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About ICRI Guidelines

The Miernational Concrete Repair Institufe ({CR{)
was founded io improve the durability of concrete
repair and enhance its value for strietire owners. The
identification, development, and promotion of the most
promising methods and materials are primery veliicles
Jor accelerating advances in repair technology, Working
through a variety of forums, ICRI members have the
epportuniiv 1o address these issues and to divecily
contribute o improving the praciice of concrere repain

A principal component of this effort Is fo make care-
Jully selected tnformation on inportant repaly subjects
readilv accessible o decision makers. During the past
several decades, stich kas heen reported in the liter-
ature on conciere vepaiv methads and materials as they
have been developed and refined. Nevertheless, it has
been difficadt fo find critically reviewed information on
the stare of the art condensed into easy-fo-use formars.

T that end, ICRI guiidefines are prepared by saictfoned
task groups and appraved by the ICRI Technical
Activities Commirttee. Each guideline iz designed
to address a specific area of practice vecogrized as
essentind to the achievement of duvable repaivs, Al
ICRI guideline documents are subject fo conlinual
review by (he memberiship and may be revised as
approved by the Technical Aciivities Commnliitee,
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Synopsis
This guide is intended lo provide guidance on the
setection of sirengthening systems [or concrete
structures. The guideling desceribes several
methads of strengthening structures including
externally bonded systems, post-tensioning,
section cnlargement and supplemental supports.
It offers guidance on the selection of the appro-
priate strengihening technique which depends on
many factors such as level of upgrade, primary or
supplemental reinforcing requirements, construc-
tabilily, aesthetics, and cost. Vartous 1ssues regarding
design considerations, advantages, and limitations
are provided for the use of these systems. For
cach strengthening system, the engineering
considerations, systems, methods and materials,
durability, fire considerations, and field appli-
cations are discusscd in detail.

Keywords

Active strengthening, axial strengthening, bending
capacity, carbon fiber colurnn capitals confineiment,
durability. extcrnal post-tensioning, external
reinforcement, externally bonded systems, fiber-
reinforced pelymer, FRP, fire considerations,
flexural stengthening, glass fiber, increased loading,
load testing, moment strengthening, passive
strengthening, primary strengthening, section
enlargement, shear collar, shear strengthening,
span shortening, stabilization, steel plate bonding,
stecl-reinforced polymer, SRP, strengthening,
structural deficiency, structural analysis, structural
design, structural evaluation, structural repair,
structural upgrade, supplemental strengthening,
supplemental supports, support extension, virtual
gtrengthening.
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1.0 introduction

One of the challenges in strengthening of concrete
structures is selection of a strengthening method
that will enhance the strength and serviceability
of the structure while addressing limitations
such as constructability, bialdmg operations, and
budget. Suuctural strengthening may be required
due to many different situations.

«  Additional strength mav be needed to allow
for higher loads to be placed on the structure.
This is often required when the use of the
structure changes and a higher load-carrying
capacity is needed. This can also occur if addi-
tional mechanical cquipment, filing systeims,
planters, or other items are being added to
a structure.

+ Strengthening may be needed 1o allow the
structure to resist loads that were not antici-
pated in the original design. This may be
encountered when structural strengthening is
required for loads resulting from wind and
seismic forces or Lo improve resistance to
blast loading.

» Additional strength may be nesded dus to a
deficiency in the struciure’s ability 1o carry the
original design loads. Deficiencies may be the
result of deterioration (e.g., corrosion of steel
reinforcement and loss of concrete section),
structural damage {e.g., vehicular impact,
excessive wear, cxcessive loading, and fire},
or errors in the original design or construction
(2.g., misplaced or missing reinforcing stzel
and madequaie concrete strength).

When dealing with such circumstances,
each project has its own set of restrictions and
demands. Whether addressing space restrictions,
constructability restrictions, durability demands,
or any number of other 1ssues, each project
requircs a great deal of creativity in arriving at
a strengthening solution. This document seeks
to iflustrate typical strengthening technigues
for conerete structures and provides guidance
for the use of these techniques. Strengthening
technigues such as section enlargement, exter-
nally bonded systems, external post-tensioning
systems, and supplemental supports are presented.
Engineering considerations, methods and malerials,
durability considerations, fire considerations,
field applications, benefits, and himitations
are discussed.

Strengthening of existing structures will always
require detailed engineering analysis and design
by a qualified engincer. This document does not
present the detailed enginesring methods of

analysis but rather seeks to inform the reader of
the various strengthening options and to assist the
reader 1n determining which methods are more
suitahle for a given project.

2.0 General
Engineering
GConsiderations

The majority of structural strengthening involves
improving the ability of the structural element io
safely resist one or more of the following internal
forces caused by loading: flexure, shear, axial,
and torsion. Strengthening is accomplished by
either reducing the magnitude of these forces or
by enhancing the member’s resistance to them.
Tvpical sirengthening techniques such as scction
enlargement, externally bonded reinforcement,
post-tensioning. and supplemental supports
may be used to achieve improved strength
and scrviceability,

Sirengihening sysiems can impreve the
resistance of the existing structure to internal
forces in sither a passive or active manner. Passive
sirengthening systems are typically engaged
only when additional loads, beyond those existing
at the time of instalfation, are applicd to the
structure. Bonding steel plates or fiber-reinforced
polymer (FRP) composites on the structural
members are examples of passive strengthening
systems. Active strengihening systems typically
engage the structurs instantaneously and may be
accomplished by introducing external forces to
the member that counteract the effects of internal
forces. Examples of this include the usc of cxternal
post-tensioning systems or by jacking the member
to relieve or transfer existing load. Wheiher
passive or active, the main challenge is (o achieve
composite behavior between the existing structure
and the pew strengthening elements.

As an alternative to strengthening an existing
structure, the apparent strength of a structure can
be virtually improved through a “virtual strength-
ening” approach such as; 1) reducing the loads
on the structure by removing superimposed dead
load or by reduciug live loads; 2) demonstrating,
by sampling and tcsting, that material properties
are higher than those intended in the eoriginal
design; or 3) demonstratng required capacity by
full-scale load testing.

The load-carrying capacily of sirengthened
and unstrengihensd members is computed
using generally accepted engineering principles.
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However, it can be helpful and is sometimes
prudent to also conduct load tests to confirm
load-carrving capacity. Load testing can provide
valuable information regarding the strength and
performance of an existing structure by simply
applying loads to selected structural members
and measuring their responses. Load testing can
be used to evaluate the performance of deteri-
orated. overstrassed, or strengthened structurat
members. It can also be usced to proof-test new
strengthening technologies and materials. A
foad test should be supervised by a qualified
engineer, who is responsible for preliminary
field and analytical investigations, selecting test
arcas, determining the magnitude of the load
test, and evaluating the performance of the
structural element during and alter the completion
of the test. For procedures for conducting in-
place load tests and criteria for performance
evaluation, the reader should refer to publi-
cations of the American Concrete Institute

{ACT) [ACT 318 and ACI 437R].

The selection of the most suitable methed
for sirenethening requires careful consideration
of many factors including the following engin-
eering issues:

»  Magnitude of strength increase;

+ Effcel of changes in relative member stiffiess;

+ Size of project (methods involving special
materials and methods may be less cost-
cffective on small projects):

« Environmental conditions (methods using
adhexives might be unsuitable for applications
in high-temperature enviromments, external
steel methods may not be suitable in corrosive
environmants);

» In-place concrete strength and substrate integ-
rity (the effectiveness of methods relying on
bond o the existing concrete can be signifi-
cantly limited by low concrete strength);

+ Dimensionaliclearance constrainis (section
enlargement might be limited by the degree
to which the enlargement can encroach on
sarrounding clear space):

+  Accessibility;

s Opcrational constraints (nicthods requiring
longer construction time might be less desirable
for applications in which building eperations
must be shut down during construction);

+  Availability of matenals, equipment, and
qualified contractors;

« Construction cost, maintenance costs, and
life-cycle costs; and

+ Load testing 1o verify cxisting capacity or
cvaluate new techniques and materials.

The first step in the engineering of any
strengthening activity is a condition asscssment
of the existing siructure and its components. The
purpose of the condition assessment is to iden-
{ify the ivpes and extent of any deterioration
and damage, and 1o diagnose their causes, The
condition assessinent 1s followed by a structural
analysis (o compare the existing capacity to
strength demand. Once the types and magnitude
of structural deficiencies have been 1dentified, a
strengithening strategy can be devcloped. The
following describes the various steps and decision
points in a typical sirengthening design process.

2.1 Strengthening
Design Process

This section outlines typical steps that may
be used for structural strengthening projects to
ensurce an clfective, durable, and cost-efficient
strenpiliening solution. The main objective is fo
highlight the main design and strengthening
technique sclection issues, as well as the constraints
that may be encountered during a typical sirength-
cning project.

Step 1: Structural Condition Assessment

The first step in any strengthening project is
to establish a firm understanding of the existmg
structure and its condition. This could be achicved
by studying existing drawings (or built drawings,
if available}, reports, and calculations, verified
by an on-site inspection, as well as determining
the loading history and material characieristics of
the structurs. Guidelines for the condition evahiation
of concrete structures are given in ACH 364.1R,
“Guide for Lvalnation of Concrete Structures
Prior to Rehabilitation,” and SEI-ASCE 11-99,
“Guideline for Structural Condition Asscssment
of Existing Buildings.”

Step 2: Structural Analysis

Analysis of the existing structure can be uscd
to determine the existing load capacity of various
structural ciements. These in turn are comipared
to the Inad demand on cach structural member to
cstablish the type and level of structural defi-
cicncy, if any. The analysis may be used to predict
deformations of the structure during and after
installation of the strengthening system. In some
cases. an unknown structural condition, such as
that caused by aging and deterioration, may
complicarc the analysis. In these cases, load testing
may be uscd 1o obtain information regarding
the existing capacity. Load tests may be performed
according to Chapter 20 of ACT 318, “Building
Code Requirements for Structural Conerete,”

03742-2
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ACT 437R, “Strength Evaluation of Exasting
Concrete Buildings,” or a local building code.

Step 3: Strengthen or Stabilize the
Existing Strocture?

Stengthening is required when additional
loads beyond those of the original capacity
need to be carried by some of the elements of
the structure.

Stabilization is required when the structure
needs to be repaired to restore its original or
intended [eading condition after its capacity has
been reduced due to deterioration or damage
(deficiencies are typicallv related to defects,
corrosion, and damage).

Step 4: lietermine the Required Type
of Strengthening
Primary or Supplemental

Primary Strengthening—When the design
service loads {without load factors) exceed the
nominal strength of an unstrengthened element,
then the strengthening system is considered
primary. This indicates that the strengthening
system 15 needed to prevent collapse. This is critical
to define, as some strengthening techniques may
not be appropriate for primary strengthening
applications. Primary strengthening svstems
include section enlargeiment, span shortening, and
supplemental supports.

Supplemental Strengthening—When the design
service loads (withoul load factors) are less than
the cxisting capacity of an unstrengthened element,
then the strengthening system 1s considered supple-
mental. Without strengthening, the structure may
be overstressed and exhibit excessive deflection
and cracking, but 1t will not collapse.

FPuassive or Acrive Strengthening

Passive Strengthening describes technigues in
which the added systems wiil not be engaged until
new loads are applied to the structure and defor-
mations oceur. Examples of this technique include
cxternally bonded FRP or steel plates, concrete
scetion enlargement, as well as other systems.

Active Strengthening describes techniques in
which the added svstem is instantancously engaged
1o camry the new loads. This could be accom-
plished by using some form of post-tensioning or
jacking of the structure prior to strengthening.

Step 5: Determine the Appropriate
Strengthening Technigue

Several techniques may be cvaluated for a
strengthening application. Techniques such as
section enlargement, externally bonded systems,
external post-lensioning and supplemental
supports may be usad to stabilize or strengthen

an exigting structure or its components. The final
selection of the strengthening svstem will depend
onmany [actors including ellectiveness, construct-
abilily, aesthetics, and cost.
Step 6: Evaluate the Stractural Condition
During Installation

During the installation and curing of the
materials used in a strengthening system, the effects
of excessive loading, vibrations, stress, ambient
temperature, or deflections must be evaluated to
determine design limitations and construction
sequence. If not considered, these conditions may
be detrimental to the effectiveness and durability
of the strengthening system.

Step 7: Evaluate the Worl¢ Environment
During amd After the Instaliation?
Construciabilify issnes
»  Access 1o work area
= Work-site obstructions
+  Dust and noise control
+ Installation time frame
+ Environmental conditions during repair
Building operations during repair
Building operations may influence the choice
of a strengthening technique. Some techniques
may bc more expensive vet require shorter instal-
lation time,
Environmental exposure affer installation
Chemical, temperature, abrasive, or impact
exposures to the strengthening system after instal-
lation should be considered. Additional protection
of the systern may he required.
Aesthetics of the upgraded struciure
The final appearance of the upgraded siructure
may be the controlling factor in selecting the
strengthening system, Additional finishes may be
required to ensure that the newly installed svstem
“blends m” with the surroundings.

Step 8: Select the Best
Strenytheniny Technigue

Uising the criferia evaluated in Steps 1 through 7,
determume the options that best achieve the desired
results. Sometimes, although the components of
the strengthening option may be more expensive,
they could be instalied faster and with fewer inter-
ruptions to building operations, which could result
in lower overall costs.

Step 9: Perform Final Design and Detailing
Once the structural strengthening svstein has

been selected, final engineering may be conductled.

This may include:

= Tinal design and detailing of the strengthening

+  Serviceability checks
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Construction loads and sequence

Quality control

Project specifications: prescriptive, performance
based, or design-build

L]

Strengtheniny Process Flow Chart

Strugtural Analysis

i
!
¥

Srepnoshon
ar
Srzbilize?

!

+
| Primary Astive
o7 RIE S oF :
© Suppizmental? Passive? -

i

¥

[reterming Anpropriate
Serengthering Techmigers

E
i
v

Evitlnle the Structurel
Condition During
Installation

!

uaee the Work
EVITDITIENE

;
4

Setecr the Best
Steengihening Techniges

X

Final Dastgrn snd Detailing

3.0 Section
Enlargement

Section enlargement i3 one of the oldest strength-
ening techniques known to the concrete construction
industry. Enlargement 1s the placement of addi-
tional concrete on an existing structural concrete
member. The addiiional concrete may be “structural”
concrele reinforced with steel bar, wire mesh, or
post-tensioning strands and designed to increase
the load-carrving capacity of a structural member.
Itmay also be considered “protective” concrete used
to improve the fire resistance of the structural
elements and protect them from mechanical and
environmental damage. Gsing this method, columns,
beams, slabs, and walls can be enlarged to add

load-carrying capacity or increase stiffness. In all
cases, the designer should include the weight of
the additional reinforced conerete in the design
loads. For example, a concrete overlay bonded
on top of an existing slab can increase the structural
capacity of the slab yct will add dead load to
the slab.

3.1 Engineering
Considerations

All of the general engineering considerations

presented in Section 2.0 should be considerad in

the design of a section enlargement. The most

applicable considerations with this method are:

= Achieving composikc action between the existing
member and the enlargement;

« Compensating for the dead load increase;

» Accounting for the increasc in stiffness of the
strengrthened member as 1t may alter the load
distribuiion in the entire structure. Detailed
analysis of the affected structural system may
be required to check the stress condition for
other members; and

 For columns, design of the enlargement should
account for effects of axial load eccentricity
on the final siress condition and behavior of
the column.

When using enlargement as a strcngthening
technique, the ability of the composite member
to perform as an integrated system can only be
achieved by providing adequate bond bebween
the existing concrete member and the externally
applied concrete and reinforcement. When bond
between new and existing concrete is not sufficient
to carry horizontal shear forces at the interface,
the composite behavior can be achieved by using
shear dowels, cpoxy or mechanically anchored to
the existing member, For design of horizontal
shear reinforcement, the reader is referred to the
requirements of ACT [ACI 31¥]. Stress concen-
trations resulting from adding material that imduces
a sudden local increase in stiffness may cause a
localized failure, which should be addressed n
the design of the repair. Concrete enlargement
may also require steel reinforcement to control
cracking due to volume changes

Concrete overlays bonded to the top of a slab,
beam, or joist can increase the posilive bending
moment capacity by increasing the effective depth
of the existing reinforcement. The overlay can be
designed such that the increase in the depth of the
existing reinforcement otfsets effects of the
weight of the overlay. In addition, lightweight
concrete may be used to reduce the weight of the
overlay. Embedding new reinforcement in the
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overlay can increase the negative moment capacity
of slabs, beams, and joists.

Shoring of the enlarged member and iselation
of 1ts surrounding areas may be necessary lo
limit deflection and/or vibration that can interfers
with the development of the bond during curing.
Shoring and jacking may also be considered when
the enlarged section is required to be an active
strengthening system, as described in Section 2.0
of this document,

3.2 Systems, Methods,
and Materials

Section enlargement techniques are used to add
flexural, shear, torsional, or axial capacity or a
comnbination thercof to a structural element. It
may also be appropriate for improving ductility or
hmiting deflections. For beams. section enlargement
miay be achicved on one side or multiple sides of
the member, For slabs, enfargement can be
achieved on the top of the slab 1 the form of an
overlay or on the bottom of the slab in the form
of an underlay. Slab cnlargemeut mayv also be
achieved in the form of a drop panel at the colurnns.
For columus, depending on the type and extension
of deficiency, section enfargement may be
achieved on one or more sides of the section and
the enlargement may be achieved on the full
height of the column or extended to a certain
distance from the top or botiom supporis.

The composite behavior of the enlarged scetion
can only be taken into account 1f a monokthic
structural condition 1s achieved. Composite behavior
requires adequate bond at the interface between
the existing and new concrete 1o ensure the ability
of the final section to tansfer horizonial shear
forces along this interface. Poor bonding may caise
premature deterioration under traffic loads or envir-
onmental and temperature stresses, Achieving a
sound, rough, open-pore surface for bonding is
critical to achicve the monolithic behavior. This
can be achicved by aggressive abrasive blasting,
high-pressure water blasting (typically 10,000 psi
or greater) or mechanical profiling {scarification
and bush hammering). It should be noted that
after mechantcal profiling, the resulting surface
most Jikely has some level of micro-fracturing that
will inhibit the bond of the new section, 1 is recom-
mended that an abrasive or high-pressure water
blast follow to remove the micro-fractured parts.
Occasionally, the concrete at the surfacc of the
member is weak and does not have adequate
strength to ensure sufficient bond. In this case, the
weak concrete should be removed 1o exposc sound

concrete. The composite behavior may also be
achieved using doweled reinforcement to provide
additional horizontal shear transfer capacity. This
1s typically achieved using epoxy or mechanically
anchored steel dowels (refer to Fig. 3-1). For
proper surface treatment, preparation, and bond
testing, the reader 15 referred to the appropriate
Guidelines provided by the Internationat Concrete
Repair Institute (ICRT) [ICRI Technical Guidelines
No. 03732, 03733, and 03739].

Fig. 3-1: Beam enlargement preparaiion and

Sorm and pump iechnique

The selection of materials should be based on
construciability, enlargement size, placcment
method, compatibility with the existing concrete,
dimensional behavior {shrinkage, thermal
cxpansion, modulus of elasticity, and creep),
mechanical properties (tensile, flexural, and
compressive strengths) and durability concerns.
In compression applications, the modulus of
elasticity of the new repair material should be
similar to that of the existing conerete to ensure
that the added matcrial will carry a proportional
part of the compression load as it is added to the
structure. For example, 1f the modulus of clas-
ticity of the new concrete 15 significantly higher
than that of the existing concrete, the enlargement
will attract a larger portion of the load as it could
cause the new material o become overstressed.
For material selection gnidance, refer to ICRI
Technical Guideline No. 03733,
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Typical concrete placement techniques include
placing concrete on top of an existing member
{as in the case of an overlay), form: and cast in
place, form and pump, and shotereting. Selection
of the placement technique will depend on a
number of {actors including constructability and
repair environment, enlargement size, and material
selection. In gencral, installing the repair materials
under pressure will help achieve mechanical inter-
lock with the existing prepared surface. Refer to
ICRI Technjcal Gudcline No. 03733 for guidance
on selection of repair materials. Sufficient clearance
should be provided between the surface of the
existing concrete member and the additional
reinforcemcnt to ensure adequate flow of repair
material around the steel bars. Clearance will
depend on or dictate the maximum aggregale size
of the repair material [ICRI Technical Guideline
No. 03730].

3.3 Durability Considerations

Durability considerations for enlarged sections
are simtlar to considerations with new concrete
construction, Many of these considerations relate
to the protection of the new reinforeing stecl from
cotrosion, Durability considerations vary dependng
on the environmental exposure.Concrete is a
durable material and, when proportioned appro-
priately, will perform well in harsh epvironments.
However, there are a number of factors that may
influence its durability including the physical
properties of the hardened concrete [ACI 201 2R},
the materials of which the concrete is composed,
amount of conercle cover, manufacnring and
construction methods, and the type of exposure.
Concrete should have a low water-cement ratio,
be dense to reduce permeability, and should be
properly cured to mmimize shrinkage. Shrinkags
reinforcement may be required to control cracking
that could cause premature deterioration.

3.4 Fire Considerations

Firc protection should be considered in the design
of the concrete enlargemenits. The same require-
ments for new concrete construction apply to the
design of concrete enlargements. For fire consid-
eration and detailing, the reader is referred to
ACT 318 and ACI 2146, Additionally, when fire
protection is critical, mechanical or cement grouted
anchors may be used 1n place of epoxy anchors.

3.5 Field Applications
3.5.1 Slab Enlargement

An airport elevated ramp (cast-in-place slab on
America Association of State Highway and

Transporation Officials (AASHTO)-type girders)
required strengthening for new loads dueto anew
canopy structure supported by steel tube columns
that were being installed on the ramp. At each
stee] column, the slab was insufficient to cany
the new Joads. The slab was enlarged on the under-
sidc to create a remlorced concrete beam spanning
between the AASHTO girders. The use of stee]
dowels and the form and pump technique ensured a
composite behavior with the swrounding members.

) P

Fig 3-2: Enlarged slab section tfo accommodale
new [oads from steel colinns

3.5.2 Beam Enfargement

A series of beams in a parking structure were
enlarged for additional flexural and shear capacity.
The surfaces to be enfarged were properly cleancd
and profiled using abrasive blasting. Stirrups
were added for shear upgrade. In addition, post-
tensioning strands were installed on both sides
of each beam and deviated at two-quarter spai
locations using the transverse joists as deviators.

Fig. 3-3: Additional remforcement is added to
the beam then encased in concrete
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Steel plates were fabricated for the end anchorages
and nstalled on the ends of {the beams. The section
{sides and bottom) was then enlarged with concrete
placed using a form and pump technique.

3.5.3 Column Capital Enlargement

The slab around colurmns int a condominiim parking
garage required additional punching shear capacity,
To accompiish this, the columnn heads were enlarged
o create a larger bearing arca. The conerete was
first prepared by bush hammenng followed by
abrasive blasting. This was done to achieve the
proper surface profile and to remove loose and
fractured material resulting from the bush
hammering process. Circumferential reinforcement
was installed, the area formed and concrete was
pumped into the formwork under pressure.

Fig. 3-4. Columm enlargement for additiondl
punching sheayr

3.6 Benefits and Limitations
3.6.1 Benefits

Concrete section enlargement is relatively easy
and can be economical. It can be used o increase
the flexural, shear, torsional. and axial load capacity
of existing members, it may also be used to mcrease
the stiffness or to improve ductility. This method
provides considerable flexibility for applications
that require a substantial increase in capacity, service-
ability limitations {deflection and crack width}, or
fireproofing. Design principles and materials used
in construction are well known to the contractor and
the engineer. Because a structural fire rating is
achievable, the enlarged element can achieve
a substantial new load-carrying capacity and
be considered a primary strengthening systern.

3.6.2 Limitations

Limitations to this technique include loss of
space or headroom, additional weight of the new

coucrete, and possible higher cost due to the
extensive level of surface preparation, forming
requirements, and concrete placement techniques.
Therefore, section enlargement may require
longer installation time than other strengthening
methods. Corrosion of embedded reinforcing
steel should be considered, especially in harsh
environments. This problem can be minimized
by providing adequate concrete cover, corrosion
protection systems (coatings, cathodic prolection.
and admixlures), ot retnforcement that is fess
prone to corrosion.

4.0 Externally
Bonded Systems

The practice of extermnally bonding reinforcement
consisting of mild steel, stainless steel, advancad
composites, and other materials onto concrete has
been successfully used for many vears by the
construction industry. Extemally bonded systems
can Increase the strength of concrete, especially
in flexural, shear, and confinement applications
by providing additional tension reinforcement
that shares load with existing (internal) reinforce-
ment. Depending on the application and choice
of material, externally bonded systems can
change the strength, stiffness, andfor ductility of
the structure,

Historically, steel plates were the materials of
choice for external reinforcing due to their
strength, stiffness, availability. and relative low
cost. The composite behavior is typically achieved
by bonding the plates with an epoxy resin and/or
using mechanical anchors. The epoxy resin used
in these applications is either in a paste consis-
tency or as a ligquid mjected under pressure. De-
pending on siructural and environmental require-
ments, anchor bolls may be used to supplement
the bond provided by epoxy to improve horizontal
shear-transfer capacity and hold the heavy plates
in place until the epoxy resin cures.

More recently, FRPs are being used for exter-
nally bonded reinforeing svstems for concrete.
Their high strengsth-lo-weight ratio makes them
tdeal for many civil cngincering strengthening
applicalions. In addition, their noncorrosive
nature makes the mamtenance and long-term cost
of FRPs atiractive to building owners, DOTs,
enginears, and architects. Carbon FRP (CFRP),
aramid FRP {AFRP), and glass FRP (GFRP) are
most commonly used for external reinforeement
of conerete structures. For additional information,
refer to ACT 440.2R.

IAL
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4.1 Engineering
Considerations

All of the design issues presented in Section 2.0,
(General Engineering Considerations, should be
considered when designing externally bonded
strengthening systems. A qualified engineer
having expenence in this field should design the
externally bonded strengthening systems. ACI
has published a document {AC1 440.2R] that
should be used when FRP 15 used as part of the
upgrade. Design of external steel plates should
conform to the appropriate ACI documents
including ACI 318,

Lxtemally bonded systems arc designed to
resist tensile forces while maintaining strain
compatibility with the strengthened section. The
FRP should not be designed to resist compressive
forces. However, 1t is acceptable for the FRP to
experience comiprassion due to moment reversals
ar changes in loading patterns,

When considering FRPs for design, itis impottant
to consider whether the structure will be subjected
to sustained or event loading conditions. Some
cxamples of sustained loads include increased
dead- or live-load conditions, struciural modifi-
cations, change inuse, and upgrades fTom environ-
mental degradation. Event loads melude seismic
upgrades, impact protection, and blast hardening,
GEFRP materials might be appropriate for event
loads because the FRP is not subjected to active
{orces. CFRP, rather than GFRP, materials are
tvpically used for sustained loads due to higher
strength, stiffness, durability. and creep resistance.
In all cases, special attention must be made to the
proper anchorage including the development
length of the matenals.

Some engineering considerations for steel-
plate bonding are epoxy bond line thickness, fire
resistance of the system, and stress concentrations,
gspecially at termination pomnts. While projects
may vary with regard to their appropriateness and
complexity, it is possible to achieve load increascs
of up to approximately 60% with the use of exter-
nally bonded svsiems.

Epoxies are typically prone to degradation at
elevated temperatures as they start to soften ata
critical temperature known as the glass transition
temperaturc. The designer should ensurc that the
operational or design temperature is below the
alass transition temperature of the epoxy. When
this is not feasible, mechanical anchors must be
used in addition to the epoxy resin. The latter 1s
more suited for steel plates and may not be appro-
priate for FRP composites.

4.1.1 Flexural Strengthening

Structural members can be upgraded for flexure
by increasing the positive and/or negative bending
resistance with externally bonded systems. One
such application is the bonding of the external
reinforcement onto the bottom of & beam or slab
for posttive moment upgrades of simply supported
structures. For continuons structures, or in regions
over the supports, the negative moment can also
be increased with cxtcrmally bonded systems.
However,it is necessary to check to check new
shear forces particularly at the supports. Walls
can also be strengthened with externally bonded
systems, typically for cut-of-planc bending such
as that resulting from wind loads.

4.1.2 Shear Strengthening

Externally bonded systems are very effective for
increasing the shear capacity of elements, espe-
cially beams. Steel plates may be added to the sides
of the member and FRP systems may be applied
to the sides of the member or wrapped in a “U™-
shaped configuration onto the beam. For columms,
shear strengthening is achicved by installing the
reinforcement system laterally, similar to standard
steel stirrups. Steel or FRP straps may be used for
column shear upgrade applications. The extemal
systemns may be applied to completely cover the
affected area of the member or strips installed at
a given spacing.

4.1.3 Column Strengthening
and Confinement

Columns can be strengthened with cxtemally
bonded systems for increased ductility and increase
their axial compressive strength. Both steel jackets
and FRP gystems Liave been used successfully in
these applications. These systems confine the
colummns by confining the columns thus increasing
the compressive strengih and ductility of the
conciete, bracing vertical reinforcement against
bucklng, and preventing cover spalling. This is
especially important for seismic strengthening of
columns and column-beam joints. The external
reinforcement works similar to the hoop or spiral
reinforcement typically found in cohunns.

4.2 Systems, Methods,
and Materials
4.2.1 Steel Plates/Jackets

Steel plates have been successfully used for
strengthening applications since the late 1960s.
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For flexural and shear applications, the plates
are typically bonded onto the concrete or
magonry substrate with an epoxy resin and also
bolted with either a mechanical or adhesive
anchor. The plates can be bonded with an EPOXY
resin having either a paste or a low viscosity
consistency. The typical preparation of the steel
is to mechanically abrade until a white metal
finish (SSPC SP-5S/NACE No. 1) is obtained. The
concrete should be sound and prepared to a
minimuin CSP 3 profile [ICRI Technical Guide-
line No. 03732].

Y

o

Fig. 4-1: Steel plate

-
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4.2.2 FRP Fabrics

Composite fabrics are an effective method for
providing shear, confinement, or flexural strength
to concrete and masonry. The most commonly
used FRPs in the construction industry are carbon,
E-glass, and aramid fibers. In all cases, they are
used mn conjunction with an adhesive, typically
cpoxy resins. FRP fabrics have high strength and
highmodulus, yet are very light and very flexible.
As such, they can conform to most sizes and
geometry found in the field, The fabrics can be
apphied in many differcnt methods, including wet
tay-up, dry lay-up, and vecuum bagging. The size
and complexity of the project will usually dictate
the instailation method. Surface preparation is
very aritical for FRP applications. All surfaces to
receive FRP must be clean and dry and free of
contaminants. The gurface concrete must be in
good condition and all corrosion-related problems
must be adequately addressed prior to FRP
application. To check the srength of the substrate,
a tensile pull-off test should be done as per ICRI
Technical Guideline No. 03739. The substrate
should mect the crileria of tensile adhesive
strength of 200 psi (1.4 MPa) and exhibit failure
in the concrete substrate. Lower strengths or
failure betwceen the FRP system and concrete or
between plies should be reported to the engineer
for evaluation and acceptance as set out in ACI
440.2R-02.

LOHOH
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Fig. 4-2: Installing FRP fabric system on a
slab soffit

4.2.3 FRP Plates

Composite strzps or plates, most commonly carbon
fiber, have been used for strengthening concrete
and masonry since the early 1990s. The plates are
manufaciured using the pultrusion process and
can be made to varying widths, thickness, shapes,
and strengths depending upon the equipment and
raw materials used. Because the pultruded plates
are tlucker and more rigid than FRP fabrics, they
are generally limited to strengthening flat members
such as beams or slabs for flexural applications
as well as parrow elements such as joists. The
members can be strengthened For positive moment
(typically on the bottom) or negative moment
(typically on the top).

The pultruded plates are manufactured under
comtrolled conditions so the physical properties
are generally more predictable. An epoxy paste
adhesive is generally used for bonding the FRP
plates onto the substrale; and becausc the FRP is
so light, lemporary supports are not necessary,
cven in overhead instailations.
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Fig. 4-3: Installing FRP plates on a concrete slab

4.2.4 Near-Surface-Mounted
(NSM) Reinforcement

Another technique for flexural and shear strength-
ening of concrete is the use of near-surface-mounied
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{NSM) reinforcement. This technigue that has been
successfully used for many vears with conven-
tional steel reinforcement and can also be used
with FRP bars. Both CFRP and GFRP bars can be
used for this application. Steel bars are typically
bonded using cementitious grout or epoxy
adhcsive while FRP bars are typically bonded
using epoxy adhesive. The size of the groove will
depend on the size of the bar, type of the bonding
agent { grout or cpoxy), and durability requirements
{cover thickness). FRP bars are noncorrosive;
therefore, they can be installed in shallower
grooves. This, in addition to their lightweight
compared with steel, makes the installation of
FRP bars faster than steel bars and may be more
cconomical for this type of applications. The NSM
reinforcement technique invelves cuthng a
shallow groove in the surface of the member,
cleaning the groove, installing steel or FRP
reinforcing bar or plate, and leveling the surface.
NSM reinforcement is well suiled for cases in
which the concrete surface is very rough. weak,
or requires significant surface preparation. For
these cases, creating surface groove could be
more economical than preparing the surface.
Because the reinforcement is embedded below
the surface, NSM reinforcement is well prolected
from mechanical abrasion (such as traffic}.

Fig 4-4: Saw-cutting grooves for
NSM reinforcement

4.2.5 Other Systems

Some of the other uses of FRP for externally
bonded systems are precured shapes, such as
jackets for confinement or L-shaped brackets for
shear relnforcement (refer to Fig. 4-3).

FRP systemns can also be post-tensioned (refer
to Fig. 4-6}, similar to steel tendons, provide more
active strengthening to partially relieve forces
carried by the existing reinforeement, close cracks
in the concrete, and optimize the performance of
the composite. Apchorages could be complex and
should be designed to resist the tensile forces and
prevent FRP damage.

i

ing siressing device

Fig 4-6: FRP post-rension

Steel-reinforced polymers (SRP) is another
imaterial that can be used for structural strengthening
concrete siructures. SRP composites are thin

Fr

. ﬁg

Fig. 4-7: SRP reinforcement applied with
cementitions grout fov precast joist upgrade
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sheets manufactured with ultra-high-strength

steel cords that are bonded onto the concrete
substrate using cpoxy resins or cementitious
mortars, One of the key advantages of SRP
materials is their ability to resist high temper-
atures when used with a cement-based bonding
agent. Due to the high shear strength of the steel
wires, SRP remforcement can be mechanically
anchored to the structural member.

4.3 Durability
Considerations

The durability of any concrete repair or strength-
ening malerial is always an important criterion in
the selcction process. For externally bonded
svstems, durability of the substrate to which the
system will be attached should be considered. The
bond surface must be sound al the time of instal-
lation, as well as during the life of the system.
Deterioration of this surface (freezing-and-thawing
and abrasion) will adversely affect the streng-
thening system. If steel plates are used, they must
be protected from the environment (moisture,
chlorides, and chemicals) 1o guard against the
damaging effects of corrosion. If cpoxy resins or
other adhesives are used n external reinforcement,
special provisions must be made to protect against
discoloration and degradation from UV exposure.

Special care must be taken when wrapping
concrete in exterior applications. Most FRP
materials are impermeable and will behave as a
vapor barrier, not allowing the passage of water
or vapor either into or out of the substrate. While
i 18 certainly an advantage 1o protect the substrate
from water, chlorides, carbon dioxide and other
substances, it is also impertant to allow for
moisture diffusion through concrete. If the
moisture that is already contained within the
concrete cannot cscape, pressure can form behind
the FRP that may lead to debonding of the FRP.
In cold climates trapped moisture can lead to
freexing-and-thawing deterioration. Thus, issues
related lo complete encapsulation should be
considered whenever possible and openings may
be left to allow moisture diffusion.

When using FRP strengthening systems, the
engineer should consider the environment to
which il will be exposed. This might include
exposure to alkalinity, sait water, chemicals, ultra-
violet light, high temperaturcs, high humidity,
and freezing-and-thawing cycles. Several types
of topcoats are available that could be used to
mncrease the durability of FRP sysicms under
various exposwre conditions. For additional infor-
mation regarding sclection, design, detailing, and

o

i R0 opy o T
S

A

installation of FRP systems, refer to publications
of ACI Committee 440,

4.4 Fire Considerations

Unless mechanical anchors are used, the use of
ERP systems should be limited to supplemental
remforcement of existing structures. The primary
reason for this limitation is that adhesive resins
capnot resist the high temperatures generated
from fire, so by restricting the FRP to supple-
mental reinforcement, the structure will still
be capable of resisting the service level loads
without collapse. The unstrengthened structure
must exhibit enough reserve capacily, without
the contribution from the strengthening element,
to carry itself and the existing service Joads
without collapse. Intumescent coatings and fire
barrier systems can be used to limit the flame
spread and smoke development in the event of a
fire, but they generally do not provide a fire rating
per most building codes. Cement-based bonding
agents are typically more resistant to higher
temperatures than epoxies, but may have lower
bond strengths.

4.5 Field Applications

Thousands of projects around the world have been
successfully strengthened with externally bonded
systems. The practice of steel plate bonding was
first accomplished in France and South Africa in
the Jate 1960s and carly 1970s (Raithby 1980).
Advanced composite materials have been
commercially installed since the late 1980s, first
1 Japan and Switzerland, and later in the United
States as part of the Calirans seismic retrofit
program for bridge piers. With the introduction
of the state-of-the-art reports and design and
construction guidelines from ACT TACI 440R
and ACT 440.2R], engineers now can base their
designs on a resource that has been developed
after vears of laboratory and practical experience,

4.5.1 Beams

During construction of a garage, several post-
tensioned strands in some beams were inadver-
tently overstressed, resulting in insufficient tensile
strength in the beams. Carbon fiber plates were
bonded to the botiom of the beams with an cpoxy
resin to restore the (lexural capacity in the beams,
This method was fir more efficient and economical
than the alternative of adding steel reinforcement
enicased in additional concrete. The carbon fiber
platcs were nstalled in 2 davs, and the garage
was opened to traffic soon after the installation
is complete.

oy
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(refer to Fig. 4-10). The repairs were covered
with an alominum fascia masking the CERP
from occupants.

Fig. 4-8; Flexural strengthening of beam with
CFRP plate

Fig. 4-9 illustrates the structural upgrade ofan
clevated reinforced concrete floor ata convention
facility. The exhibition floor needed structural
uperading to accommodate new events and
expositions that introduced higher floor loading.
CFRP fabric, instalied using the wct layv-up
technique, was applied to bottom of the concrete
girders for added flexural strength and wrapped
around the stem of the concrete joist for added
shear strength.

Fig. 4-10: Shear strengthening of spandral
beant with CFRP fabric

4.5.2 Slabs

Large plamnters and landscaping elements were
added to a plaza deck in a condominium project.
The original deck, located over a parking garage,
was not able to accommodate the heavy dead
loads added to the structure. Consequently, exter-
nally bonded CFRP was added onto both the top
and bottorn sides of the deck for added sirength
(refer to Fig. 4-11). The picture be

I e S

Fig. 4-9: Flexural sirengthening of beam with
CFRP fabric

Shear cracks were noticed in the spandrel
beams of a newly constructed parking garage. To
fix the problem, three layers of a CFRP fabric
were installed in a 0/90 degree (horizontal and

vertical) orientation. The CFRP material bridged  F, iz, 4-11; Slab strengthening with CERP plates
the crack while reinforcing the beams in shear for negative moment reinforcement
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CFRP plates bonded onto the topside of the
plaza deck for negative moment reinforcement.
Fig. 4-12 shows the CFRP fabric installed on
the topside of a structural reinforced concrete
slab. This application was part of a project 1o
convert a parking garage to office space. To meet
the higher live load demand of the latter, addi-
tional moement capacities were required at the
supports in the column strip in both directions
(negative moment regions), The FRP was installed
using the wet lay-up procedure. Because the floor
was to be covered with carpeting, no additional
measure was needed 1o protect it from damage.

Fig. 4-12: Negartive moment retnforcement for
RC slab with CFRP fabric

Fig. 4-13 illustrates a struciural slab in a parking
sarage that required flexural upgrade {o increase
the necative moment capacity. Strengthening was
achieved using the near-surface-mounied CFRP
bars technique, in which No. 3 CFRP hars were
epoxy bonded in grooves made on the surface of
the slab. This technigue was well suited tor this
application as it provides protection to the FRP
bars from mechanical abrasion that may result
from vehicular and pedestrian traffic.

. fa PR . aad N i 4
Fig. 4-13: Negative moment reinforcement of
slab with surface mounted CFRF bars

4.5.3 Columns

Fig. 4-14 shows bridge columns that were seismi-
cally upgraded with GFRP fabrics to provide

B g B
A A

confinement in the cvent of an earthquake. The
original columns were designed and built pnior
to code changes und were deemed inadequate to
carry the horizontal and vertical loads of an
garthguake. Multiple layers of the GFRP fabrics
were wrapped around the columns to meet the
current seismic codes,

Fig. 4-14: Seismic strengthening of bridge
piers with GFRP fabrics

The concrete transmission tower shown in
Fig. 4-15 exhibited signs of distress. with cracks
appearing in the tension zones. All cracks were
epoxy injected to structurally bond the conerete
together and prevent moisture infiliration into
the towers. CFRP fabric was then installed 1o
strengthen the towers. To prevent premature
CFRP failure due to stress concentration, all
comers were rounded to 142 . (12.7 mmm} radius
prior to wrapping with CFRP.

Fig. 4-15: Swrengthening of columns with
CFRP jabrics

4.5.4 Walls

Figure 4-16 shows the structural upgrade of a
reinforced concrete wall that required strength-
ening dus to out-of-plane bending caused by
the backfill bchind it. The wall was originally
designed as a cantilever retaining wall and when
the top of the wall was fixed by the building, i1
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increased the flexural stress at mid-height of the
wall and caused cracking in this area. The wall
was strengthened using vertical strips of CFRP
fabrics. The CEFRP strengthening was then covered
with a cemenrtitious parge coat so there were no
noliceable signs of strengthening.

Fig 4-16: Strengithening reinforced concrete
wall with CFRP fubric

4.6 Benefits and Limitations
4.6.1 Benefits

The main benefit of externally bonded systems is
the ability to refrofit existing structures to accom-
modate the new loading criteria, new codes, modi-
feations, or damage with minimal alicrations. This
18 especially true for the FRP systems duc io the high
strengths achieved with minimal thickness and
weight added to the structure, The FRP materials
also offer the advantage of being noncorrosive so
that maintenance is minimal over its lifetime. FRP
systems have proven to be cost-effective due to
their ease and speed of instatlation, and they arc
very 2asy to conccal with coatings.

4.6.2 Limitations

The main lirnitation of epoxy-bonded systems is
their inability to be used for primary reinforcement,
Until an adequate fire protection or heat-resistant
resin can be developed and tested, the systems

Fig. 4-17: Columm confinement using CFRP
Jfabric before and after the acryvlic-hased
profective coating was applied

should be restricted to be uscd as supplemental
reinforcement. As with most resin Systems, instal-
lation in cold weather {sub-freezing} should be
avoided. However, special heating elements have
been uscd for FRP plates, allowing installations
in temperatures as low as 36 °F (2 °C). Ancther
consideration for the epoxy resin used to bond
steel and FRP plates to concrete is the thickness
of the adhesive bond line. The bond line should
be kept thin (typically 1/8 in. [3 mm] or less) in
order to minimize creep and offer a coefficient of
thermal expansion as closc to concrete as possible.

Extemally bonded systems should not be used
as a restraint for punching shear applications.
There are conventional alternatives, such as
column capital enlargement or struts that will
better handle the stresses from punching shear
load. Also, FRP matcrials should not be exposed
to direct vehicular traffic. They can be installed
below the surface of the conerete (i.e. NSM
reinforcement) or overcoated with a wearing
course, such as a thin bonded polymer overlay
system. IT exposed dircctly to vehicular traffic,
the fibers can be damaged prematurely and the
system will be compromised.

Steel plate bonding has its own set of unique
Hmitations as well. Steel is very heavy, makine it
difficult and expensive to install. Steel must alsc
be protected and maintained against corrosion.

9.0 Post-Tensioning
Systems

Post-tensioning is a strengthening technique
that can be used to counteract tensile stresses and
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deflections from applied loads. Unlike mild steel
reinforcement, post-tensioning provides “active”
reinforcement. This is accomplished by intro-
ducing a prescribed magnitude and distribution
of internal forces using external stressing bars
or strand svstems. Post-tensioned structures arc
known for their strength and durability.

Post-tensioned concrete has been used with
success since the 1950s in the United States in a
wide variety of new construction projects including
bridges, dams, parking garages, comunercial office
buildings, water storage tanks, and industrial and
residential slabs-on-grade. Post-tensioning has
also been used extensively to strengthen existing
structures for new or increased loading. Examples
include upgradimg existing floors for new computer
or medical cquipment, bridgas for additional
vehicular loading, and walls for increased lateral
and tmpact loads.

5.1 Engineering
Considerations

All of the general engineering considerations
presented in Section 2.0 should be considered in
the design of a posi-tensioning svstem. Data related
to loads, gcometry, boundary conditions, mild
reinforcement, and material propertics of the
existing structure should be gathered prior to
starting analysis and design of the post-tensioning.
The two primary engincering considerations are
strength and serviceability. While sufficient post-
tensioning should be provided to strengthen the
member for factored load combinations, care
should be taken not to overstress the member for
the combination of post-lenstoning and dead load
only. Axially loaded members such as columns
and walls should also be checked for buckling.
This is especially important forunrestrained iendons
or grouted internal tendons used to strengthen
hollow core members such as masonry walls.
Special care should be taken during design to
cnsure an effective transfer of post-tensioning
force between the structure and the post-tensioning
system. Jacking forces can be quite large and can
generate critical bearing, spalling and bursting
stresses within the existing concrete member
and‘or new concrete anchor block. The two regions
within the anchorage zone are the “local zone™
and the “general zone.” The region of very high
compressive siresses immediately ahead of the
anchor is the local zone. The region more remote
from the anchor subject to spalling and bursting
is the general zone. These areas must be care-
fully designed and detailed (refer to Fig. 5-1).
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More detailed information on reinforcement
for these regions is available (refer to ACI 318;
Wollman and Wollman [2006]). Anchorage at the
ends of beams that are monolithic with supporting
columns should be located at or beyond the
beam/column joint {rather than inboard of the
column face) to preciude development of sigmif-
icant axial tensile stress between the anchorage
location and the column face.

Fig. 3-1: Local zone reinforcement

When applying post-tensioning to relatively
thin elements such as stems of precast T-beam
flanges or hollow-core girder elements, localized
compression and bursting and splitting stresses
at the anchorage should be considered (refer to
Fig. 3-2). For larger members where reinforced
concrete anchor blocks are added to the ends or

ST
Fig 3-2: 41201?0;*:}03 Jatlure
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sides of the existing member, local and general
zone remforcement are typically required in the
anchor blocks,

From a serviceability standpoint, deflections,
crack control, and remnforcing stegl stresses at service
loads should be checked for the strengthened
member and for any other affected members. Whan
an existing mentber is externally or mternally post-
lensioned, it will elastically shorten and creep to
some extent. The cffects on associated members
should be considered. Relatively stiff elements
such as shearwalls, elevator shafts, and stair tower
walls create substantial restraint mechanisms.
Supplemental reinforeing may be required at or
near these areas of stiffness and discontinuity,
Architectural considerations such as floor height
limitations and aesthetics should be considerad.

Prior 1o installation of new post-tensioning,
the loss of structural capacity due 10 existing
corrosion and spalling should be evaluated. Left
unrepaired, deteriorated concrete and reinforcing
may fall when new post-tensioning forces are
miroduced. Careful attention should also be given
1o protection (cover) of the new post-tensioning
anchorages, tendons, and mild reinforeing.

Paost-tensioning losses are another engineering
consideration. These include seating, elastic
shortening, concrete creep, concrete shrinkage,
tendon relaxation, and Fiction losses. Information
regarding estimation of these losses is available
{refer 1o ACIE 5318 and Zis et al. [1979]).

5.2 Systems, Methods,
and Materials

Two types of post-tensioning arc commercially
available: “bonded” and “unbonded” systems.
Bonded systems are detailad to have the post-
tensioning reinforcement continuously bonded to
the surrounding concrete after siressing so that
strain compatibility is achieved. An example of
a bonded system would be strand(s) placed
through a hole core-drilled longitudinally through
the length of a concrete girder and grouted contin-
uously. Unbonded systems include “monostrand”
(single sirand, greased, and sheathed) tendons
or siressing bars that are detailed 1o remain
unbonded after stressing,

External posi-tensioning is a sirengthening
method in which new tendons are attached 1o
existing members at discrete locations along the
length of the members and stressed. Specially
fabricated steel or concrete deviators are typically
placed at midspan, third-points, or quarter-points
along the span such that a harped profile is

created. Depending on height clearance limitations,
the tendons may be placed beneath the existing
member or on adjacent sides of the member.
Examples of external posi-tensioning systems
include those used to strengthen steel roof trusses,
concrete bridge girders, and building framing
systems. Examples of internal posi-tensioning
include grouted tendons placed through core-
drilled holes along the length of a concrete
member and grouted fendons placed inside the
shells of masonry walls.

Positive end-anchorage and intermediate-
anchorage connections are essential components
of'the post-tensioning design. The end-anchorages
are typically referred to as “stressing end” and
“dead end.” Post-tension forces are inlroduced at
the stressing end by means of a hydraulic jack with
access through a stressing pocket that is later filled
with non-shrink cementitious or epoxy grout. The
dead end 1s embedded at the tendon’s far end with
sufficient anchorage to hold it in place. When the
end anchors are more than approximately 120 fi
apart, two-end stressing may be requircd. When
the ends of the member are not accessible, center
stressing may be required. This may involve
construction of special steel brackets or reinforeed
concrete blocks (attached to the existing member)
10 couple or overlap the center anchors.

Harped or profiled tendons are commonly used
for strengthening members including parking
garage beams, steel roof'trusses, and bridge girders.
Avariety of end-anchorage and deviators have
been used for tendon profiling,
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Fig. 5-3: Harped external post-tensi

These include welded steel assemblies bolted
to the existing conerete, cast-in-place concrete
anchorages, and cast-iron or fabricated steel
assemblies thal accommodate center stressing.
Special carc should be taken when profiling
monostrand tendons that bear directly on the
deviator. Smooth or cushioned edges should be
provided to preclude damage to tendon sheathing.

Inaddition to post-tension strand, high-strength
post-tension bars have been used to strengthen
existing members. Applications include masonry
walls (flexure and shear}, commercial building
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beams and girders (flexure), and transverse rein-
forcing atanchorage blocks (shear). Post-tension
bars are particularly advantageous for shorter
length applications compared with post-tensioning
strands due to the elimination of scating losses
(reduction of the cffective stress in the strand
due to setting of the wedges in the anchorage
wedge cavity).

5.3 Durability
Considerations

Corrosion protection is required for post-tensioning
systems (tendons and anchorages) exposed to harsh
environmental conditions. Multistrand {endons
arc typically encapsulated in corrosion-resistant,
high-density polysthylens or galvanized metal
corrugated ducts. Low-bleed cementitious tendon
grout is used to further encapsulate and protect
the strands. Multistrand end-anchorages may be
enclosed in a permanent grout cap or encased in
concrete or epoxy grout.

Single post-tensioning strands not exposed
to ultraviolet rays may be protected using the
traditional “greasc and sheath™ system where a
corrosion-resistant iubricant is placed on the
strand. The strand and grease arc cncapsulated in
a 50-mil thick continuous high-density polyeth-
vlene scamless sheathing that is extruded onto
the strand during the manufacturing process.
Other means of protectlion for sirands and bars
include galvanizing and application of corrosion-
inhibiting coatings. Monostrand end anchorages
can be protected vsing one of several coatings:
epoxy, plastic, or galvanic. Plastic coatings arc
often favored due to their performance and
economy. Anchorage assemblics are available
that include a plastic trumpet to seal the last few
inches of strand near the anchor and a plastic end
cap to protect the tendon tail.

5.4 Fire Considerations

The post-tension strengthening system should be
designed to provide a fire rating similar o that of
ihe existing structure. Strength, modulus of elas-
ticity, expansion, thermal conductivity, creep, and
stress relaxation are all affected to some degree
by elevated temperatures. Unprotecied strands are
particularly susceptible 1o fire damage. Approxi-
mately one-haif of a tendon’s strength is retained
at 800 °F [ACI 216R]. This is considered the critical
temperatire for post-tensioning strand. Rational
analytical procedwes for the determination of
the firc endurance of post-tensioning systems
have been developed from analyses of results of

fire tests [ASTM E 119] and are available {refer to
Post-Tensioning Marual [1990]).

Grouted internal post-tensioning systems have
the inherent benefit of full encapsulation. External
svstemns (tendons and anchorages) may be encased
in precast or cast-in-place concrete for fire
prolection. An external post-tensioning system
encased in a precast fireproofing shell is shown
in TFig. 5-4.

g554§.%g§ g e v e
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Fig. 3-4: External PT sysiem encased in concrete

Heat-resistive tendons are also available that
are specifically designed to mitigate the detri-
mental thermal effects of a fire on strength of
post-tensioning strand (Fig. 5-3). While these
tendons have the same greasc coating and exterior
extruded polyethylene sheathing as typical unpro-
tected monostrand tendons, they also include a
25-mil thick firc retardant coating. Thesc tendons
are specifically designed to mitigate the detri-
mental thermal effects of fire on strength of post-
tensioning strand.

4G il Poiyethylene
Sheathing —P—é{é
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Reinforzing
Mesh

25 Mil Polyethylene
Sheathing

270k Low-Relax

T-Wire BT, Strand —pe Coating

Fig. 5-5: Heai resistive posi-tensioning tendon

9.5 Field Applications

5.5.1 Commereial Building
Post-tensioning was usced on this two-way flat
slab system shown in Fig. 5-6 when a retrofit
was required to accommodate new tenants that
required a greater floor load capacity. Multistrand
tendons were placed directly beneath the slab
and upward loads were introduced into the floor
system at discrete points using specially fabricated
steel deviators. Note the carbon-fiber composite
material visible in this photo that was used to
supplement the post-tensioning.

25 Mil Intumescent
Fire Retardant Coating
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Fig. 5-6: Externally post-tensioned flaf slab

5.5.2 Parking Garage

Post-tensioning tendons were placed on each
aide of the concrete beams in a parking garage
with a low point deviator at midspan {Fig. 5-7).
The external post-tensioning system was installed
to supplement the original posi-tensioning
system, which had been compiramised by deteri-
oration due to corrosion of the prestressing steel
and anchorages.

Tia 3] P

ternally post-tensioned concrete beans

5.5.3 Historical Structure

Post-tension tendons were used to strengthen
an architecetural landmark built over & waterfall
(Fig. 5-8).

Fig. 5-8: Historic structuve strengthened with
external PT

Multistrand tendons were placed on each side
of several large concrete cantilevers that were
deflcered pasttolerable limits, The tendon stressing
process is shown in Fig. 5-9. After stressing oper-
ations were complete, the tendon tails were cut
and the exterior access holes were repaired.

]

Fig. 3-9: Tensioning of external FT fendons

2.9.4 Industrial Plant Facility

Muliistrand post-tensioning was used to strengthen
girders of a concrete tower (Fig. 5-10). Holes
were core-dritled along the length of each girder
to provide access for the new tendons {Fig. 3-11).
The core-drilled holes were scarified with high-
pressure water to ensure a rough substvate to ensure
bond to the existing structure. New reinforced

id
Fig. 3-10: Anchorage plates

el e s i T L.

Fig. 3-11: Industrial frame
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concrete anchorage blocks were doweled and cast
to provide adequate anchorage zone capacity. The
tendons were stressed and grouted atter instal-
lation. Special end-anchorages including bearing
assembly, anchor heads, and grout caps were
fabricated for strength and long-term durability.

5.5.5 Sports Arena

An extermal post-tensioning system was installed
on the ring beam of this folded dome (Fig. 5-12)
to supplement corroded bare strands encased
within the ring beam (Fig. 5-12). Forces were
transferred to the ring heam by steel devialors
that transferred the load dircctly to the structure
{Fig. 5-13}. Special shop-fabricated siructural
steel deviator brackets were placed at cach existing
column location. The prestressing steel was
protecited by high-density polyethelene duct and
grouted after stressing.

RTER e

Fig. 3-12: Sports arena

" &nghor Head with
Grout Can

- Syressing Bracket
for Tendon

Fig 3-13: Deviaior braciets

5.5.6 Bridge

Post-tensioning was used to strengthen the pier
cap of a major bridge (Fig, 5-14). Vertical cracks
had opened in the cap due to an insufficient
amount of reinforeing steel. The external post-
tensioning system consisted of bar tendons that
were cncapsulated in a double corrosion protec-
tion svstem and anchored by a welded structural
stee] grillage. The tendons were stressed after the
cracks were injected with epoxy.

Fig. 3-14: External post-tensioning of pier cap

5.6 Benefits
and Limitations
3.6.1 Benefits

The technical benefits of post-tension strength-
ening include upgraded strength and serviceability.
Forces generated by post-tensioning are gener-
ally used to offsct floxural tensile stresses and
vertical deflections. With such active strength-
ening. existing structures can be upgraded to
support more loads than those included in the
original design. Post-lensioning can provide
greater strengih increases than can be provided
by passive techniques. Another benefit is that the
concrete will be more resistant to water penc-
tration because post-tensioning causes cxisling
cracks to tighten. From a construction view-
poinl, savings may be realized duc to decreased
amounts of material and labor compared with
nnild reinforcement strengthening.

5.6.2 Limitations

Posi-tension strengthening is limited primarily by
constriectability challenges. Interferences such as
existing mechanical, electrical, and plumbing utilities
must be considered. Only specially trained techmi-
cians should conduct installation and stressing.
Carcful ditlling through existing concrete may be
required to provide access for new tendons. Also,
a positive means of anchoring (such as reinforced
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concrete or structural steel) the post-tensioning
system to the existing stwucture is required. This
may be difficult when access to the ends of the
member is limited, Careful records of new post-
tensioning locations should be kept inthe event that
future structural modifications are reguired.
Post-tension strengthening may also be limited
by the magmtude of overstress in the existing
structure, The amount of post-tensioning required
1o counteraet relatively large live loads may
overstress the structure i the imloaded condition.
Staged stressmg may be reguired when additional
dead and live loads are added to certain structures
during the installation of the strengthening system.
Such situations may warrant the usc of post-
tensioning in conjunction with other strength-
ening methods including span shortening, section
enlargement, and composite strengthening.

6.0 Supplemental
Supports

Supplemental support strengthening involves the
addition of new swuctural element(s) 10 an existing
structure to reduce the effects of external forces
on a deficient structural component. This technique
can also be used io increase the load-carrving
capacity of the existing structural components,
The new supplemental support could be a single
structural element o1 a system comsisting of several
elements such as beams, columns, and hangers.
In addition, a supplemental support svstem can
be used to completely bypass a damaged or deter-
iorated element. In this case, the supplemental
svstem is designed to act as a stand-alone svsiem
that supports the service loads.

Supplemental supports can be used to reduce
shear and flexural stresses, merease the load-
carrying capacity of a siructure, or increasc the
stiffness and reduce deflections. [t may also be used
to tmprove the lateral stability of the structure or
its componanis. Similar ta other sticniglthening
techniques, the effectiveness of a supplemental
support system may be greatly affected by design
and detailmg of its components, material sclection,
and mstallation procedure,

6.1 Engineering
Considerations

All of the design 1ssues presenled in Section 2,
General Engineering Considerations, should be
considered when designing 4 supplemental support
system. Key considerations for this method of
structural strengthening include:

Sizing of the new members—Initial sizing of
the member should be determined based on
strenglh requircments to carry the specified
loads. Tn addition to strength, stiffness, which
is a function of the new member size, plays a
ke role in determining the effeciivencss of
the supplemental system. The designer should
consider the effects of the stiffness on 1oad
sharing between new and existing members,
For example, a stiffer meniber typically atracts
a higher portion of the applied load. In addition,
the increase in stiffncss created by the new
members may alter the original state of load
dismbulion for adjacent elements. The new state
ot stresses in these adjacent elements must also
be checked to verify adequacy.

Material selection—supplemental systems
may be constructed of steel, concrete, or other
suitable construclion materials. The type of
materials used to construct a supplemental
support systein carries design impacts similar
to those of member sizing {e.g.. impact of
stuftness). In addition, compatibility of the new
materials with those of the existing structure
may affect the overall performance and dura-
hility of the upgraded structure.

New load path considerations - - Introducing &
supplemental support system may produce
new load paths that need to be thoroughly
investigated. The new members will carry all
resulting forces and transfer theen to existng
elements and evenwally into the foundation
system. Existing elements affected by the
new foad path should be checked for possible
overstress conditions. If not property addressed,
the new load path may shift the deficiency
problem to other parts of the structure. For
example, a new column installed-to support
an existing beam may produce bending and
shear forces in the beam at the new cormection
thal may cxceed the localized shear and flexural
capacities of the beam.

Detailing of connections—Connections must
be designed to adequately transfer all loads rom
the new members to the existing members. In
addition, connections should be designed and
detailed for forces resulling from the relative
movement of the siructural components. These
include movement caused by thermal effects
or load deformations. Special care should
be given to detailing connecctions, as the
desigm approach may be different from that of
new construction. Connections can be estab-
lished using mechanical or adhesive anchors.
Both require drilling holes into the existing
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structure. Friction connections may also be
uged. Challenges include designing connections
that can be properly installed while avoiding
damage to existing reinforcement.

+ Intimate contact requirements—7To cnsurc that
the new members are actively engaged in
load sharing. the new supplamental members
must have infimate contact with the existing
structure. For example, if the new concrete
column supportittg an existing beam does not
have full contact with the beam (e.g., due to
shrinkage after placing the new concrete colunn),
it will not be engaged until the beam has
deformed enough to ransfer load to the column.
To resolve this, supplemental supports may be
set to allow for a small gap between the existing
mernbers and the new supporting member. A
non-shrink grout is then dry-packed n the gap
between the two members 1o establish intimate
contact. The use of hydraulic jacks to lift or
relieve existing loads on the existing member
prior to installation of the supplemental support
can also be used to achieve intimate contact.

+ Achieving composite action—When designing
a supplemental support that requires composiie
action with the existing structure {&.g., steel
beam to be composile with existing concrete
slab), the ability of the system to perform as
one unit can only be achieved by casuring
ability to transfer horizontal shear forces. This
can be accomplished using shear dowels and
mechanical or adhesive anchors. See ACT318
for design of shear reinforcement.

6.2 Systems, Methods,
and Materials

The intent of a supplemental sirengthening
system Is to improve the load-carrying capacity
of a structural system by sharing part or all of
its current loads. This can be achieved using
several methods such as installing new supports
to shorten the span of a siructural member or
extending existing supportts to increase the
reaction or bearing arca. This {ypically results
in reductions in the magnitude of external
forees acting on the member such as bending
and shear stresses. This method can also reduce
deflections. Examples of this technigque include
installing new menibers between, under, or along-
side existing ones, the use of tichacks, and new
structural framing to suppoert walls to improve
strength or performance. Prefabricared steel or
concrete elements and cast-in-place reinforced
concrete members can also be used Lo construct
a supplemental support system.

Bearing extension 1s another example of a
supplemental support system. This method is
intended to engage a larger part of a member at
its supporis to relieve stresses such as bearing and
punching shear.

6.2.1 Span Shortening

The span shortening method consists of erecting
new supports some distance away from the
existing supports to shorten the span of an over-
stressed member. The new supports may consist
of a vertical column, diagonal bracing, or laieral
beam. All these new supports can be constructed
using reinforced concrete, siructural steel shapes,
or a combination thereof. This technique is very
cffective for increasing the load-carrying capacity
of cxisting horizontal members that are domi-
nated by the flexural behavior. However, span
shortening of vertical flexural members such
as walls may be achieved using lateral support
svstems consisting of tiebacks or lateral bears.

Shortening the effective span of @ member will
reduce the cffects of external loads acting on the
niember, such as bending moment, shear forces,
and deflections. The effectiveness of this technique
depends on the member geometry, boundary
conditions, and the ratio of existing span to the
shortened span. For example, reducing the span
of a beam to one-half that of the original results
in bending and shear forces that are one-fourth
and one-half, respectively, of the original forces.
Design and detailing of the new support system
should account for support configuration and
materials used in construction. The designer
should verify that the supported member is able
1o resist the new forces exerted at the new
supports. For example, a knee brace supporting
an existing beam and reacting to an existing
column may excrl new bending and shear forces
on the beam and the column. These new forces
will change the stress condition at the new
cormections. If not addressed, new forces created
by the supplemental support may overstress
the existing structural members and produce
localized failure. If a new concrete or steel
column is used for span shortening, it should be
properly founded. New spread footings, drilled
picrs, ot helical anchors can be used to create a
new foundation.

Span shortening may also be achieved using
lateral elements that run transverse to the span of
the member and parallel to the existing line of
support. The new lateral member is typically
connected 1o the existing structure or to new
column supports. Mechanical or adhesive anchors
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are typically used to connect the new lateral
member 1o the existing stucnire.

The use of span shortening techniques mav
require sacrificing floor space or headroom and
may have a negauve impact on the aesthetics of
the structure. Intimate contact with the existing
structure must be achieved in order to ensure an
sffective load-sharing system.

6.2.2 Supplemental Framing

Extensive damage or deterioration of existing
structural members may diciate the use of supple-
mental framing to provide an alternate load path
thal relicves part or all of the loads acting on the
damaged member. Supplemental framing could
be made of a single element or several elements
that would restore or increase the capacity and
stiffniess of the deficient structure. An example of
this methed 13 the installation of new concrete or
steel beams under, alongside, or between existing
hecams or joists. These new members would
carty part of the external load and transfer it to
existing or new supports. Another example of this
strengthening method is the use of stce] frames
and diagonal braces to increase the lateral load
resisiance of a structure and provide a strengthening
svstem for wind, hurricane, and blast [oading.

Most supplemental framing systems are
constructed using struetural steel shapes or
concrete. Selection of the material type depends
on many issues such as compatibility with the
existing structure, loss of headroom, fire perfor-
mance, cost, and aesthetics, Steel members can
be installed quickly and have well-defined design
and detailing standards, Typical challenges asso-
ciated with using steel shapes include their heavy
weight and length restrictions to aceount for
fransportation, access, and handling issues. The
use of conerete can resolve these issues since 1t
can be cast in place and formed into any shape
1o accommeodate the existing geometry of the
structure with minimal impact on acsthetics.
In addition, concrete is known to be a durable
material with very good [ire-resistance properties,

Similar to other methods of strengthening, the
use of a supplemental framing requires intimatc
contact with the existing structure. This could be
achieved by using dry packing, post-tensioned
elements, or the vse of hydraulic jacks to apply
lifting forces prior to mstallation.

6.2.3 Support Extensions

Deterioration or deficiency of a member at 11s
supports may create the need for extending the

cxisting supports to improve 1ls capacity or bearing
area, Systems used to extend the cxisting support
may be detailed lo share load with the existing
support or to replace it completely. It can be
achieved using steel shapes such as stiffened steel
angles and steel hanger assemblies. It can also
be achieved using reinforced concrete. Casting a
new scetion to an existing concrete corbel is an
cxample of using reinforced concrete to achieve
a bearing extension.

Integrity of the structural member ai the supports
must be restored and the source of deterioration
must be identified and correcied prior to strength-
ening. Attachment of the new extension 1o the
existing structure is typically achieved using
mechanical or epoxy adhesive anchors. Connection
details must be designed 10 accommodate all
forces acting on the supports including lateral
movement that may result from thermai variations
or load deformation. Bearing pads may be used to
reduce friction that may restrain the lateral move-
ment of the element. Bearing pads or shide bearings
are fypically 1nstalled al the stmply supported
ends of structurak members such as concrete tees,
inverted tce girders, and bridge girders.

6.3 Durability
Considerations

Environmental exposure conditions will typi-
cally determine the durability of a strengthening
system. Depending upon exposure and life expec-
tancy, several factors that affect durabihity such
as material sclection and protection methods such
as coatings, galvanizing, statnless steel, and others
should be considered.

Some construction materials may exhibit
reduced imechanical propertics after exposure to
certain environments, such as alkalinily, sall
water, chemicals, ultraviolet light, high temper-
atures, high humidity, and freezing-and-thawing
cycles. Materials properties used in design
may need to be adfusted to account for the antic-
Ipaled service environment to which the upgraded
system may be exposed during it's service life,
The designer should select the strengthening
system based on the known behavior of that svstem
n the anticipated service conditions, which can
be obtained from the manulaclurer.

Stecl elements must be protected with a sult-
able comrosion protection system and its long-term
durability properties and mamtenance requirements
miust be fully considered. Stuctural sieel elaments
may not be suited as a long-term solunon for a
structure subjected 1o aggressive environment.
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6.4 Fire Considerations

Fire protection should be considerad 1n design of
suppiemental support systems, especially if the
new element is being required to carry primary
loads. The same requirements for new concrete
constiuction apply to the design of concrete and
steel supplemental support systems. For fire
consideration and detailing, the reader is referred
referred to ACI 318, ACI 216, and the American
Institute of Steel Construction (AISC) Design
Guide 19. Local and national building codes
should be followed regarding fircproofing these
new or supplemental members. Additionally, when
fire protection is eritical, mechanical or grouted
anchors may be used in place of epoxy anchors,

6.5 Field Applications
6.9.1 Span Shortening

A parking garage that supplies approximately
1000 parking spaces for a commercial office
rental property consists of four parking levels
with the lowest level built on-grade. The garage
deck is two-way, cast-in-place concrete, post-
tensioned, flat slab supported by cast-in-place
concrete columns with drop panels. Analysis of
the slab indicated that large oversiress existed
in the column strip at the second level end hays.
The structural deficiencies were resolved using
diagonal steel supports installed under the second
floor slab, The new supports reduced the clear
span between the columns and eliminated defi-
ciencies in both positive and negative moment
regions of the slab. I'ig. 6-1 shows typical new
steel framing in the end bay of the second level.
In addition, due to excessive deflections of the
cantilevered end bays that developed over the
vears, additional steel supports were installed to
arrest further displacement. Fig. 6-2 shows tvpical
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Fig. 6-1: Diagonal stee! support and new
Joundarion installed to suppart the slab

support of the cantilevered bay. At each =2: -
tional support potnt, a hydraulic jack was used <:
“pick up” part of the dead load of the slab prioz
to mmstalling the new supports.

Fig. 6-2: New steel support to support the
cantilevered slab end

6.5.2 Supplemental Framing

During a forensic investigation of the strands
and anchors of s posi-tensioned beam, it was
discovered that extensive corrosion of the post-
tensioning system had occurred which degraded
the structiral capacity of the beam. The corrosion
appeared to be progressive, and the engineer
was concernaed about the long-term effectiveness
of the beam. A new supplemental steel frame
consisting of beams and columns was installed
dircetly under the deficient beam. The steel beam
was set slightly lower than the concrete beam,
and the gap was dry-packed with a non-shrink
cementitious material. Intimare contact and
proper connection details of the steel frame to the
existing structure ensured an adequate new load
nath {refer to Fig. 6-3).

Fig. 6-3: Supplemenial steel frame wunder
deteriorated heam

Supplemental strengthening was used to
reinforce a cracked concrete wall in the bascment
of a parking garage structure. The wall was found
to be under-reinforced, and the reinforcement that
existed had been improperly placed, The resulting
load from the soil pressure caused flexural
cracking of the wall allowing groundwater to
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seep through the cracks and corrode the existing
remforcing steel. The cracks were sealed and a
supplernental steel framing system was instafled
Lo stabilize the wall, as shown m Fig. 6-4.

Fig. 6-4: Supplemental steel framing for
wall stabilization

A change in use of a concrefe structure required

an upgrade of an existing slab and joist system.
Additional live loads from new storage and filing
systems exceeded the capacity of the existing
glements. A combination of two methods was
used to achieve the new live-load requirements.
Forthe joistsystem, supplemental stecl C-sections
were installed alongside deficient joists. The slab

section was upgraded using steel I-scctions to cut
the span in half. Steel angle X-bracing was then

used to connect and stabilize these new elements
(refer to Fig. 6-3).

Fie. 6-53; Supplemental steel beams fnstalled to
share load with concrete joists

6.5.3 Support Extensions

The ledges of precast-prestressed inverted tess
on an elevated parking deck were inadequate
1o carry loads from double tee stems, Deficiency
was limited to the free ends of the ledges and was
caused by increased truck loading on the clevated
garage deck. Strengthening of the ledge was
achieved by inswuiling a steel tube sssembly that
provided supports to the free ends of the ledges
of the inverted tee beams (refer to Fig. 6-6).

Fig. 6-6: Steel tube assembly used to support

Neoprene pads were installed berween the new
steel assemblies and the concrete ledge to allow
for lateral movement of the imverted beams.

the free edae of imveried tee beam

Due to aging and deterioration, restraint of the
lateral movement caused cracking and spalling
at the supports of the double tees that degraded
the capacity at the bearing arcas. This was resolved
by installing a new steel hanger that provided
support extenston and increased the bearing areas
(refer to Fig. 6-7).

Typical punching shear cracking indicated
a deficiency in the slab/column connections in

Fig 6-7: Joist bearing extension with steel
assembly bolied o inverted tee beam

Fig. 6-8: Support extension at top of column fo
increase punching shear capacity
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an office building. To strengthen the connections,
stec] angle brackets were epoxy bonded and
bolted to the four sides of each column face
to extend the bearing arca. A gap was intention-
ally left between the steel angle and the slab so
it could be drv-packed with cementitious grout
10 ensure intimate contact (refer to Fig. 6-8).

6.6 Benefits and Limitations
6.6.1 Benefits

Performed properly, strengthening using the
supplemental support method can be used to
increase the flexural, shear, and torsional capacity
of existing members. This method is effective for
highly deficient members that require signif-
icant reduction in external load effects. It is also
effective for members that require a substantial
increase in stiffniess and improved serviceability
limitations {dcflection and crack width}. Design
principles and materials used in construction are
well known 1o the contractor and the engineer.
With the usc of a standard fucproofing system,
fire rating is achievable. The supplemental system
can be designed to carry a substantial portion or
all of the existing or new loads and could be
treated as a primary load-carryimg member.

6.6.2 Limitations

Limitations to this technique include loss of'space
or headroom, significant additional weight of
the new concrete and possible higher cost due
to the extensive work lo provide access to prefab-
ricated steel and concrete elements, connection
to existing structurs, and the possible need for
new foundations. Depending on the complexity
and size of the new support system, it may require
longer instaliation time than other strengthening
methods or may create challenges related to deliv-
ering the new support elements to the work site
due to access. Supplemental systems typically
require the use of conneclions consisting of
mechanical or adhesive anchors, both require
drilling holes into the existing structure. Challenges
include designing connections that can be
properiy installed while avoiding damage to
existing reinforcement. Corrosion of exposed
steel shapes is possible, especially In harsh envi-
ronments. This can be avoided by using adequate
corrosion protection systems (coatings and
encasing in concrete).
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