installation of the FRP
system, the management and Owner are made aware of the presence
of FRP reinforcementand that steps should be taken to ensure that
any future additions or modifications do not accidentally damage
the FRP reinforcement.

Externally bonded FRP composite systems provide one of the most
efficient solutions for strengthening concrete structures. While the
commercial construction industry overwhelmingly accepts the use
of FRY, it is still a work in progress as far as establishing codes and
standards regarding design, inspection, and testing. Following the
recommendations provided from feasibility studies, coordination
during design and defining inspection/testing criteria will
help to ensure a smooth process through each step of an
FRP strengthening project.s
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Brent Stephens is a Principal with SK&A's Structural Repair and Restoration
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LARGE SCALE PROJECTS SMALL SCALE PROJECTS

Visual inspections (accompanied by Non-Destructive Testing) during and after instal-
lation, particularly the cured laminate, are crucial. Most of the required information
can be obtained from this inspection by a wellqualified, experienced inspector.
Visual inspections ascertain fiber orienfation, voids, delamination, and wrap dimen-
sions, which pulloff tests cannot defermine.

Visual inspections during and after the installation are critical and
should be sfrictly enforced, including layout verification.

Pull-off tests are a good tool, but overreliance on pulloff tests alone is misleading.
In addition to visual inspections, pulloff tests should be specified with a minimum
recommended frequency of 1 test set (3 samples| per 500 sq. ft. [or per day or per
roll/package.

Excessive reliance on pull-off tests is not prudent. Frequency of pull tests
could be limited to 1 random test set (3 samples each) per every 500
sq. ft. of FRP fabric with a minimum of 1 test set (3 samples)

for a small project.

Test panels are useful for verification of material properties. Passing rate is usually
high, and they are relatively expensive. Hence, limit the frequency to a setaside of
1 sample for each new roll of material (FRP fabric) and randomly select 10% of the
samples for lab festing.

Test panels for small projects may be waived if familiar (frequently
tested) materials are specified.
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