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Preface

This manual is one of three manuals produced within the European project CONTECVET in
which the Department of Building Materials, Lund Institute of Technology took part. Other
participants in the project came from UK, Spain, and Sweden.

The three manuals are:

Manual for assessing concr ete structur es affected by frost (The present manual)

Main author and editor: Goran Fagerlund. Department of Building Materials,
Lund Institute of Technology.

Author of Chapterl: George Somerville. British Cement Association

Author of Appendix I,J,K: Joakim Jeppson. SkanskaAB

Manual for assessing concr ete structures affected by ASR.
Prepared by British Cement Association

Manual for assessing corrosion-affected concrete structures
Prepared by the Spanish company GEOCISA and Eduardo Torroja I rstitute, Madrid

Besides a fourth report was prepared on the effect of leaching on the structural stability of
concrete structures:

L eaching of concrete. The leaching process. Extrapolation of deterioration. Effect on the
structural stability

Prepared by the Department of Building Materials, Lund Institute of Technology and
published at the Department as Report TVBM-3091, 2000)

The three main reports can be obtained from partners in the project. The fourth report can be
obtained from the Department of Building Materials, Lund Institute of Technology.

Lund, May 2001
Goran Fagerlund
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PREFACE

This Manual relates to the assessment of concrete structures, where the primary cause of
deterioration is frost . Other Manuals in the series cover alkali-silica reaction (ASR) and
reinforcement corrosion. All are related and each Manua has a common Introduction,
setting out the overall approach and general principals, prior to giving procedures relevant to
the particular deterioration mechanism. Background material is contained in a series of
Annexes.

The Manuals are intended to be operational and to fit in with existing formalized inspection
procedures. The focusis on a structural assessment and, therefore, much material has been
excluded, which is well documented elsewhere (eg on test methods, routine inspection and
modelling of deterioration mechanisms); nevertheless, references are given where
information on these issues can be found.

The basis for structural assessment is the modification of design procedures, given in EN
1992-1, to alow for the effects of deterioration. Every effort has been made to keep the
procedures as general as possible. However, for particular types of structure, or
combinations of actions, it may be necessary to develop these general procedures in more
detail; this may be done by deriving a series of complementary documents, idedly at a
European level, but possibly at alocal level — in adding to methodol ogies which may already
exist.
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1. GENERAL INTRODUCTION

1.1. Scope

This Manud is written for use be experienced and expert personnd, and gives recommendations on the
practice, principles and performance requirements for the ingpection and assessment of deteriorating
reinforced concrete structures and elements. The scope is limited to buildings, bridges and damsin
reinforced concrete, dthough subject to amendment and further eaboration in complementary
documents, the basic approach may aso apply to other types of structure, or forms of concrete
congtruction.

The primary cause of deterioration considered in this Manud is frost; companion Manuds cover akdi-
slica reaction (ASR) and reinforcement corrosion. It is recognised that other causes of damage or
deterioration can occur, sSngly or in combination with these primary causes, in such cases, further
elaboration of the approach in this Manua may be necessary.

1.2 Purpose of Assessment

Before beginning an assessment, it is important to be clear on the objectives. In generd, assessment
may be concerned with a proposed change in use, or in loading conditions. This Manud relaes only to
asessment where deterioration is involved, as defined in Section 1.1. In that context, assessment is an
ad to decison making, as part of the asset management process.

A prime concern to the owner will be safety. However, he will aso be concerned with maintaining the
function of the structure, during its expected life time, a minimum total codt, ie with the development of
an optimum management strategy. This means that deterioration, as such, is secondary to the efect that
it can have on the strength, Stiffness and servicesbility of the structure.

In setting objectives for an assessment, it is important to remember that the owner will want advice on
possible future actions. Some of these are shown typicaly in Table 1, where it may be seen that the
results from the assessment are not the only factor involved.
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Table 1: Possible future actions after assessment and factors invol ved.

ACTIONS

1. Do nothing; inspect again in X years

2. No action now, but monitor

3. Routine maintenance; cosmetics, some patch repairs ] evauate cost/
4, Remedid action: specidist repairs and/or protection ] bendfitinwhole
5. Partidly replace, or upgrade, or strengthen ] life costing
6. Demalish and rebuild ] terms
TIMESCALE FACTORS

Now Results from assessment

1-5years Future change in function

5-10 years Future change in standards

10-25 years Type and nature of structure

Longer term Risk and consequences of fallure

Recognition of thisisimportant in ensuring that the right information is obtained, to permit confident
management decisons to be made.

1.3 Overall approach

The recommendations in this Manud are based on the principle of progressve screening. This means
that the investigation should be taken no further than is necessary to reach a decison, ie to decide on
which action, given in Table 1, is appropriate, with an acceptable level of confidence.

In the sections which follow, two primary stages are foreseen:
1) Preliminary Assessment
2) Detailed Assessment

In generd, preliminary assessment is a qudlitative gpproach to determine whether or not a further, more
rigorous, evauation is necessary (the Detalled Assessment). However, in some cases, it can be sdf-
contained when associated with smple anadlysis and cdculations, in this Manud, this is then caled the
Smplified Method.

A schematic outline of progressive assessment procedures is given in Table 2. Table 2 indicated the
type of input necessary both for Preliminary and Detailed Assessment.
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Table 2: Schematic outline of progressive assessment procedures

Conclusion Recommendations
Assessment
Phase
Based on Result Reason
Records Adequate Sufficient residual service Monitor
lifeand load -carrying
Survey data capacity.
Site Measurement Borderline Insufficient data; or Detailed assessment
. residual servicelife and
Preliminary Cores load-carrying capacity
. marginally less than that
Crack pattern & widths required.
Simple analyses
Inadequate Insufficient residual Modify adequacy criteria,
servicelifeand load- and reassess. Consider
carrying capacity. alternative remedial
actions. Detailed
assessment.
Aspreliminary plus: Adequate Sufficient capacity for Monitor
required loading (by
calculation or load test).
Monitoring
. Borderline Insufficient data; or Load test to classify as
Detailed Laboratory tests residual servicelife and adequate or i nadeqti,ate.
e load-carrying capacity Consider future
More sophisticated marginally less than that management and
analyses required. maintenance.
(i.e. more INSIGHT, Figure
1) Inadequate Insufficient residual Options are:
servicelife and load- Modify adequacy criteria
carrying capacity (by and/or evaluate actual
calculation or load test). loading, and reassess.
Consider possible actions
inTable 2.

In this Manud, the decisonmaking process, a the end of the Prdiminary phase, is based on a
Smplified Index of Structurd Damage (SISD rating).

The necessary input in Table 2 istargeted mainly at establishing the extent of the damage due to
deterioration - and, of course, with identifying the primary cause of that damage. Thisinvolved amix of
‘Ovaview’ and ‘Indght’ asillustrated in Figure 1. An overview will dways be necessary; how much
indght is required will depend on the nature and scale of the symptoms of deterioration. The further an
Assessment has to proceed, the more insight is necessary.
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INSIGHT

Increasing Precision

Of Measurement
Laboratory
Work
+ Detailed
Rational | Mecagurement G "
. enera
Analysis On Site Survey on
Site
OVERVIEW

Figure 1. The essential balance between Insight and Overview in assessment

Table 2 also indicated that some analysis and calculations are always necessary, since the
prime objective is structural assessment. Again this need can be treated as progressive, with
the following options:

1)
2)
3)
4)

5)

Simple (elastic) analysis, with full (design) partial factors.

More refined analysis, with better structural idealisations.

Asfor 1 and 2, but with assessment-specific imposed loads (usually reduced).

Taking account of additional safety characteristics (eg, partial redundancy; membrane
action; the influence of non-structural elements).

Full reliability analysis (for exceptional cases).

Option 1 is usualy sufficient for Preliminary Assessment. As more information becomes
available from survey data, modified values for reduced sections, or changed mechanical
properties, can be fed in, to better represent the structural capacity of the deteriorated
structure.
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1.4 Strategy and principles

Load capacity
A

Present
condition

Minimum

acceptable
performance

- Not less than the interval
between assessments

Figure 2: Assessment strategy

Time

The assessment strategy is outlined in Figure 2. Present condition is assessed at point A.

The prediction of future state should not then reach the defined minimum acceptable
performance, before either the next assessment point or some remedial actionistaken. The
vertical axisin Figure 2 is expressed in terms of load (structural) capacity, and the Figure
shows a reduction between points A and B. Prior to reaching that stage, it will be necessary
to assess the extent of the deterioration at point A, and how that extends towards point B.
This is stressed, since the shape of the curve A-B may be different for deterioration,

compared with structural capacity.

From Figure 2, some general principles can be established for assessment, as follows:

1) Thesequence of eventsis:
a) quantify the effects of deterioration
b) identify the prime causes
c) predict future deterioration
d) assessstructural implications

e) establish valuesfor minimum acceptable performance

f) takedecisionson future action

2) Eventsa) to ¢), in principle 1 above, are central to the Preliminary Assessment stage

and effectively involve damage classification.

In addition, it will be necessary to

‘understand’ the structure— physically, plus its design basis and structure sensitivity -

mainly via existing records.
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3) Inassessing structural implications, the following stages may be necessary:

a) The effect of the deterioration on how the structure as a whole actually carries the
imposed loads. Thisisthe ‘analysis of structure’ phase, in determining maximum
values for key load effects. Any loss of stiffness will be especially important in
this evaluation.

b) The effect of the deterioration on the resistance of sections and elements, for all
critical action effects — since any particular level of deterioration may affect each
of these differently.

c) A review of structural sensitivity, including the possibility of failure mechanisms,
caused uniquely by the deterioration.

4) Figure 2 will require discussion with the owner at an early stage of Detailed
Assessment, for two reasons:

a) to establish an agreed level for minimum acceptable performance, taking account
of any statutory requirements, and in the light of future operationa requirements
for the structure.

b) to agree future inspection, monitoring, or assessment procedures and intervals.
In short, to establish criteriafor point B.
1.5 Procedures

A flow diagram is shown schematicaly in Figure 3, based on Sections 1.3 and 1.4, showing how to gart
and to proceed as far as the Preliminary Assessment stage (SISD rating). Figure 3 isgenerd and may
have to be adapted for individua cases, guidance on how to develop Figure 3 is given later in this
Manud.

The key to these procedures is to focus on both the deterioration and the structure, even
from an early stage and to minimise the amount of investigative work required early on.
Consistent with that, there are three important stages, as shown in Figure 3.

1) Desk top study
2) Prdiminary assessment
3) Detaled investigation (if consdered necessary)

Cdculations are recommended at al stages, as an ad to decisonmaking. In theory, an assessment
might be stopped after the desk study, if conservative analyses indicate a considerable margin of safety
and the rate of deterioration is low, in relation to the ingpection intervals. A decison at this point will
aso depend on how much detailed information is available from records about the structure and on the
availability of data from previous ingpections and/or testing.
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Visid survey of Previousinspection
whole structure and marntenance
j records
Rout No . Sonificart deterioration i Emergency
~outine ——— present - or changefrom | Yes implementation
— Ianl |S|doect| on ' previous condition? measures
maintenance and/or
Decisonto
investigate further
Egablish
design basis DESK TOP STUDY
and .StF rgcturd Congtruction (as
sensitivity built) records
Confirm desk top
Preliminary (smple) findings. Assessgenerd
celculaions condition. Possibly some
limited teding.
PRELIMINARY
ASSESSMENT
(S1SD rating) Eqzblish
M - acceptable
anagement . ) minimum
((ji()aunfilr?(r)]fri:a:air ﬁi Further action needed? ! performance and
B R ety I rulesfor decision
or (i) monitoring Yes meking
DETAILED
INVESTIGATION

Figure 3: Flow diagram for progressive screening
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More commonly, the first decison stage is a Prdiminary Assessment. This is a qualitative gpproach to
risk assessment, based on damage classification methods, with some effort made to predict future rates
of deterioration. The prime purpose of the SISD rating is to prioritise actions when families of smilar
sructures are involved and, in particular, to decide whether or not afull Detailed Assessment is required
(see Section 1.7). However, if accompanied by some smple caculaions, particularly on the residua
resstance to key action effects, then it may be sdf-contained; in this Manud, this is designated the
Smplified Method.

1.6 Synergetic effects
1.6.1 General

The forma of the Manuds, liged in the Preface, is based on the assumption that prdiminary
investigations will identify the dominant deterioration mechanism and that al subsequent procedures
follow from that (see Sections 1.3 and 1.5). However, the effects which this primary mechanism can
produce may be exacerbated by defects due to other causes. Some examples are given in Section 1.6.2
below.

Moreover, two or more deterioration mechanisms may act Smultaneoudy, and the combined effects
may be nmore severe and require consideration. Some examples are given in Section 1.6.3 below.

Mainly, thisis a question of diagnods, in identifying primary cause from the observed effects and hence is
ng the current ructurd sgnificance of the deterioration and, especidly, therate of itsreduction in
the future. For the examples in Section 1.6.3, more direct assessment of the combined effects may be
required.

1.6.2 Defects which may influence the effects of a primary deterioration mechanism

Some examples are given in Table 3, in two separate categories. Category 1 defects tend to reduce the
outer surface of the concrete, either physicdly or in terms of quality. Leaching can dso increase the rate
of carbonation or chloride penetration. Most concrete structures are subject to cracking at some stage
inther lives. The exampleslisted in category 2 may:

occur in different timescaes

be permanent or transtory
be dormant (even hedled) or live
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Table 3: Some examples of defects and actions which may affect a primary deterioration

mechanism
Category 1 Category 2
Actions or defects affecting the concrete Non-structural and structural cracking
Weathering Plastic settlement
Abrasion Plastic shrinkage
Leaching Early age thermal effects
Honeycombing Long-term shrinkage
Pop-outs Creep
Ambient temperature -movement and restraint
- internal temperature
gradients
Design loads
Settlement
Restraints - determinacy

- non structural elements

1.6.3 Deterioration mechanisms acting in combination

Mostly one mechanism will dominate, but, in some cases, the effects of others may require consideration
in combinaion. Some examples are given in Table 4. There is little experimenta verificaion of these
possible synergetic effects, but logic would sugges that they be considered, should early diagnosis
indicate the sgnificant presence of more than one mechanism.

Table4: Some examples of synergy, due to deterioration mechanisms acting simultaneously

Combination of mechanisms Possible effects

Surface sealing due to frost and corrosion | This may lead to a gradual reduction of the cover to the
reinforcement and, hence, increases the likelihood of

corrosion.
Alkali-silicareaction, and either frost The expansive action of ASR may lead to wide cracks which
action or corrosion can fill with water, and which, if frozen, may cause internal

mechanical damage. This same action may a so permit easier
access to the reinforcement of water containing chlorides,

causing more severe corrosion. On the other hand, gel caused
by ASR may fill pores, thus densifying the cement matrix.

L eaching and frost action The influx of water may increase the moisture uptake and,
hence, reduce theinternal frost resistance.

Leaching and corrosion The leaching of lime fromthe concrete cover increases the rate
of carbonation and the diffusivity of chlorides and reduces the
critical threshold level.

010427/CONTECVET. Frost Manual 11



1.7 Detailed investigation
1.7.1 General

If a Detalled Investigation is consdered to be necessary, then the prime concern is with quantifying
sructural capacity i.e. in assessing the effect of the deterioration on strength, tiffness, stability and
serviceghility. This means having enough information available to:

1. fully understand the form and action of the structure;
2. interpret the effects of deterioration in structurdly sgnificant terms.

Deterioration can affect structural behaviour in anumber of ways:
1. lossof section eg. concrete spdling, corroson of reinforcement (generd or pitting)

2. reduction in mechanica properties e.g. in the strength of materids, or the stiffness and ductility of
dements

3. excessve deformation (locd or overdl), thus inducing aternative distributions of load, or modes of
falure, or rupture of critical sections.

In assessing the influence of these factors on Structural capacity, it isimportant to note:

1. any paticular level of deterioration (e.g. loss of rebar section due to corroson) may influence
bending, shear, bond, or other action effect, differently. It follows that each action effect (globa and
local) should be considered individudly.

2. the influence of dructurad sendtivity on actud load capacity (eg. the degree of redundancy; the
influence of reinforcement detalling, etc.).

With regard to individud deterioration mecharisms, it should be noted that both ASR and frost action
only affect the concrete directly - in terms of reduced cross-section, stiffness and reduced mechanical
properties. In these cases, Detalled Investigation involved the derivation of modified (reduced) vaues
for these properties, to be used in conventionad design models for structurd analys's, section strength and
serviceahility —where the concrete is deemed to make a contribution (see Section 1.3).

For corrosion, the stuation is more complex. While the principles in the previous paragraph equdly
apply, it may aso be necessary to check the vaidity of the design modelsin an assessment Situation.

1.7.2 Minimum acceptable technical performance

The prime concern is with safety, ether for the structure overdl, or locdly for individud dements,
connections and sections. Thisis a matter for decison by individud authorities and owners, in deciding
what is acceptable, relative to what was origindly provided and to current acceptable standards —
bearing in mind, the consequences of failure (see Section 1.8).

However, other performance criteria have to be consdered, mainly under serviceability conditions.
These would include:
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1. alimit on cracking, due to the risk of serious locd gpdling, lik ey to be hazardousto life or property
(asdfety issue in some cases);

2. alimit on deflection, or other deformation, which might impair the function of the structure;
3. alimit on crack width, because of aesthetic or servicesbility reasons,
4. alimit on expanson dueto ASR, in the presence of redtraints, in dready highly-stressed sections;

5. condderation of synergetic effects, eg. the influence of scaling due to frost action on an increase in
corroson rate.

The key point being made is that engineering judgement is essentid, in interpreting the scientific data from
investigations and testing regimes, in order to take sensible management decisons on what is critica and
on when action is necessay.

1.8 Safety levels, risk, confidence levels, etc.

An owner may want afull reiability assessment taking account of variability and uncertainty in a generd
way, while recognising the stochastic nature of the many factors involved — in the deterioration processes
a lead, if not dways in their effects on structurd capacity. He may dso wish to directly compare the
assesad capacity with that provided in the origina design by the use of traditiond limit Sate design
(sami-probabiligtic, using partid safety factors).

Either way, there will be decisons to take on what is acceptable.  Assuming that the same overdl
relidbility is the norm, and taking the partial safety factor gpproach for purposes of illudtration, then there
is a case for lower vaues for the safety factors compared with design.  The reasons for thisare given in
Table 5, which shows that, in general, more reliable information is available in assessment, compared
with thet in design.
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Table5: Design v Assessment: Sgnificant Differences

Item Design Assessment
Materia properties | Assumed Measured
Dead loads Cdculated Accurately determined
Live loads Assumed Assessed
Andyss Code based More rigorous alternatives
Load effects Bending, shear compression, Anchorage, bond & detailing may
cracking dominate be more important
Environment Assumed classification Definition of macro-and micro-
climates
Rdidhility Code values for safety factors Small factors for the same reliability

This might judtify lower vaues for patid safety factors. On the loading sSde of the desgn (or
assessment) condition:

S £ Ry

this could be associated with progressively more rigorous anaytical methods (see Section 1.3) when
establishing safety criteriafor point B in Figure 2. On the resstance Sde, reductions are again possible;
however, this will depend on the action effect under consideration, since the basis for some design
models is empiricd, eg shear, and may not trandate directly to the assessment Situation.

It is not possible to make recommendations for reduced partid factors, which are generally acceptable.
Each case has to be consdered individudly and there may be minimum satutory requirements for
particular types of structure in individua countries, However, the principles behind Table 5 are vadid and
such an approach has been abveloped to some extent in some countries (eg, the Highways Agency
assessment sandards from bridges in the UK).

1.9 Asset Management

As daed in Section 1.2, structurad assessment is an ad to decisonmaking as part of the asset
management process and, as such, is an addendum to exigting ingpection, maintenance and management
procedures. Table 1 indicates the type of management decision which may have to be made and Table
2 shows how assessment could progress as an aid in that direction.

So far nothing has been said on how to choose the mogt effective remedia action and, indeed, that is
beyond the scope of the Manua. However, assessment and choice of remediad action are inter-related.
Not only must the repair option be effective and compatible with the structura system, but dso its
expected life may influence the future inspection and assessment Srategy.

This point isillustrated in Figure 4, which has been developed from Figure 2, with points A and B having
the same meaning. If a decison is taken at point C to take remedia action and the choice is between
repar options 1 and 2, restoring load capacity to level i) and ii) respectively, then the shorter life of
option 2 would influence the interval between inspections.
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Load i
Capacity repair option 1
level () ———> - /
repair option 2
A level (i) ———> | - .. .
: ‘.\'i.
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Minimum
acceptable B
performance
Time

Figure 4. Schematic illustration of two different repair options

Although option 2 may be the chegpest in first cost terms, option 1 may be preferable in whole life
costing terms, if the cost of disruptions, and having to repair twice in time 2t is taken into account.

The scenario in Figure 4 has ddiberately been made smpligic and the Stuation will rarely be this
sraightforward in practice. It is included here to illustrate the interaction between assessment and
remedia action - and to make the important point that any assessment method - whether smple or
complex - mugt fit within asset management systems such asthis.
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2. TYPESOF FROST DAMAGE

Frost damage only affects the concrete in the structure. The reinforcement is not affected directly, but
will beindirectly affected by reduction in bond and reduction in the concrete cover.

There are two types of frost damage. Both are considered in the Manud.

1: Internal damage caused by freezing of water indgde the concrete. The damage is dways confined to

such parts of the concrete where the water content exceeds a critical value. Thisisindividud for eech
concrete, and can dso be different in different parts of the same structure. The damage is shown as
lossin compressive and tensile strength, lossin E-modulus, and loss in bond strength.
Interna damage will affect the moment and shear capacity of dabs and beams and the compression
capacity of columns by lowering the compressive strength and bond strength. 1t might serioudy affect
the structurd capacity of pre-dressed concrete by sgnificantly lowering the E-modulus of the
concrete. It also changes the moment and force distribution in the structure by changing the stiffness
in parts of the Structure.

2. Surface scaling caused by freezing of the concrete surface when it stays in contact with saine
solutions of week concentration. The initid scaling occurs in the cement paste phase while the
aggregate grains are intact. Due to the gradually deeper and deeper scaling also coarser aggregate
grains are logt. In serious cases a big portion of the cover can be eroded which has very big effect on
the anchorage capecity of the reinforcement bars. It aso affects the function of compresson
reinforcement and shear reinforcement

Scding aso affects the service life with regard to reinforcement corrosion by reducing the concrete
cover.

3. ASSESSMENT PROCEDURE-PRINCIPLES

3.1 Assessment of asingle structure
An assessment of a dtructure is made in the following steps (also, see Figure 3):

Step 1: Visud ingpection of the structure concerning:
* Signs of damage (type, location, frequency)
* Verification that frogt is the cause of damage (crack pattern, scaling)
* Microclimate (moisture load, de-icing sats, marine environment)

Step 2: Collecting information concerning:

* Age of the Structure

* Degign of the structure (drawings, loads, materia requirements,
design code)

* Materid qudities built in (pecifications, test results)

* Management since erection of the structure (use of de-icing agents, previous
damage and/or repair)

* Previous ingpections (written reports)
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Step 3: Prdiminary (Smplified) assessment based on 1: and 2.. The procedure is.
Level 1: Qualitative preliminary assessment
* Assessment only based on visud observations of damage and estimation of
consequences of failure, making use of a Structure Severity Rating scheme.

Level 2: Quantitative preliminary assessment
* |dentification of critical sections within the structure
* Prdliminary control of the present structurd gability by a prdiminary
gructura andlyss of the critical sections using lower bound vaues of
material properties of frost damaged concrete.

Step 4: Decison concerning how to ded with the dructure, based on the preliminary assessment.
Options are:
* No measures need to be taken at present
* A detailed assessment must be performed.
* The dructure isimmediately repaired, strengthened, or demoalished.
Step 5: Detalled assessment of the structurd stability. The procedure is.
A: Assessment of the present structural stability.
* |f there is doubt about the cause of the observed damage, a petrographic

andydssidentifying the cause shal be mack. If another damage mechanism than
frost isthe cause, the Corrosion Manual or the ASR Manual (or any other manud)
must be used.
* Determination of relevant materid data by measurements of the structure in- situ, and

by |aboratory measurements on drilled-out cores.

* Determination of relevant cross section data by measurements on the
sructure (scaling, resdual cover)

* Determination of the actual loads

* Determination of the design code to be used in the assessment

* Determination of the safety level; partid coefficients for material and load

* Re-design (control) of crucia cross-sections.

B: Assessment of the future structural stability.

* Evauation of the moisture level (moisture dlass) for different parts of the
structure.

* Extrapolation of materia data.

* Extrapolation of scaing and cover

* Re-design (contral) of crucid sections for selected future points of time.

Step 6: Assessment of synergetic effects of other destruction mechanisms, especidly:

* Sdt seding, affecting reinforcement, and its effects on structurd stability (&
reducing the time to start of corroson. b: reducing the effectiveness of
reinforcement)
* ASR, increasing interna frost damege.
* Leaching of lime, increesing internd frost damage, and increasing st frost sding.

* |eaching of lime, affecting reinforcement, and its effects on structura
gability (reducing the time to start of corrosion)
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Comments:

1. Step lisdways required. No assessment shdl be made before an experienced materids investigator,
and preferably aso the structura engineer, has visited the structure.

2. Parts of step 2 can be omitted if the damage is seemingly limited, and only a quditative prdiminary
assessment ismade.

3. Step 5, the detailed assessment, is only required if the preliminary assessment indicates thet there is
risk of animpermissibly low safety margin, and to get information about when repair isrequired in
order to decide upon a managemernt srategy.

4. Step 6is sometimes important o for a preiminary assessment.

3.2 Assessment of a population of similar structures

In a case where there is a whole population of frost damaged structures, or building eements of smilar
type, a detalled assessment of each individua dructure is not rationd or feesble. In such a case the
following assessment procedure can be used:

Step 1: Smplified visud ingpection of al sructures aming a identifying the most serious cases.

Step 2: Callecting the most relevant technica information from erection of the structure/dement
(drawings, materid qudities)

Step 3: Making a quditative preliminary assessment based on information from step 1: and 2. On basis
of this, dividing the structures’dements in ” severity classes’.

Step 4. On basis of Sep 3: give priority to the Sructures’dements that shal be the subject of detailed
gructurd assessment, or of immediate repair, or demoalition.

Examples of structures for which this strategy can be applied are:

* A population of smilar (or identical) facade dements showing sign of internd frost damage (and/or
reinforcement corrosion)

* A population of smilar bridge decks, or bridge edge beams, with sdt scaing.

* A population of amilar parking decks with salt scaling and/or internd frost damage (and/or
reinforcement corrosion)

* A dam with big variation in concrete qudity in different parts. Sdecting the most criticd parts.

4. PRELIMINARY ASSESSMENT

4.1 Introduction
A preliminary assessment srd| only be used for the following purposes:

1: To identify individua structures, or parts of a structure, for which adetailed structural assessment
should be made for safety reasons.

2. Todivide apopulation of structuresin " severity classes’ , in order to identify structures for which a
detailed assessment and/or remedid actions are most urgent.
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The priminary assessment can be made on two levels.
Level 1: Qualitative only based on visud inspection, and quditative estimation of the aggressiveness of
the environment, and an analysis of the consequences of structurd failure.

Leve 2. Quantitative, based on the qualitative assessment supplemented by caculations of the
gructurd capecity in vitd parts, usng lower bound data for mechanica properties.

4.2 Qualitative preliminary assessment
4.2.1 Internal frost damage

Important factors for the preliminary assessment are:

* The moisture characterigtics of the environment in which the structure (element) is placed.
* The consequences of failure (on people and property).

On basis of these factors the following Smplified Index of Structura Dameage Rating (SISD) schemeis
established.

Table 6. Smplified Index of Sructural Damage Rating (S D) for internal frost damage
(n=negligible, M=moderate, S=severe, VS=very severe)

Environment Consequences of failure
Sight Severe

1: Moist n M

2: Very moist M S

3: Extremely moist S VS

The classification of environment is based on its effect on the moisture level inside the
structure. The higher the moisture level, the bigger the risk of frost damage.
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Table 7: Classification of consequences of failure

Consequence Definition Examples
of falure
Slight Structural failure of the entire structure, Piecesfaling from a

or parts of it, will cause no, or small, risk of
damage to property and no risk of damage
to people.

hydraulic structure
to water or ground

Severe Structural failure of the entire structure,
or partsof it, will cause big risk of damage
to people and property.

Breakage of adam
causing flooding
downstream. Falling
of big pieces of a

facade to the street
Table 8: Classification of the environment for internal frost damage
Environment ¥ Moisture characteristics Examples
1: Moist Outer: Vertical parts of fagades.

Periods of exposure to water followed
by longer periods of drying.

Inner:

No accumulation of water over time
Moisture level not above the breaking
point in awater absorption test ?

Fairly rain protected parts of
structures (bottom parts of slabs
exposed to air)

2: Very moist Outer:
L ong periods of exposure to water
followed by periods of drying.
Inner:
A certain increase in water over time.
Moisture level above the breaking
point in a water absorption

Horizontal surfaces exposed to
rain and melting snow, like bal-
cony slabs, hydraulic structures
some meters above the water
line.

testd

3: Extremely moist Outer: Hydraulic structures close to
Constant exposure to water. No drying the water line. Foundationsin
periods. ground water above the lowest
Inner: level of zero temperature.
A gradual increase in water content Bridge piersin fresh water.
over time.

Moisture level far above the breaking
point in awater absorption test?)

1) Environments causing low moisture levels in the concrete are not included, since these,

theoreticaly, cannot give interna frost damage.

2) The breaking point, and the test, are described in ANNEX G, paragraph 4.3 and

paragraph 5.2
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4.2.2 Salt frost scaling
Important factors for the preliminary assessment are:

* The present scaling depth
* The future use of de-icing agents or exposure to sea water
* The consequences of failure (on people and property).

On bads of these fectors the following Smplified Index of Structura Damage Rating (SISD) is
established. It is assumed that the cover is of normd thickness.

Table 9: Smplified Index of Sructural Damage Rating (S1SD) for salt frost scaling
(n=negligible, M=moderate, S=severe, VS=very severe)

Scding Environment Consequences of failure
% of cover ¥
Sight Severe

No salt n n
Indirect salt spray, or seawater spray n M

<25% Direct seawater exposure n M
De-icing salt exposure above-10°C M S
De-icing salt exposure down to-25°C S VS
No salt M M,S VS?
Indirect salt spray or seawater spray M S

25 t0 50% 22 Direct seawater exposure S VS
De-icing salt exposure above-10°C S VS
De-icing salt exposure down to-25°C S VS

1) Thetable can only be used if the residua cover after scaling is aove 20 mm. If it islower,
a quantitative preliminary assessment, or detailed assessment, shall be made.

2) I the scding is bigger than 50% of the cover, a quantitative preliminary assessment or a
detailed assessment shall be made.

3) A control of the effect of scaling on reinforcement corrosion must also be made.

4) Scaling of this magnitude is unusual in a sakt-free environment. Probably, de-icing salt has
been used in the past, and shall not be used in the future. Then, SSR=M. If sat was not
used in the past, the big scaling indicates a very low frost resistance. Then SSR=S.

If sdt isnot used at present, but might be used in the future SSR=VS.

5) Consequences of failure are defined in the same way as for internal frost damage.
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4.3 Quantitative preliminary assessment

4.3.1 Internal frost damage
A control of the present structural capacity is made in sdlected critica sections of the structure, using
traditional design procedure.

The design code, and the load to be used in the Structura control, are normaly defined by the Owner.
The characterigtic values of the compressive, tensile, and bond strength to be used, can be based on
measurements of cores from the structure. Lacking these, lower bound values for frost damaged
concrete can be used.

Lower bound strength values are based on experimentd datain ANNEX E, and are dso discussed in
ANNEX H. Vdues are given in Table 5. Any of the three values can be used. Vaues in column 3 are
the lowest observed resdua drength of severely frost damaged concrete. They can be used for
concrete having an initid compressive srength of a least 35 MPa, and an initid tensle strength of a
leest 3 MPa. There are few concrete structures built for outdoor exposure, with lower initid strength
levd.

It is not possble to give any definite value for the lower bound of the Emodulus of frost damaged
concrete. Any vaue is possble. The lowest value observed for severely frost damaged concrete is
5GPa, but this is so low that it can hardly be used for a meaningful assessment of deformations of the
sructure. Cdculation of deformation, therefore, belongs to a detailed assessment, and is then based on
direct observations of the E-modulus

Table 10: Lower bound values for concrete with internal frost damage.

Strength Relation between ? Biggest reduction L owest
type reduced and initial ingtrength strength ?
strength (%) (%) (MPa)
Compressive (1- 20/fC,0)-100 35% 20 MPa
it tensile (3- 11/f 1)-100 70% 1 MPa
Bond srength 9 (10 - 35/f; 1)-100 70% 3MPa
ribbed bars
Bond strength ¥ (2.4 - 10/f; 5)-100 100% 0MPa
plain bars

1) fc,o and ft,o aretheinitial compressive strength and split tensile strength before frost

damage. The relation is limited to the vaues in column 2.

2) The lowest observed strength of severdly frost damaged concrete with an initia
compressive strength above 35 MPa, and an initial split tensile strength above 3 MPa

3) Bond strength is the intrinsic bond strength between a bar and concrete, no consideration
taken to the effect of cover and confinement by stirrups.
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4.3.2 Salt frost scaling

Surface scaling is obvious. The scaing depth can be measured or estimated by observing the structure.
Thereafter, a smple control can be made of its effect on the structurd capacity by just reducing the
cross-section and effective height of the structurd member.

Depth scaling, where the whole cover, or a big portion of the cover, has been lost, might have serious
effects on the anchorage cepacity, and the function of shear reinforcement and compression
reinforcement. This must be treated in a detailed assessment whereby design formulas in the Corrosion
Manual can be used.

4.4 Synergetic effects

If there are other destruction mechaniams acting smultaneoudy with frog, the preliminary assessment
procedure described above cannot be used.

If leaching is going on, a the same time as there is internd frogt action, a fairly common Stuation in
hydraulic structures, the negetive effects on srength can be considerably bigger than the vaues given
above.

It is especidly important to consider the effect of surface scding on reinforcement corrosion. If the
scaing is deep, it will have very big effect on the structurd stability with regard to corrosion.

In case synergetic effects exist, a detailed assessment considering synergy must be performed. Different
types of interaction between destruction mechanisms are described in more detail in ANNEX F

5. DETAILED ASSESSMENT

5.1 Introduction

A detalled assessment is made when one wants more precise information of the present and future
Sructurd status and safety. It is dways based on quantitative information on strength and stiffness of the
damaged structure. Thus, a detailed assessment requires testing of the structure, or laboratory testing of
cores taken from the structure.

The assessment is performed as a re-design of the Structure using the actual measured materid data (or
lower bound data), the actua cross section data, and the actud load data. A total re-design is often not
required, only a control of critical sections in the structure. Data used in the assessment shall be taken
from these sections. Therefore, the structural engineer, who & responsible for the assessment, is also
responsible for identifying places in the structure from which data shal be acquired.

Any design code can be used; the one used a the origind design, or the present officia code. It is
decided by the Owner.
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The assessment is divided in two parts:

Part 1: Assessment of the present structura capacity and safety based on present data.
Part 2: Assessment of the future structural capacity and safety based on extrapolated data.
This assessment can be made for one or more future points of time.

Structural assessment for different types of action in different types of structurd membersis discussed in
more detail in ANNEX I, Jand K. Below, only important principles are described.

5.2 The present structural capacity

5.2.1 Internal frost damage
Interna frogt only affects the strength and dtiffness of concrete. It, however, dso affects the bond
between reinforcement and concrete.

The effect of internd frost damage is analysed by a re-design of the Structure using actud data for; (i)
drength and diffness of concrete, (i) amount, and location of reinforcement, (iii) cross-section, (iv)
concrete cover, (v) load.

The design code, and the load to be used in the structurd control, are normaly defined by the Owner.
The same formulae are used for caculating the structura capacity of frost damaged concrete as are used
for undamaged concrete.

The characterigtic values of the compressive, tensle, and bond strength to be used, are based on
measurements of cores from the structure. In the generd case, materid data varies from place to place
within the same dructure. Therefore, many sections of the sructure must normaly be andysed for
sructural capacity, using individua data for each section. The location of sections for measurements of
srength, E-modulus, scding, and other essentid properties, are determined by an experienced
investigator in collaboration with the structural engineer who is going to perform the assessment.

Methods of acquiring materid data, and methods for trandating observed data into characteristic values
to be used in the assessment, are described in ANNEX G.

Characterigtic values, and lower bound vaues of strength, and E-modulus to be used in the assessment
are shown in Table 11. The lower bound vaues are so0 low that they can hardly be used for an
assessment. Thus, normally atesting of the structure is required.

Normal design procedures are used. Extra consderation must, however, be taken to the fact that the E
modulus of damaged concrete is different in different parts of the sructure. Therefore, the moment and
force digtribution can be different in the frost damaged structure than what was anticipated when the
Sructure was origindly designed.

Pre-stressed concrete structures can be more affected by internd frost damage than normal Structures.
Both the Emodulus and the tengle strength can be very much affected. This reduces the pre-stressing
force and the possibility to anchor tendons.
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Table 11: Characteristic values for mechanical properties of concrete

Strength type Characteridic vdue Lower bound value
(MPe)
(minimum vaue 20 MPa)
a)llt tendle ft:m- 1.65s ft:3ft,0_11
(minimum vaue 1 MPa)
Bond fo=fh,oft/ft,0) fp=104 o- 35
Ribbed bars or (minimum vaue 3 MPa)
Bond fb=08ft-12 2'4'ft,0 -10
Pain bars (minimum vaue 0 MPa)
E-modulus E=m-1.65-s 5 GPa
Static E-modulus 0.85-Egyn 5 GPa

f .=present characteristic compressive strength

fi= present characteristic split tensile strength

fl= present characteristic "intrinsic” bond strength

f c,o-Present characteristic compressive strength of undamaged concrete

f; g=present characteristic tensile strength of undamaged concrete

fb,ozbond strength of undamaged concrete as defined by the design code (usualy related to
the tensile strength of undamaged concrete, f; o)

E=present E-modulus

m= mean vaue of results from tested specimens (or measurements in-situ).
The measured values for compressive strength are corrected for size, shape and moisture
content of specimens.

s= standard deviation of these results

5.2.2 Salt frost scaling
SAt scaling reduces the effective height of the cross-section, and the size of this. New values are inserted
in are-design of the moment, shear, and compression capacity of scaled parts of the structure.

Scaling dso affects the anchorage capacity by reducing the cover. Scaing seldom affects the strength of
the resdud cover. Thus, bond strength is normaly unaffected by scaling. The reduced anchorage
capacity is cdculated by inserting the new reduced bond strength, the reduced cover, and the actual
amount of reinforcement in the formula for anchorage capacity given in the design code used for the
assessment.
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When scding is so deep that the whole cover is log, there is a risk of buckling of compressed
reinforcement. In this case, reinforcement corroson will be the most important factor determining the
sructurd capecity. Therefore, formulas in the Manual for Reinforcement Corrosion can be used aso
for the assessment of this type of deep sdt frost scaling.

In the normd case, scaling and residud cover will vary quite much within the same sructure. Relevant
vauesfor the actual section must be used in the assessment.

5.3 Thefuture structural capacity
5.3.1 Internal frost damage

If a gtructure is frost damaged, there is reason to assume that damage will continue in the future, unless
the environment around the structure is radicaly changed (e.g. by heat insulation, drainage of water, €etc).
Extrapolated vaues of strength and stiffness are used in a re-design vadid for different points of timein
the future. The re-design is made according to the same principles as described above for the
assessment of the present structurd status.

The future devdopment of drength and E-modulus of the concrete depends on the moisture
characterigtics. Visud ingpection, and control of the moisture in the concrete (ANNEX G), are used for
classfying the dructure in one of three "moisture classes’ or environmenta classes.

1. Moig

2. Veay moigt

3. Extremdy moigt
The characterigtics of these classes are described in Table 3: above.

The materia data used in the assessment of the present status are extrapolated in time. The extrapolation
is based on two parameters.

1. The present value for undamaged concrete
2. The present vaue for damaged concrete (or the present amount of damage)

The equations used for extrapolation are shown in Table 12.
In parts of a structure in moisture class 3, where frost damage has not yet occurred, but might do so in

the future, there are certain possibilities to estimate the resdud time until damage, by making freeze-thaw
and water absorption tests. The technique is described in ANNEX C and G.
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Table 12: Extrapolation of material data from Table 11.

Moistureclass Extrapolation

1. Moit R(t)=R(0)

2: Very moigt R(®)=Ry-[Ry-R(0)] (1+Dt/t ) 1/2
or

R(t)=Ry{ 1-D(0)-(1+Dttp) 12}

3; Extremdy moit R(t)=Ry-[Ry-R(0)] (1+Dt/ty)
or
R(t)=R4{ 1-D(0)-(1+Dtlt )}

R= any mechanica property (strength or E)
R(0)= present value of R in frost damaged concrete
Ro=present value of R in undamaged concrete

R(t)=extrapolated value of R at exposure timet (the age of the structure)
Dt=additiona time counted from t, (the present exposure time= the age of the structure)

D(o)=damage at time of inspection (D(0)=[R4-R(0)]/Ro=1-R(0)/R

5.3.2 Salt frost scaling

SAt frost scding, is assumed to be a linear process. Therefore, dso the resdud cover is a linear
process. The equations for extrapolation are shown in Table 13

Table 13: Extrapolation of surface scaling and cover

Parameter Extrapolation
Surface scding S(t)=S(0)-(1+Dt/ty)
Cover C(t)=C(0)-S(0)(Dt'ty)

S(t)=the scaling depth at exposure timet (the age of the structure)
S(0)=the present scaling depth

C(t)=the residual cover at exposure timet

C(0)=the present residua cover

Dt=additional time &fter tg (the present exposure time=the age of the structure)

In a case where the exposure to de-icing sdt will change in the future (incressed, decreased, or
ceased), an extrapolation according to Table 8 will be mideading. In such cases, the extrapolation can
be based on a salt-frost test. The principles are described in ANNEX D and G.
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5.4 Synergetic effects

If there are other destruction mechanisms acting Smultaneoudy with frost, the assessment procedure for
the present status described above can Hill be used, provided it is based on measured vaues of
strength and E-modulus, and not on lower bound values.

It is not possible to use the assessment for the future structurd status, sinceit is based on extrapolated
materia data. The extrapolation is only valid for frost damage, and not for combined destruction.

In case synergetic effects exist, a detailed assessment, considering synergy, must be performed. Different
types of interaction between destruction mechanisms are described in more detail in ANNEX F

5. DECISIONSAND MEASURESFOLLOWING THE
ASSESSMENT

On the basis of the assessment it will be possible to decide upon a a strategy for how to ded with the
sructure. There are some options (also, see paragraph 1.9):

1: The assessment shows clearly, that there isno risk at present for structurd failure, and that thereis no
risk for structura failure within the nearest decades.

In this case, the structure can be left for the time being. An ingpection plan is drawn up in which the
most important parameters to be ingpected are trested. Ingpection methods and frequency of
ingoection are stated. In the ingpection plans there can dso be figures for the maximum alowable
future damage. These figures are based on the structural assessment made.

2. The same as 1., except for that structurd failure, or other serious problems caused by frost damage,
might come within rather few years.

In this case one must consider if an immediate repair/strengthening of the structure is not the best
solution. It must be consdered that severe internal frost damage is extremdy difficult, or even
impossible, to repair. Therefore, it is often better to make a repair early, before there is 9 big
damage that the structure probably has to be demolished.

If the dructure is only damaged by salt scaling, repair can wait, Snce it will not be more
complicated to make repair a a later sage. There must be an ingpection plan, however, for the
follow-up of the scaling process in with criterions are given for when repair must be made. In this
plan the effects of reinforcement corrosion must be considered.

3. The assessment shows that there is imminent risk of structurd failure, or indirect damage caused by
mafunction of the structure.

In this case there are only two options; (i) repair and/or strengthening,
(ii) demoalition.
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If repair is required, it mugt fulfil the following requirements (by "repair” is meant the entire combination
of the repair materiad/repair sysem and the old structure):

1. The repar must fully restore the load-carrying capacity and safety of the structure. In some cases,
when the load has been increased, or when a new design code shall be applied, the repair must so
increase the load- carrying capacity compared to the requirements when the structure was built.

2: The repair must stop the ongoing frost destruction (or at least dow this down to an acceptable leve)
so that the Owners requirements for the residua service life are fulfilled.

3. Therepaired structure must be durable. This means that repair materials shdl be durable themselves,
and that they shdl not increase the moisture condition of the old concrete.

These requirements are quite difficult to cope wth. The mog difficult problem is to fulfil the third
requirement of durable repair. Many repair systems tend to increase the moisture content in the old
sructure by alowing moisture to come in, but hinder it to evaporate. This means that a concrete after
repar can enter a higher moisture class (eg. move from class "mois” to class "very moig”). The
consequence might be that a structure, that has low or no interna frost damage at the time of repair,
becomes rapidly deteriorated after repair. Another consequence is that the repair materias bonded to
the old Structure, eg. a new surface replacing a scaled surface, might freeze loose due to accumulation
of moisture at the interface between repair and old concrete.

A repair sysem must therefore be selected with care. Freeze-thaw tests of the combined old concrete
and new repair materia-repair system shal be performed. High qudity, frost resstant cement-bound
repar materids (concrete and mortar) often function well. Plagtic repair materids shal normdly be
avoided, unless durability tests clearly show that they are” compatible’ with the old concrete.
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ANNEX A: Interna frost damage

Typesof frost damage
There are two types of frost damage:

1: Internal damage caused by freezing of weater insde the concrete. The damage is aways confined to
such parts of the concrete where the degree of water saturation exceeds the criticd vadue. The
damage causes loss in compressive and tendle strength, loss in Emodulus, and loss in bond strength;
see ANNEX E.

2. Surface scaling caused by freezing of the concrete surface when it stays in contact with sdine
solutions of week concentration. The initia scaling occurs in the cement paste phase while the
aggregate grains are intact. Due to the gradually deeper and deeper scaling also coarser aggregate
grains are logt. In serious cases a big portion of the cover can be eroded which has very big effect
on the service life with regard to reinforcement corrosion. See ANNEX F.

Freezing of very moist concrete (also concrete containing st water in its pores) but with no externd salt
water or pure water in contact with the surface seldom leads to surface scaling, but more often to
interna damage.

Freezing of concrete in presence of an externad sdt solution at the surface seldom leads to interna
damage, but often to surface scding.

Internd frost damage is described inthis ANNEX.
Salt scaling is described in ANNEX B.
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1. Freezablewater

The freezing-point of water in apore is lower the smdler the pore diameter. The exact relation between
the pore size and the freezing point is not fully clarified. It depends on which types of meniscus sysems
ice-water, ice-vapour and water-vapour that appear within the complex pore system; /1/. A reasonable
assumption, aso giving the maximum possible amount of freezable water, is that the ice phase remains
under ordinary atmospheric pressure while the unfrozen part of the pore water is exposed to an under-
pressure that is described by the Kelvin law of capillary condensation. This implies that the interfaces
between ice and vapour are plane while the interfaces between water and vapour are curved in the
norma manner. No curved interfaces between ice and water are assumed to appear. Besides, water
that is adsorbed on the pore walls is supposed to be non-freezable. Under these assumptions the
falowing relation between the pore diameter and the freezing temperature can be used; /2/.

r=-2slgM . 1 +19,7.10"10 (1/pT) /3 )
rI-DH In{(To-DT)/To}
Where, r the pore radius (m)
Sig the surface tension between water and vapour (N/m)
M the molecular weight of weater (kg/mole)
r the density of water (kg/m3)

To the freezing point of bulk water (273,15°K)

DT the freezing point depression (°K)
DH the molar heet of fusion of water (¥Ymole)

Where the first term on the right hand sdeis the radius of the liquid meniscus, and the second term isthe
thickness of the adsorbed unfrozen layer. In Table 1 some examples of the relaion between the pore
diameter and the freezing point are shown. The corresponding relative humidity (RH) according to the
Kelvin equation isdso listed.

Table 1: Relation between the pore diameter, the corresponding relative humidity when capillary
condensation takes place in the pore, and the freezing point.

Porediameter RH Freezing point
(R) (%) 0
450 95 -6
280 92 -10
200 88 -15
160 85 -20
115 80 -30
95 76 -40

Therefore, at normd freezing temperatures (-10°C to -20°C), neither water in the gel pores, nor water
in the finest capillaries is freezable. Besdes, in concrete in equilibrium with an outer RH of 95% (like an
outdoor structure protected from rain) no water is freezable until atemperature of

-6°C isreached in the concrete.
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Some measurements of the freezable water in concrete a -15°C are shown in Figure 1. Curve A shows
the results for concrete that has been stored in water dl the time from the mixing to the test. Curve B
shows the reaults for companion specimens that have been pre-dried once a +105°C, and then re-
saturated be means of vacuum treatment. The total evaporable water content is aso shown in the figure.

Figure 1 shows that the freezable water content is aways lower than the total water content. For a
never-dried concrete there is dmost no freezable water at al, if the water-cement ratio is below 0,3.
For a pre-dried concrete ("aged” concrete), however, the freezable water content is much higher. So for
example, for a concrete with W/C=0,3 pre-dried a +105°C, the freezable water is dmost as high as for
a never-dried concrete with W/C=0,6. Similar, but not quite as big, effects occur even when the
concrete has been exposed to much milder drying a room temperature; /3/.

E .
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E 60 >
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Figure 1. Freezable water of concrete at -15°C. A: Never dried specimens.
B: pre-dried and re-saturated specimens; /4/. (Non-porous aggregate)

The reason behind this increase in the freezable water caused by drying has never been fully darified. It
certainly depends on some sort of Structura change brought about by drying. The most plausible
explanation is that a very large fraction of the potentidly freezable water in the never-dried concrete is
located in isolated smdl capillary pores which are unreachable by the ice front, because the entrance
pore leading to the isolated pore is too narrow to dlow freezing. Therefore, this isolated water remains
unfrozen —super-cooled- until it freezes by homogeneous nuclegtion at about -40°C At this temperature,
big amounts of water normaly freezesin concrete of dl types.

Because of pre-drying, a micro-crack system develops in the cement gel surrounding the previoudy
isolated capillaries. Thereby, ice-formation can be nucleated by ice penetrating the crack system from
other, coarser pores. Therefore, ice-formetion in the pre-dried specimen occurs more close to the
freezing temperature determined by the actud pore size; egn. (1).
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The reasonableness of this explanation is strengthened by the fact that ice mdting in never-dried
pecimens occurs at consderably higher temperatures than ice formation.

The big ice formation around -40°C signifies that concrete that is frost resistant at temperatures down to
-30°C might become non-resigtant if the temperature is lowered to -40°C or lower. This is of big
importance for concrete used in extremely cold climate such as in sorage containers for liquified gas
or frozen food.

For a concrete under practica conditions, at the normd freezing temperatures in nature, one can roughly
assume that dl capillary pores contain freezable water, while the gel pore water is unfrozen. Thisimplies
that the maximum freezable water content is; based on formulaein /%/:

ws = B(W/B-0,39-b) )
Where  wg the freezable water (litres/m?)
B the binder (cement) content (kg/m3)

W the mixing water content (litres/m?)
b the degree of hydration (-)

Strictly speaking, this equation is only valid for concrete with portland cement, but it can aso be used for
an gpproximate estimate of the freezable water in concrete with mineral admixtures.
The equation gives the following amount of freezable water:

w/B=0.40 (B»400): ws»50 I/m3 (Figure 1, Curve B gives 65 I/n’ﬁ)
w/B=0.60 (B»300): w»85 I/mB ( 85 1/md)

The nonfreezable water can also be expressed in terms of a fraction kq of the total evaporable water

content, We [litres/m3]. If it is assumed that only the gel pores and the capillary pores contain water the
following rlaion isvaid; based on formulaein /5/.

kq =1- (W/B-0,39:b)/(W/B-0,19-b) (©)]
For typica concrete the vauesin Table 2 are valid:

Table 2: The maximum amount of freezable water in typical concrete.

W/B B b We kq Wy ws/B
(kg/md) (iresm3)  (egn. (3))  (litresmd)

0,75 240 0,80 144 0.27 105 0,44

065 275 0,80 137 0.32 93 0,34

0,55 330 0,75 134 0.37 85 0,26

045 400 0,70 127 0.45 70 0,18

0,30 500 0,50 103 0,51 50 0,10
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The agreement between these values of freezable water and the experimenta in Figure 1 is good. For
the highest W/B-rétio the theoretica valueis somewhat higher.

In the practicd case, dso some air-pores contain water. Therefore, the amount of freezable water is
somewhat higher than the amount calculated by egn. (2) or (3).

The high amount of freezable water also in dense concrete indicates that in fact all types of
concrete are vulnerableto frost if they are completdy saturated.

Pores in aggregate are dmost always o big, that al water absorbed in them will freeze close to 0°C.
This means that light-weight aggregate concrete will contain substantialy more freezable water than what
isgiven by egn. (2) or Table 2.

All water in cracks and interfaces between aggregate and cement paste is dso freezable.

2. Damage mechanisms
2.1 Damage mechanism 1; Freezing of a closed container

In the most smple case every amdl "unit cell” or "representative cdl” of the concrete can be looked
upon as a closed container. No water transfer is possible from the cell. The 9% volume increase when
water is transformed into ice must therefore be taken care of within the cdl. The sze (width) of a
representative cell is about 5 mm for cement paste and about 25 mm for concrete. The Sze is so small
that the effect of temperature gradients in the cdll can be neglected. All water in the cdl is therefore
assumed to be freezing Smultaneoudly.

A smple mode of the cdll can be used for estimating the maximum pressures occurring during freezing;
see Figure 2. The cdl is supposed to be a hole-sphere of cement paste, which is completely water-
filled and incompressible.

. . \
olid material
Non-freezable water
f Porosity, P
Freezable water /

Fig 2: lllustration of damage mechanism 1; hole-sphere with impermeable wall.

All pore water is supposed to be contained in the hole, and dl solid materid in the wall. The pressure in
the pore-water depends on the temperature. According to the phase diagram of water, the pressure in
unfrozen water is increased by about 10MPa for each degree of temperature reduction. The following
relation is vdid for the tendle dress in the sphere wall, provided the wall is completely plasticised, and
that the deformability of water and solid materid is neglected.
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Totd fradture occurs when the tensile strength is transgressed.
s»-10-q;P2/3/(1-P2/3) (4)

where s the tendle stressin the pore wal [MPq]

P the " freezable porosity” of the hole-sphere (r3/R3) [m3/m3)]
Of the freezing temperature [°C]

The porosity of a cement paste with W/C=0,6 is about 60%. The tensile strength is not above 6 MPa.
This means that the minimum possible freezing temperature is less than -0.5°C if the hole-gphere shall
remain intact. Lower freezing temperatures will cause total destruction.

If a cement paste with tensile strength 6 MPa shall sustain -10°C the porosity must be below 1.5% (15
litres of freezable water.) If the temperature is -20°C the porosity must be below 0.5%. The very big
pressure caused dso by freezing of a smal water volume is the reason why a smdl amount of weter in a
deep and narrow crack in rock can cause fracture of big rock volumes. The pressure arising & the site
of ice formation is dso transferred over big distance by hydrogtatic action within the water-filled crack.

The cdculations clearly show that a completely water saturated concrete cannot resist freezing without
damage. Even a very low water content is enough to damage the concrete serioudy. Therefore, the
concrete must contain a certain amount of ar-filled space. One can make an estimate of the maximum
dlowable effective degree of saturation of the concrete by neglecting the compresshility of solid
materid, water and ice:
Sdf,CR =0,917 (5)

Where Seff CR the maximum alowable effective degree of saturation defined by

Seif = Wil(Ws+a) (6)
Where Wk the volume of freezable water [m3/m?']

a the volume of air-filled pores [m3/m3]

Damage mechanism 1 can be applied to four cases:

Casel: Assessment of the absolute minimum required air content in a concr ete.
The minimum air content is calculated by egn. (5) expressed in the fallowing way using egn (6):

8rin=0.1W (7)

For a concrete with w/c=0.75, with freezable water according to curve B in Figure 1, the minimum air
content is 1vok% or 10 litres/m®.
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Case 2: The effect of porous aggr egate grains embedded in the concr ete.

Such grains can, as a first gpproximation, be looked upon as closed containers from which water

transfer to the cement pagte isimpossible. Aggregate grains having atotal porosity above 0,5 to 1% and
becoming water-filled to an effective degree of saturation higher than 0,92, when embedded in the paste,
must according to the theoretica anadlys's performed, be very hazardous. This has aso been found in

practice; see Figure 3. Only aggregate pores smdler than about 1 mm become water-filled when the
aggregate is completely embedded in the paste. Therefore, fine-porous natura aggregate, such as
limestone and date are exceedingly frost senstive. Theoretica analyses of the stress conditions in the
embedded aggregate, and in the surrounding cement paste during freezing, have been performed in /6/.

Regression line

~ "Bad”

.
{

"Average”

I

——F—
Y 1 T T 1 { i { 4 1 {
6 1 2 3 4 S 6 71 8 9?10

Water absorpuon after vacuum treatment (Weight-%)

(Lm expansion per freeze cycle)

Frost resistance factor

Figure 3. Expansion at freezing of concrete as function of the porosity of the aggregate; /7/.

3: High performance concrete with very low W/C-ratio.
It is sometimes claimed that one can avoid air in such a concrete due to its low amount of freezable

water, or even lack of any freezable water. The ca culations show, however, that aso avery low amount

of freezable water (about 5 litres per mP) is sufficient to destroy the concrete if this can become fully
saturated. Therefore, a certain, but often low, air content is required even in avery dense concrete.

4: Cracksand other defects.
Cracks, that are open to the surface of the concrete, can be assumed to be water-filled during very wet

conditions. The stresses occurring as a consequence of freezing depend on the crack geometry, the
crack frequency, and the possibility of water to be squeezed out from the crack during freezing. The
worst case occurs when the crack is so deep that water cannot be squeezed out at the same time as

water trandfer into the cement paste matrix isimpossible.
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Then, very high pressures can be built up. Normaly, however, the cement paste contains some air-filled
pores to which the surplus water can be displaced. It is possible to make a smplified caculation of the
maximum tolerable crack width using the following equation. It is based on the assumption that the air
content in a cement paste dice of a certain criticd thickness (DcR/2) close to the crack wall shall be

high enough to accommodate displaced water from hdf the crack volume and from the cement paste
dice itsdf. DcR isthe so cdled critical thickness which will be described in the next paragraph. If 1 m2
of crack surface is regarded the following rdation isvalid:

tmax= DCR (2-0,09-W;)/0,09 (8)

Where to¢  thedaritica crack width [m]
Ws  thefreezable water in the cement paste [m3/imS3]
Dcr  thecitical thickness (m)
a the air-filled pore volume in the cement paste [m3/m3]

For Dcr=1mm (see paragraph 3.2) and W¢=200 litres per m3 of cement paste the following maximum
dlowable crack widths are vaid:

* ar content 6% (2% in concrete);  tyg=0,5mm
* ar content 12% (4% in concrete);  tyg=L1lmm
* ar content 18% (6% in concrete); tg=1.8 mm

2.2 Damage mechanism 2; Hydraulic Pressure

It is a well-known fact that a much higher air-pore volumeis needed in a concrete than that predicted by
damage mechanism 1. This is explained by damage mechanism 2 according to which excess water
caused by freezing cannot be accommodated at the freezing Site, but has to expelled to an air-filled pore
which is big enough to take care of it without causng destructive stresses. This water transfer occurs
through a narrow and partly ice-filled web of capillary pores and gel pores. High pore-water pressure
therefore arises and is transferred to the pore walls, which are exposed to tensile stresses. The pressure
is often referred to as hydraulic pressure. The concrete is damaged when the tensile stress exceeds the
tendle strength. The damage mechanism is visudised in Figure 4.

The maximum hydraulic pressure nax can be calculated for the three smple geometry of completely
saturated concrete bodies shown in Fig 5, /8/.

Prrax = 0,09-(AWf/dt)-(1/K)£(X) 9)
Where dWj/dt the rate of ice formation [m3/(m3-s)]

K the permesbility [m2/(Pas)]
(Defined by Darcy’slaw: flux[ m3/(m2.s)] =K-gradient [ Pa/m])
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The function f(X) is a measure of the maximum distance that water has  be transferred until it reaches
the periphery of the specimen. f(X) is different for different types of specimen geometry. Some examples
are:

* A water saturated dice with thickness D; Figure 5a.

f(X) = DZ8 (10)
* A water saturated sphere with diameter F ; Figure 5b.
f(X) = F /24 (11)

* A water saturated shell with thickness L surrounding an ar pore with the specific surface area a
Figure 5¢c. The outer periphery is impermegble. This is the modd used by Powers /17/ in his
definition of the spacing factor; see paragraph 3.2 and Figure 14.

f(X) = [L-a/9+1/2] L2 (12)

Pressure distribution

Displaced water that has
frozen in the air pore

Water flow

Ice formation in capillary
Unfreezable water in gel pore
air-filled pore

Figure 4: lllustration of damage mechanism 2.

Thus, the hydraulic pressure will increase with increasing rate of ice formation, with increasing size of the
saturated volume, and with decreasing permeability. The concrete is damaged when the following
condition is satisfied:

Pmax = ft (13)

Where f;  thetensle strength of the concrete.

Thus, there exig maximum materid Szes, or critica distances, which must ot be exceeded if the
concrete shdl be frost resstant. The following relations are vaid for the three types of geometry in
Figure 5:

* \Water saturated dice:

* Water saturated sphere:
F cRr= {24£K/(0,09-dwy/dt)} 12 (15)
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* Water saturated shell, or Powers™ spacing factor:
LerA{Lera/9+1/2} = £-K/(0,09-dW/dt) (16)

The vaue LcR is dso a function of the size of the air pore enclosed in the shdll. Thus, LCR is hot the
same true materia property assDcrand F cr.

(a)

Figure 5: Different saturated concrete volumes

Equations (14)-(16) show that geometrica relations between the different critica Szesexist. Therelation
between the critical thickness and the critica spacing factor is

Dcr= 2Lcr{2a Lcr/9+111/2 (17)

This rdation is a function of the sze of the soherica ar-filled pore insde the shell. A typica vaue of a
for a concrete exposed to normal conditions is 15 mm-~1. Then, if the aritical thickness DR is 1 mm,
the critical spacing factor Lo is 0,35 mm. The critical spacing factor is therefore dways smaller than
the critical thickness.

The hydraulic pressure is only acting as long as new ice is formed. Therefore, it should vanish when the
temperature is kept congant. The following relation is vaid:

dW4/dt = (dWildg)-(dayct) (18)

Where dWs/dg is a materid function that is only dependent of the amount of ice formed a each
temperature. Hence, dWydq is afunction of the pore sze distribution; cf. egn. (1). The function da/dt is

the rate of temperature lowering of the specimen, which is dmogt directly proportiond to the rate of
lowering of the outer temperature, and of the distance of the point in the materiad considered to the outer
surface of the structure. Principdly, according to egn. (17), one should therefore obtain a length-
change/temperature curve of the type shown in Figure 6awhen the
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temperature is kept congtant during a certain time. Due to the lack of ice formation during this
period the specimen should contract. In redity however one has obtained curves of the type seen in
Figure 6b according to which the concrete length is dmost constant when the temperature is congtant.

This does not necessarily contradict the hydraulic pressure mechanism. There might be a certain ice
formation despite the fact that the temperature is constant. This can depend on a heat balance prevailing
between latent heat developed due to freezing of some water, and heet loss to the environment. Besides,
one might imagine that ice that was formed a higher temperatures "lock” the materia structure making it
impossible for the specimen to contract when hydraulic pressure disgppears. This is a specid case of
damage mechanism 1, which is described above. A further possbility is that the materia was a an
earlier stage, permarently and irreversibly damaged so that it cannot contract.

u}\(b)
‘ 04— .
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Figure 6: (a) Expected temperature-time and length-time curves at damage mechanism 2. (b)
Measured temperature and length curves of a cement paste with the W/C-ratio 0,60.
/9.

According to egn (14)-(16), the pressure should be at its maximum when the rate of ice formation is &
its maximum. This normaly occurs a the beginning of the freezing process, a around 0°C. At later
dages, the rate of ice formation is dmost dways much smaler. However, one must consider that the
permesbility is gradualy decreased with decreased temperature due to the increased amount of ice
formed inside the pore system. The reduced permesbility might very well more than compensate for the
reduced rate of ice formetion. The fact that one often notices larger expansons of concrete a |ower
temperatures is therefore not necessarily a contradiction of the hydraulic pressure mechanism. This is
visudised in Figure 7.

The criticad sze depends on the rate of ice formation, which is amost directly proportiond to the rate of
temperature lowering of the surrounding air or water.
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Theoreticaly, according to egn. (14) a doubling of the rate of temperature lowering gives a
30% reduction of the critical size. Damage mechanism 2 does therefore imply that the
damage risk isincreased with increasing rate of freezing.

Permeability, K
Hydraulic pressure, p

Property

Rate of ice
formation
dw/de

/

. ) Temperature
Supercooling raised

Figure 7: Hypothetical curves of the rate of ice formation, the permeability, and the hydraulic
pressure.

Damage mechanism 2 is of special importance in two cases:

Case 1. Theinitial freezing.

Due to super-cooling, the pore water does not freeze until the concrete temperature is some degrees
lower than the theoreticd freezing point. This super-cooling can be 5°C or more. When freezing
suddenly is initiated somewhere in the pore water, it spreads rapidly over a large concrete volume
containing super-cooled water. Then, the concrete temperature rises momentarily to the rea freezing
temperature which is 0°C, or a few degrees lower. A large amount of ice is formed during a few
seconds and there is often a rapid expansion of the specimen. This expanson normdly is reversible and
is due to a” pumping effect” when a large amount of water is expelled to ar-filled pores during a short
time. In most cases, this expansion is not large enough to destroy the concrete. The largest expansion
normally occurs a alater stage at lower temperatures, see Figure 7.

Case 2: Concrete with high W/C atio.

In concrete with high W/C-ratio the freezable water content is higher than the non-freezable water
content; see Table 2. Therefore, damage mechanism 3 described below cannot have the same
sgnificance as it might have in more fine-porous concrete. It is however not excluded that damage
mechanism 2 is the dominant mechanism aso for dense concrete with low W/C-rétio. The relative
importance of damage mechanisms 2 and 3 has never been clarified.
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2.3 Damage mechanism 3; Microscopic ice lens growth

Every concrete will, due to its fine pore structure, at the same time contain ice bodies in the coarser
capillaries and in certain ar pores, and unfrozen water in the finest capillaries, and in the gel pores. The
lower the W/C-ratio, the larger the fraction of unfrozen water. This co-existence of water and ice makes
a damage mechanism possible that is smilar to the mechanism that causes frost heave in the ground. At
any temperature below 0°C unfrozen water has a higher free energy content than ice. The ice bodies will
therefore attract water. Therefore, awater transfer towards the freezing Site occurs. The microscopic ice
bodies in the capillaries will grow and thereby expose the pore wals to pressure. This means that theice
will aso be exposed to pressure. The free energy of the ice body will therefore increase, at the same
time as the free energy of the unfrozen water will decrease due to the drying effect caused by the water
trandfer. The growth of the ice body, or "ice lens’, will not cease until the free energy of the ice is high
enough to balance the free energy of the remaining unfrozen water. Before this occurs, pressures high
enough to serioudy damage the concrete can probably be built up. This is shown by the caculations
below. The damage mechanismisillugtrated in Figure 8.

It is difficult to quantify the pressure. It depends on the type of meniscus system ice-water-air that
appears indde the concrete. It also depends on how big the drying effect is. The higher the content of
unfrozen water in relaively coarse pores, the larger the possble water transfer, and the larger the
pressures built up. For the idedlised case in Figure 9a, in which an isolated ice lens surrounded by
unfrozen water has access to unlimited amount of water, the following expression gives the pressure that
can be exerted by the ice body.

p = (DH/T)[Do/(vi-wy)] (19)
Where, p the pressure between the ice body and the pore wall [Pa)

DH  themolar latent heat of fusion [6-:106 Jkmole]

T the actua temperature [T=273,15-Dq °K]

Dqg the actual freezing point depression of unfrozen water [°K]

v, the molar volume of ice [19,8-10-3 m3/kmol€]

Vi the molar volume of liquid water [18:10-3 m3/kmole]

Thus, the pressure will increase with decreasing temperature. At -20°C the pressure is 260 M Pa.
Powers /10/ treats the case where the pressure from the ice body acts directly againgt the pore wall

without a layer of unfrozen water between the solid wall and the ice body. This leads to consderably
lower pressures, which can however il be big enough to cause damage.
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Air pore with ice

Ice in coarse capillary  Unfrozen water in gel pore and
in fine capillary

Figure 8: lllustration of damage mechanism 3.

@

Pressure against pore wall

Z
Cd
Unlimited water reservoir

Curved water meniscus
due to drying

Figure 9: Model for calculating the pressure caused by microscopic ice lens growth. (a) Unlimited
supply of unfrozen water. (b) Limited amount of unfrozen water; the drying effect.

Drying due to transfer of nonfreezable water reduces the pressure. The following expresson can be

used for the modd in Fig 9b.

p = (DH/T){D/ (vi-vi)] - [vin/(Vi-vin)]-Pg

Where the second term on the right hand side is the reduction due to desiccation. [y is the under-
pressure in the water phase caused by drying. It depends on the curvature of the meniscus between

water and air caused by drying, and can be described by the Laplace law:

Pg=2s/y
Where s the surface tension between air and water [75-103 N/m]
rq the radius of the meniscus between air and water [m]
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If the temperaure is -20°C, as in the example above, and the drying has crested an under- pressure
which can be described by the meniscus radius 70A corresponding to 85% RH according to the Kelvin
equation, the pressure exerted by the ice body is now reduced from 260 MPato about 45 MPa.

Pressure due to this mechanism appears as long as water trangport to theice lensis possible; i.e. aslong
as there is no energy balance between ice and water. Therefore, pressure can appear even when thereis
no lowering of the temperature. One practica example of this behaviour is seen in Figure 10.

During the very firg freezing, taking place around 0°C, some water is transferred by hydraulic action to
the air pores where it will freeze momentarily. Growth of these ice bodies will occur without pressure
being exerted, sincethe pores are not completely filled by ice. Water transfer, therefore, primarily takes
place towards these ice bodies. After a certain time, other ice bodies, being under pressure, will melt,
and the melted water will be transferred towards the stress-free

ice in ar pores. Therefore, the maximum pressure gppearing in the cement paste depends on the
possibility of water transfer towards ar pores. The pressure will diminish when the distance between air
poresis decreased. Damage mechanism 3 therefore aso predicts the existence of critical distances e.g
critical thickness or critical spacing factor. This statement is supported by measurements, see Figure 11
showing length measurements of cement paste with different spacing factors. The larger the spacing
factor, the bigger the expanson of the cement paste during freezing. At very low spacing factors, a
consderable contraction takes place. This indicates that the contraction caused by drying due to water
transfer dominates over the pressure caused by the growing ice lenses, the second term on the right
hand sde of egn. (20) dominates over the first term.
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Figure 10: Measured temperature-time and length-time curves at freezing of a cement paste with
the W/C-ratio 0,45; /9/.
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Theoreticdly, damage mechanism 3 ought to be more pronounced the lower the freezing rate, and the
longer the freezing period. Then, the pressure has more time to develop. This is a great difference
between damage mechanisms 3 and 2. The latter is favoured by rapid freezing.

The damage mechanism has been treated by many authors. The first application to concrete was made
by Powers & Helmuth in 1953; /9/.

Damage mechanism 3 is of importance in a least two cases:
Case 1: Concretewith low W/C-ratio.
Such concrete has large amount of non-freezable water; see Table 2. This means that large pressures

can be built up before the drying effect limits the pressure.

Case 2: Freezing in the presence of de-icing saltsor sea water.
Thisistrested in ANNEX B.

Length
Lo= 2,56 mm ¢=0.48 4+

>

0 Temperature,°C

0,23 €=0.52 v -

Figure 11: Effect of the Powers™ spacing factor on the length change at freezing of cement

pastes with the W/C-ratio 0,60; /9/. (e, amount of evaporable water (m3/m3). Cooling
rate 0,25°C/h)

2.4 Damage mechanism 4; Macr oscopic ice lens growth

This mechaniam is the same as that causing frost heave in the ground. The mechanism requires that a
gable (immoabile) ice formation front arises in the concrete, for example at its surface part, and that this
front is continuoudy supplied by water from a” reservoir” located to the unfrozen part of the concrete, or
outdde this. The mechanism isillustrated by Figure 12a

The ice front, or the zero-degree front, is immovable when energy baance prevails, heet trandferred to
the front as a sum of the specific heat, and the heat of ice formation of water migrating to the front, must
be exactly as high as the heat loss from the front to the surroundings.
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Therefore, the first condition for macroscopic ice lens growth can be written:
dQ/dt = {dQ/dt} ¢ + {dQ/alt} (22

Where dQ/dt heet flow from theicefront [Jg]
{dQdit} ¢ latent heat at freezing of water transferred to the ice front [J'g]

{dQ/dt}  heat capacity of water transferred to the ice front [J']

The two fluxes on the right hand sde are determined by the permesability of the concrete, and by the
driving force for moisture transport to the ice-front. This force is of exactly the same type as for
destruction mechanism 3; i.e. energy differences between ice and unfrozen water. In mechanism 4 the
driving force is strengthened, since the water is dways warmer than theice.

When the permegbility is too low, the ice front can no longer be supplied with water, and the ice front
will advance. Consequently, the ice lens segregation will cease. Powers /10/ postulates that the ice lens
segregation should cease when the permesbility of the concrete defined by egn. (23) is smdler than

50-10-12 [g. The exact vaue of the critica permesability depends on the outer temperature conditions.
When it is very cold outside the structure, the heat 1oss to the environment is high, and consequently the
permesbility must be high if the ice lens segregation shall be possible; /11/.

dg/dt = B-dp/dx 23)
Where dg/dt  thewater flux [kg/(m2-9)]

dp/dx  the pressure gradient [N/(m2-m)]
B the coefficient of permesbility [9]

(a)

Quter water reservoir

Temperature

- F'“ °°“°‘°‘° Growmg ice lens -
........... /

.

.

/= 7
Unfrozen concrete  Unfrozen water

Figure 12: Illustration of damage mechanism 4.
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The permeshility levels just discussed are vaid when water is only transported by energy differentias.
Ice lens growth can occur a a much lower permeability if water is also trangported by outer water
pressure; Fig 12b. A norma well-cured out-door concrete is however dense enough to make ice lens
growth impossible even during such conditions.

The driving force diminishesif the unfrozen part of the concrete is drying by the water transport to the ice
front. The mechaniam is exactly the same as that described under damage mechanism 3 above; egn.
(20).

A second condition for macroscopic ice lens growth is that the pressure in theice lensis not so high that
the lens penetrates an adjacent entrance pore, instead of growing in Stu. This condition is given by the
following rdation; /12/:

Pmex= 3.75-10% 1-exp(-4,54-10" 10/r)} (24)

Where r the radius of an equivadent cylindrical entrance pore to theice lens[m]

Damage can therefore be hindered if the concrete strength exceeds a certain vaue given indirectly by
egn. (24). (Smilarly, frost heave in the ground can be stopped by exposing the ground to a pressure
which is high enough.)

Already before the pressure given by egn. (24) is reached, a Sress relief can be obtained if the growing
ice body can force the previoudy formed ice out of the materid towards its warm face. For some
coarse-porous materids such as clay brick one has observed long "ice worms’ coming out from the
pores at the warm face. In such cases the materia has had access to large amounts of unfrozen water
during along period.

The diameter of the coarsest pore in a concrete will probably always be smaler than
1 mm. Therefore, according to egn. (24), a pressure of 3,4 MPa or more can arise before ice lens
growth is stopped. Even before that happens the permesbility criterion is normdly "activated’. A
concrete with very low tendle strength and high permeability can, however, become damaged by
macroscopic ice lens growth, especidly if the concrete is exposed to outer water pressure like in Figure
12(b). The damage mechanism has been observed in red structures by Collins; /13/.

The theory was developed for frost heave in soil as early as during the 1930:ies. The firgt gpplication to
concrete was made by Powers, /10/. The damage mechanism is of specid importance in two cases:

Case 1. Green concrete.

Normally, al criterions for macroscopic ice lens growth are fulfilled in a concrete thet freezes a short
time after cagting. The ice formation occurs immediately below the surface thet is cold, while the interior
of the concrete, which is warmer, supplies water so that the ice lens can grow almost without restraint.
The growth does not cease until the permeahility is reduced below the criticd vaue due to hydration, or
until the interior of the concrete is dried so much that heat balance according to egn. (22) can no longer
be maintained. The ice lenses are often formed at the interfaces between coarse aggregate grains and the
cement paste. De-lamination caused by early freezing has a'so been observed; /14/. If de-lamination is
observed in a damaged sructure, and if this was erected during winter under freezing conditions, one
must suspect early freezing as the cause of damage.

010427/CONTECVET. Frost Manual. ANNEX A 19



Case 2. Concrete of low quality in hydraulic structures, such as dams.
In this case, the water reservoir on the warmer side provides the water required for the ice lens growth.
In the worgt case the concrete can be totally de laminated.

3. Thedcritical distance between air -filled pores

3.1 Thecritical flow distance

As shown in paragreph 2.1, a completely saturated concrete will be severely frost damaged by one
sngle freeze-thaw cycle. However, ared materid is never completdly saturated, even during very moist
conditions, but contains a number of air-filled pores that are bigger than about 10 nm; smaller pores
becoming water-filled aready during a very short water storage period, see paragraph 5.2. These pores
save the concrete, provided ther totd volume is big enough. Theoreticdly, an air filled volume of about
1% would be big enough to accommodate the 9% increase in volume of frozen pore water; see
paragraph 2.1. In redity, a bigger air volume is required, Snce water has to move from the freezing Ste
to apore, where it can be accommodated.

The two most important mechanisms for frost destruction of concrete are mechanisms 2 and 3 described
above. Both predict the existence of a criticd, or maximum alowable, distance between a place where
ice is formed, and the nearest air-filled escgpe pore. Thus, both mechanisms predict the existence of a
critical flow distance, or a critical spacing, between air-filled pores. By critical is meant maximum
acceptable.

The distance between adjacent ar-filled pores is not constant, but varies from pore to pore. It is
however possible to derive an expression for the average air- pore spacing, taking into consideration dso
to the sze digtribution of air-filled pores. Such aformulais derived in /15/ and is shown in egn. (25). It
expresses the probability that an arbitrary point in the water-filled part of the cement paste shdl be
located within the distance L~ from the periphery of the nearest air-filled pore. Thus, the average tota
spacing between air-filled poresis 2.L".

a{ 1+L - a+(L")2- a{u]1/[u] 5+1,33(L")3-a {ul olul 2} =C (25)

where  a the total volume of air-filled pores [m3/m3 of cement paste (air-filled pores
included in the volume of cement paste)]

[ul; thei:th satistica moment of the Sze didtribution of air-filled pores

a the specific surface of theair-filled pores; i.e. the tota envelope area of dl
ar-filled pores divided by their total volume [nT1]
C isacondant that is different for different probabilities that al points in the water-filled matrix shdl be
within the digance L from the nearest ar-pore (be protected). For C=1 the probability is 63%; for
C=2,3 the probability is 90 %, etc. In /15/ it is shown that the distance L” for C=1 (63% probability) is
equa to the so-cdled Philleo spacing factor; /16/.

Thus, the vdlue L” depends on the volume fraction of the materiad that isto be protected.
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Egn. (25) is a generd expression giving a sort of statistical spacing L~ betweenar-filled pores. The
materia is damaged if a critica vaue LR’ is transgressed. Hence, the more weter in the materid, the

bigger the distance L", and the bigger therisk that the materia shdl be damaged. This means that internd
frost damage is to a very high degree a moisture mechanics problem. Thereisno frost damage unless
the water content is so high that the critica spacing is transgressed.

The criticd flow diganceisvisudised in Figure 13.

// |_—Air-filled "escape pores"

— The "ﬂqw distance", L~

N Water-filled cement paste

/\Arbitrary point in the cement paste
2

Figure 13: The critical flow distance

3.2 Thecritical Powers spacing factor

An gpproximate way of expressng the distance between air-filled pores is to assume that dl ar-filled
pores are of equa size and placed in a loose-packed array, every air-pore being surrounded by a
cubica shdl consgting of water saturated cement paste. The biggest distance water has to be
trangported during freezing corresponds to the distance between the corner of the cube and the
periphery of the air-pore. The modd is shown in Figure 14. The distanceis caculated by

L=(3/a)-(1,4(1/a)1/3-1) (26)
Where aand a have the same meaning asin egn. (25).
Geometrica relations exist between the critical spacing factor and other critical Szes, like the critical
thickness D; /8/. Probably, the reation is to a certain extent depending on the mgor destruction
mechanism. For the hydraulic pressure mechanism, the relation between the critical thickness of a dice,
DcR -edn.(14)- and the critica spacing factor, Lcr -egn. (16)- isgiven by egn. (17).

Thus, the relation between Lcr and DR is dso a function of the size of the air-filled pores, which is
expressed in terms of its specific surface a. For normal concrete, DR is of the order 1 mm, and the

spedific surface of air-filled poresis often about 15 to 20 mm-1. Thus LcRisof the order 0.35 mm.
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This model was first used by Powers, /17/, and is therefore often cdled the Powers™ spacing factor.
Powers himsdf, however, included dl so-cdled ar-pores in caculatiing the spacing factor. He dso
included ar-pores that were water-filled during naturd conditions. This means that the critical Powers
spacing factor, as defined by Powers, is corsderably lower than the "true’ criticd spacing factor in
which only ar-filled pores are included in the vaues of a and a As shown in paragraph 7.2 it is of the
order 0.22 to 0.25 mm.

air-pore
cement paste
i
’/ " |’I
] 2
4 ’
]
-/ Y
L
il
2t

Figure 14. Definition of the Powers spacing factor
4. Thecritical water content

4.1 Principles and method of determination of the critical water content

When concrete is exposed to free water, this is absorbed; first in the gel pores, capillary pores, and the
finest aggregate pores, and when these are completely filled, dso in the air-pores, coarser aggregate
pores and " defect pores’ (interfaces and cracks etc). The process of water absorption in air-pores and
other coarse pores is described in paragraph 5.

Due to the gradud absorption in the air-pores, the average spacing between these gradualy increases.
Thus, the flow distance as described by egn. (25), or the Powers spacing factor as described by egn.
(26), gradudly increases. At a certain water content, the actual spacing equas the criticd. This water
content is the critical water content. The effect of water content on the resdua spacing between air-
filled pores and the occurrence of the critical moisture content is visudised in Figure 15.

Therefore, for each concrete there exists an individud maximum allowable, critical, water content. This
can be defined in terms of a moisture content w, moisture ratio U, or adegree of saturation S
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where

The critical water content, WcR, UCR Of ScR, can be determined experimentally by afreeze-thaw test

of sealed specimens which are adjusted to individual water contents before the test, and which are then
exposed to a low number of freeze-thaw cycles, /18/. A mechanica property, like strength or E
modulus, is determined before and after the test. Another possibility is to measure the length change
caused by e few freeze-thaw cycles. An example of an experimental determination of Scr of concrete

w=WV [Kg/md] (27)

U=Wg/Qq [kgkd] (28)
SVy/P  [] (29)
We the weight of dl pore water [kg]
Y, the total volume of concretelm3]

Qd the dry weight (+105°C) [kg]
Vw the volume of dl evaporable water in the concrete (in the cement paste, in

partly water-filled air- pores, in aggregate pores, in interfaces, etc [m3’]
P the total volume of &l poresin the concrete [m3].

is shown in Figure 16. Other examples are shown in Figure 17.

The vdue of the criticd water content is defined as the bresking point in a diagram where damage is
plotted againg the water content prevailing during the freeze-thaw test. As a measure of ”damage’,
strength loss, permanent expansion, or loss in (dynamic) E-modulus can be used. Thelast possbility is
the most rational one because it is sengtive to al types of damage, it israpid, and it does not destroy the

specimen making it possible to use thisfor new freeze-thaw exposure.

The critical moisture content can also be calculated theoretically; /19/.

Figure-1—5: A gradually increased water content gives a gradually increased air-pore spacing. At

W<Wcr W=WCcRr W>WcCR

'

R

/

% ///, Z

Water-filled "air-pore* Air-filled air-pore

acritical water content the critical air-pore spacing is reached.
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Figure 16: The critical degree of saturation of a concrete with w/c-ratio 0.45 and air content 6%;
125/.
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Figure 17: The critical degree of saturation of two concrete types; Type |, non-air-entrained,
Typell, air-entrained; /20/.

4.2 Effect of therate of freezing on the critical water content

It has been demondtrated experimentally, that the value of ScR is dmost completely independent on the

rate of freezing, see Figure 18; /20/. Other experiments confirming this can be found in /21/. Norma
vaiations in the freezing rates in the surface part of a concrete is between 1 and 3°C/h. This small
variation has no important effect on the critical moisture content, and therefore it does not have to be

considered.
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Figure 18: Effect of the rate of freezing (between 0°C and-10°C) on the critical degree of
saturation of two types of concrete ; /22/.

In freeze-thaw testsit is often found that the freezing rate has a considerable effect on the result. There
is no unambiguous answer, however, to whether an increased freezing rate is negetive or positive. Such
tests are dways performed as "open” tests, where water has the posshbility to enter and leave the
concrete during the test. Therefore, the water content in the concrete will be dependent on the way the
test is performed. In a”dry” test, in which the concrete has a possihility to dry during the freezing phase,
an increased freezing rate is often negative, Snce the drying period is short. In a”wet” test on the other
hand, in which the concrete is stored in water (or ice) during the whole freeze-thaw cycle, a decreased
freezing rate is negative, Snce the water content will increase steadily. These effects of the freezing rate
have nothing to do with the criticd moisture content, only with the moisture content reached in the
concrete; the actual moisture part of the frost resistance problem, see paragraph 6.

4.3 Effect of the number of freeze-thaw cycles (fatigue) on thecritical
moistur e content

The critical moisture content, like ScR, is independent on the number of freeze-thaw cydes. Thisis seen
in Figure 16 where the increase from 9 freeze-thaw cycles to 78 did not change the location of the
bresking point. It is even more clearly seen by Figure 19 where the result of a freeze-thaw test of

moisture sealed cement mortar specimens is shown. The specimens have been exposed to an increasing
number of freeze-thaw cycles while the moisture content has been kept congtant in each specimen.
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Figure 19: Effect of the number of freeze-thaw cycles and of the degree of saturation on the
frost damage of cement mortar; /23/.

Another example is shown in Figure 20. The length change has been monitored during the freezing phase
of a freeze-thaw test of a concrete specimen. The critical degree of saturation, which is defined as the
degree of saturation below which there is no expansion, is uninfluenced by the number of freeze-thaw
cycles.

Thus, there is no true fatigue involved in freeze-thaw damage, snce only a few freeze-thaw cycles are
able to destroy the concrete if the water content is high enough. There is a certain ”low-cyde’ fatigue
effect, but only when SSScR. The fact that damage in a traditional ”open” freeze-thaw test often

increases with increesing number of freeze-thaw cycles is not depending on fatigue, but on a gradud
water uptake. During each new cycdle the moisture content is higher than it was in the previous cycle,
especidly in the surface part of the specimen. Therefore, damage is gradudly increesng. This fatigue
effect isdiscussed in /24/.
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Figure 20: Effect of the number of freeze-thaw cycles and degree of saturation on
expansion during closed freeze-thaw of a concrete; /21/.

Consequently, no frost damage occurs if S<ScR, independently of the number of freeze-thaw cycles. At
S>ScR damage is bigger the more R is transgressed. For a given number of freeze-thaw cycles,
damage seems to be directly proportiona to the amount by which S transgresses $R. Thus, the
following ”damage’ criterion can be used:

SEScr Damage=0 (30a)
S>Scr: Damage=KN(S-ScRr) (30b)

Where Ky a” coefficient of fatigue’ which depends on the number of cycleswith
S>ScR.

In Figure 21, data from Figure 19 have been used for defining K\ according to egn. (30b). " Damage’
is based on the relive change in dynamic E-modulus after N cycles. Thus, "damage’, D, isdefined as.
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D=(Ey-EN)/Eq (31)

Where E, the dynamic E-modulus before freeze-thaw
EN the dynamic E-modulus after N freeze-thaw cycles.
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Figure 21: Plot of the coefficient of fatigue defined by egn. (30b) based on the
experimental data in figure 19.

Figure 21 shows that K\ is approaching a "fatigue limit” within about 70 cycles. Ky can be described
by an equation of the following type:

KN=AN/(B+N) (32)

Where, A the fatigue limit, giving the maximum possible damagewhen N is
goproaching infinity. A isdifferent for different materias
B coefficient which is different for different materids

Probably, A and B are individua for each concrete. For the cement mortar in Figure 19, A=1.2 and
B=4. For concrete, the coefficient A seems to be higher. A-values of the order 12 are reported in /24/.
This gives condgderably bigger damage after few cycles.

5. Water absor ption in concrete
5.1 Water absor ption and frost resistance

Fig 22 shows a representative unit volume insde abigger concrete member. The unit volume is damaged

if its actud moisture content transgresses the critica moisture content at the same time as freezing occurs.
M acroscopic dameage is observed when a sufficiently big number of unit volumes have been damaged.
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Figure 22: A representative volume inside a concrete structure. Evolution of the moisture content
and frost damage in the volume.

This means that frost damage is related to the moisture conditions in the structure. Therefore, in order to
edimate the risk of frost damage, it is necessary to predict the moisture field in the materid over the
years. Therisk of frost damage, Pp, in a certain materids volume can be calculated by:

Wimax
PD: P{ w A CT>WCR} = (‘)F(WC R) -f(W A CT) dw (33)
0]

where F(WcR) thedidribution function of the critical moisture content
f(WacT) thefrequency function of the moisture content in the structure
Wmax  themoisture content at complete saturation (S=1)

Thus, both WCR and Wa cT are assumed to be stochastic variables; Wa ¢ is of course much more
variable than W R.

Eqgn. (33) shows that frost resistance is mainly a moisture mechanics problem. Moigture influences
both the ‘load part’, Wa cT, and the ‘resistance part’, W R, of the frost resistance problem. Eqgn. (33)

isillugrated in Figure 23.
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Figure 23: The frost damage risk defined by egn. (33).

5.2 Water absor ption before and between freezing

5.1.1 Water absorption in the capillary pore system

When concrete is exposed to liquid water, dl gel pores and capillary pores in the surface part of the
dructure are filled amost immediately. After longer absorption times, dso al capillary pores in the
interior parts of the concrete will become water-filled by capillary suction.

One can therefore assume that the entire pore system in concrete, except the air-pores, are often water-
filled during moist outdoor conditions. This is the reason Wy ar-pores are needed to protect the
concrete.

The water absorption properties of a concrete can be investigated by letting a thin dice of the concrete
suck water from a free water surface. Then, a moisture uptake curve of the type shown in Figure 24 will
be obtained. The breaking point in the diagram corresponds to the Stuation when al gd and capillary
pores are water-filled. This is seen in Figure 25 where the theoreticdly caculated ar-pore volume,
based on the assumption that the breaking point corresponds to complete filling of dl gel and capillary
pores, is compared with the actud measured air - pore volume. The agreement is excellent.

Scap
1,0
[Sn] >
o - 33d
Vs
- 5 /Y LTypiccl standard dev. 0,010
O,S}
0 1 1 Laloaal | 1 1 ) 1
0 1 5 12 24 48 72 96 120 h
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Fig 24: Water absorption curvesin 25 mm thick slices of a number of concrete, /25/.
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Figure 25: Experimental relation between measured air content and air content calcula-
ted from the breaking point in diagrams of type Figure 23 assuming the
breaking point corresponds to complete filling of all gel and capillary pores.

5.1.2 Water absorption in the air-por e system

Not only gel and capillary pores can be water-filled, but dso part of the air-pore system, provided the
outer conditions are moist enough. Thus, the air-pore system becomes more or less inactivated with
time Thiswas illugrated in Figure 15. The air- pore absorption can be treated theoreticaly, and also be
observed experimentaly. It is input in a service life prediction as described in paragraph 6.2, and in a
prediction of the future frost destruction as described in Appendix C. The ar-pore absorption
mechanism will be described very briefly.

When the concrete is placed in water, asin atest illustrated by Figure 24, air will be entrapped in coarse
pores surrounded by finer continuous pores; /19/. Thus, in al entrgpped and entrained air-pores, being
bigger than Imm, an air-bubble is enclosed, since the ar-pore is surrounded by a fine-porous cement
paste matrix, in which the biggest capillary pore is less than 0.1 mm. The air bubble is exposed to an
over-pressure caused by the curved meniscus between the air bubble and the water. The bubble will
therefore be compressed. The relation between the volume of the compressed air bubble, and the totdl
volume of the empty pore can be described by Boyl€e's law. The following relaion is obtained:

ViV Y3.(VyV1-1)=2-s/(10°R) (34)

where Vg the pore volume [m3]
\A1 the volume of the compressed air bubble inside the pore [m3]

R the radius of the empty pore [m]
S the surface tension between air and water [N/m]

109  the atmospheric pressure [Pd].
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This equation $ows that pores with radii smaller than 0.1 nm (like capillary pores) will become
completely water-filled almost directly when the concrete is exposed to water; the resdud volume
of the compressed air-bubble is only 1.8% of the totd pore volume. Therefore, such pores are dmost
aways saturated during normally moist conditions.

An ar-pore with radius bigger than 10 mm will gay ar-filled for long time aso when the concrete is

stored in water; the volume of the compressed air-bubblein a pore with radius 10 mm is as high as 87%
of the pore volume.

The over-pressure ingde the ar bubbles makes air gradudly dissolve in the surrounding pore water,
however. The solubility of ar increases linearly with increased pressure. At +20°C the solubility, s, of air

in water is s=2,5-10"7-P kg/m3 where P is the air pressure inside the air-bubble. This is given by the
Laplace law

P=10°+2s/r (35)

where 109 the normal atmospheric pressure [1 bar]
r the radius of the enclosed air-bubble [m]

Thisdissolution of enclosed air into the pore water implies that there will be a gradua and dow transfer
of ar from every bubble to adjacent coarser ar bubbles. The driving force for this transport of air isthe
difference in ar pressure, and hence the difference n the solubility of air. The smaler the bubble, the
bigger the pressure and solubility. Consequently, there will be a complicated network of inter-pore
diffuson of ar. It can be shown that this inter-diffuson can cause a net reduction in ar volume, /19/.
Therefore, it causes awater uptakein the bulk materid, even if no air is trandferred to the surface of the
materid. However, there is dso transfer of air to the outer surface. Principdly, after long time, the tota
volume of water uptake is equd to the total ar volume trandferred to the surface and leaving this. The
time process of air dissolution and water uptake is theoretically described in /19/.

The dissolution/absorption processis very dow. It occurs after the bresking point in awater absorption
experiment of the type shown in Figure 24. Experimental observations and theoretical considerations
indicate that the long-term absorption after the breaking point can be described by (in terms of degree of
saturation):

S=A+BtC (36)

where A the degree of saturation at the breaking point
B coefficient determined mainly by the diffusivity of dissolved air, and the
ar-pore size digribution (the higher the diffusivity, and the finer the air-pore
system the higher the vaue of B)
C coefficient determined mainly by the ar-pore distribution

For a concrete with non-porous aggregate, A corresponds to total water-filling of dl gd and capillary
pores; i.e.
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Where P the total porosity [m3/m3]
a thetotal air-porevolume [m3/m3]

5.3 Water absorption during freeze-thaw and its effect on frost damagein a
freeze-thaw test

When freeze-thaw takes part during very moist conditions, extra water might be forced into the concrete
S0 that the next cycle will occur a ahigher moisture leve than the previous cycle. This has frequently
been observed in freeze-thaw tests. Examples are given in Figure 26. It probably aso occurs during
naturd freeze-thaw.

The mechanism behind this water absorption is not fully darified. It, however, occurs in the initidly air-
filled pore system, since this is the only place where water can be accommodated. It dso occurs in
cracks formed during freeze-thaw. At constant temperature above zero, the water absorption is caused
by the dissolution of air enclosed in ”air-pores’, described above; /19/.

During the thawing phase in water, this might be sucked into the materid by different mechanisms. Since
ice-bodies contained in bigger pores has lower free energy than unfrozen water in finer pores, thereisa
certain internal desccation of the materid during the freezing phase; see Damage Mechanism 2 in
paragraph 2.3. During thawing, the materid is therefore able to suck water in order to restore saturation
of the desiccated pores. The mechanism isonly active in fine- porous materids containing alarge fraction
of non-freezable water.

Another possihility is that water is sucked into the materia when ice ingde the pores mdts. The volume
of the mdted water is lower than theinitid volume of ice.

Water absorption in % of the cement weight

20 =
W/c-ratio = 0,70
W/c = 0,55
10
' W/c = 0,50
0 ] 1 | | |
0 100 200 300

Number of cycles

Figure 26: Water absorption in three concrete types at freeze-thaw in water; /26/.
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Another mechanism for water absorption during thawing is that, when the specimen warms from its
lowest temperature, the contraction of the ice phase is bigger than the contraction of the solid materid.
Therefore, theoretically, there is a possbility of a certain absorption, provided the specimen is placed in
unfrozen water; /27/.

When the materid is frost damaged, the cracks formed will be rapidly filled by water. Therefore, one
can assume that the absorption rate is somewhat bigger in the frost damaged materid than it was before
frost damage occurred.

A specid case is At frogt scding, where the materid surface is exposed to a sdt solution, normaly
NaCl. Then, ice bodies formed close to the surface will absorb water from the solution, since this
contains unfrozen liquid down to the eutectic temperature (-21°C for NaCl.) The driving force for water
absorption isthe free energy differential between liquid and ice. SAt scaling is presented in ANNEX B.

In a traditiond freeze-thaw test, and sometimes aso in the red Sructure, the water content in the
specimen will therefore gradudly increase. Thereby the interna stresses during freeze-thaw will gradudly
increase, provided the critical moisture condition is transgressed. Examples of the gradua increase in
damage during traditiona moist freeze-thaw test of cement mortars are shown in Figure 27. For some
mortars, deterioration starts dready at the first cycle For other mortars, a certain number of freeze-thaw
cycles are needed.

Theresult in Figure 27 can be interpreted in the following way; see Figure 28 and /24/.

1. When the test gtarts, the initid moisture content, S, is below the critical \aelue. Consequently no
damage occurs during the first cycles; points 1, 2, 3 ,4 in Figure 28.

2: Due to water uptake during and between the freeze-thaw cycles, the water content is gradualy
increasing; Figure 28(a). Findly, the criticd moisture content is reached in the whole or parts of the
materid, point 5 in Figure 28. The time and cycles needed for this to happen depends on the water
uptake during each cycle, DS, and on the difference between the initid moisture content S, and the
critical moisture content Scr. Thus, a higher number of cycles are needed
for materids which are highly frogt resstant than for materials with low degree of frost resstance.
This explains why the different materials in Figure 27 dart to deteriorate after different number of
cydes.

3: Already one cycle after the critical moisture content has been reached, the water content is so high
that frost damage occurs, point 6 in Figure 28. The amount of frost damage depends on the amount
by which the criticd water content is transgressed, and is given by the expresson D=KN(S-
ScRIFIA-V(B+1)](S-ScR).

4: Due to frost damage, the water absorption during each cycle probably increases in comparison with
the absorption before the criticd moisture content was reached. This is visudised by the steeper
water uptake curve in Figure 28(a).

5: Due to the extra water absorption, and the increasing number of cycles, damage after each number of
cydes is determined by different damage lines, point 7 is on the line for 10 cycdles, point 8 is on the
line for 20 cycles, point 9 is on the line for 50 cycles.

Thus, the gradua damage observed in open freeze-thaw tests is not a consequence of fatigue, but of a

gradud increase in moisture content above the critical. There is a certain low-cycle fatigue but it is
limited to thefirst cycles.
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Figure 27: Reduction in E-modulus of cement mortar specimens repeatedly frozen in air
to -15°C and thawed in water at +5°C. 2 cycles per day; /28/.
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Figure 28: Principles of water absor ption and development of damage in an open
freezethaw test; /24/.
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6. Servicelifewith regard to frost

6.1 The service life befor e frost damage occur s-a general definition

Interna frost damage negatively affects most mechanical properties. It causes reduced compressive and
tensle strength, reduced bond strength of the reinforcement, loss in E-modulus. Besides, it causes
aesthetic damage by cracking. The effect of frost damage on mechanicd properties of concrete is
discussed in ANNEX E.

The effect of frost damage on the structura capacity and safety depends on which part of the structure is
damaged, how big volume is damaged, and the extent of frost damage. In the fallowing, only onesingle
unit (representative) volume is consdered. One damaged unit volume will not serioudy affect an entire
sructure. Normdly, however, many unit volumes are damaged at the same time. Therefore, by analysing
the service life of one unit volume in a crucid section, the sarvice life of the entire structure can be
approximately evauated.

In practice, the concrete structure will take up water. The water content can be expressed in terms

of a degree of saturation Sp T of the concrete as a whole, as defined by egn. (29). When the actua
degree of saturation exceeds the critica degree of saturation over a sufficiently big portion of the
structure, frost damage will be observed. As shown by Figure 16 and 17 consderable frost damage
occurs dready after a few freeze-thaw cycles when S\ cT>ScR. This means that one can define
savice life as the point of time when ScR is transgressed for the first time (provided the concrete is at

the same time exposed to freezing temperatures). The sarvice life of a unit volume ingde the structure
can therefore be defined by one of the conditions:

W(ljife)"WCR (383)
U(tjire)=UcRr (38b)
S(tiited=Scr (380)

Where wcR, Ucr and SR are the critical moisture content, the critical moisture ratio and the critical
degree of saturation as defined by egn (27), (28), and (29). w(tjife), U(tjife) and S(tjife) are the actual
moisture contents in the unit volume when the critical moisture content is reached for the firs time, i.e
when t=tjjfe, Wwhere t isthe tota exposure time from erection of the structure.

Note:

The definition above is based on the assumption thet frost damageis very big if the critical moisture
content is transgressed once. Thus, the first time this happens, severe frost damage is supposed to
occur. Thisis not dtogether correct, Since a certain number of transgressions are needed in order
to obtain a big damage; see Figure 19. Using egn. (30b) the service life criterion is ingtead (When
moisture content is expressed in S):

S(t)® Dy K N+ ScREDPmaxB+N)/A N+ScR (39)

Where Dpgx  the maximum tolerable reductionin E-modulus (or strength) (OEDEL)
KN the ” coefficient of fatigue’
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Example:
If Dmax is 0.3 (30% destruction) SSR=0.77 and the coefficients A and B defining K (see egn.

(30b)) are 12 and 4, service life is ended when:
S(t)30.3(4+N)/12:-N+0.77

Thus if there are 10 cycles during which S transgresses Sc, service life is ended when the average

degree of saturation during these cycles is 0.805 instead of 0.77 gven by egn. (38c). If the number
of cyclesis 1000 service life is ended when S=0.795. Thus, the effect of the number of freeze-thaw
cyclesisnot so big. Therefore, egn (38) can be used as a criterion on "the safe side”.

In the generd case, both SpCT and ScRr are functions of time. For SpCT thisis sdf-evident, since the
moisture content fluctuates al the time. For ScR it is not so evident. Experiments indicate thet a certain
increase in the criticd moisture content occurs during the first days and weeks. However, for an old
concrete it can be assumed to be constant.

Savice life defined by egn. (38) is dso visudised in Figure 29. It is of course dmogt impossible to
predict exactly when the condition (38) occurs for the firgt time. For this to be possible, one has to be
able to predict the future moisture variaion exactly. A stochastic gpproach can be used as shown by
egn. (33). For degree of saturation as a measure of moisture, the condition for frost damage is described

by:

1
P{Scr<SacT} = OF(Scr®)f(SacT(1)-dS (334)
0

Where P{ScRr<SacT} the probability of frost damage, 0=P=1

F(Scr(®) the digtribution function of ScR a timet
fSacT®) the frequency function of Sp T a timet
ds intervd in the degree of saturation S,

Thus, if the varigtions in Scr and Sa T as a function of time can be expressed quantitatively, egn.
(333) can be used for caculating therisk of frost damage a a certain point of time.

In an old Structure, that is not frost damaged, or in which damage has a certain limited vaue, there is no
reason to assume a different variation in inner moisture content in the future than the ”historic” variation.
Therefore, there is no reason to assume a bigger risk of frost damage in the future, unless the climate is
radicaly changed.

The sarvice life of the entire structure will be a function of the service life of the different unit volumes
building up the structure, and can only be evauated by evauating the entire moisture-time fidd in dl unit
volumes across the entire structure, together with an evauation of the digtribution of the critical moisture
condition in al unit volumes across the entire structure. A stochastic approach described by egn. (33)
can then be used for dl parts of the structure. Then, using norma structural anaysis, the time process of
deterioration of the structural stability of the entire structure can be made. The method of a structural
andyssisaso discussed in ANNEX H.

010427/CONTECVET. Frost Manual. ANNEX A 37



" F())<0

Scr

M

Sacr

Unit volume with SCR and SACT
A\

1

Yife Time, t

Figure 29: Definition of frost resistance, F=ScRr-SacCT, and servicelife, tjjte

6.2 The service life befor e frost damage occur s-the potential service life

Instead of using the redly occurring degree of saturation for caculaing service life one can ue a
definition based on a smple water absorption test. The most smple test is the continuous water
absorption within a thin dice of the concrete. The dice is put in contact with a free water surface.
Evaporation from the specimen is hindered by an impermesable lid on the water uptake vessdl. Examples
of the result of such tests are shown in Figure 24. Normally ScR corresponds to a water uptake beyond

the breaking point in the diagram; i.e. acertain air-pore absorption is required.
One can define a sort of potential service lifeas the time it takes for the capillary uptake specimen to

reach the critical water absorption. Thus, the potentid service life, tp,life, is defined as (when S is used
as measure of moisture):

Scap(tplife)=SCR (40)

This definition is visudised in Figure 30. It can be proven by an andyticd andyss of the water uptake
process in air-pores, that the long-term absorption in the ar-pores can be described by an equation of
the following type; see paragraph 5.1.2 and /19/:

Scap() = A+B+C (363)

Where A,B,C  coefficients determining the rate of capillary water uptake
t absorption time expressed in hours

This means that the potentia service lifeis caculated by:
tojite={(Scr-AYB} VC (41)
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Principdly, each red environment corresponds to a certain point on the long-term absorption curve.
Some examples can be given:

1. Vertical surface (e.g. a facade). The water uptake normally corresponds to the breaking point, i.e
Scap=A. Then, since Scr normaly is bigger than A, this means that:

tplife= ¥

2. Road surface. The surface might be very moist for months. Let us assume that the maximum moisture
content corresponds to 3 months (2160 hours) in the capillary water uptake test. Then, the leve of
frost resstance after thistimeis

F(3 months) = Sor-Scap(3 months) = SoR -{A+B-2160C}

If this expresson is negative, the sarvice life is lower than 3 months, and the concrete is not frost
resgant in its environment. If the expression is pogitive;

toife™¥

3. Bridge pier at the water line. The concrete will have no chance to dry. Thus, egn. (41) can be used
directly for esimating the service life. The problem is that the coefficients B and C must be known
with very high precison because of the very long time-extrapolation required. Moreover, it might very
well be that the type of equation used -egn. (41)- cannot be used for very long extrapolation.

S

F()<0

Scxr
St with SCR and SCAP

{ .
[ 4 l/)/wrwdm

Co.lite Time, t

Figure 30: Definition of the " potential servicelife”, tp ife
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7. Concretetechnological factorsand internal frost resistance

7.1 Air content

By increasing the ar content in a concrete, the spacing between air-pores is reduced. Therefore, the
resstance to interna frost damage increases with increased air content. An example of the relation
between air content and interna frost resstance measured by the American ASTM method C666 is
shown in Figure 31.

The more moigt the environment, the bigger the air content required, Snce some air pores gradualy

absorb water in moist environment; paragraph 5.1.2. A nontar-entrained concrete can therefore be
suspected to have low frost resstance in amoist environment.

In older concrete, the internd frost resstance might be quite high aso when it has no air-entranment.
The reason is that such concrete often had quite a stiff consstency when it was cast. In dmost no
concrete made before the 1960:ies plagticisng agents were used.

In concrete cast before about 1940 interna vibration was not used. Instead the concrete mass was
compacted by hand-held poles or samps. Consequently, older concrete often contains abig

amount of compaction pores caused by insufficient compaction. Such pores can be effective in
producing frost resstance, provided their volume is above 2.5 to 3%, and the environment is not too
moig. In avery moist environment a higher air content is often needed (3.5 to 4%).

In more "modern” concrete, super-plagticizing agents, or water reducing agents, were frequently used.
Consequently, the consstency was more fluid, and as a consequence the "natura” compaction pores
was often very much reduced. Non-ar-entrained concrete of this type often has low degree of internd
frost resstance,

Theoreticaly, the ar content shal beso high that the critical moisture content corresponds to at leest the
water content that the concrete reaches in its environment. Thus, if the environment gives a moisture
content that corresponds to 1 week of water absorption the minimum air content canbe lower than if the
environment gives awater content that corresponds to 6 months of water absorption.
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Figure 31: Effect of air content on the internal frost resistance; /29/.
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7.2 Spacing factor

Normdly, the interna frost resstance increases with decreasing Powers spacing factor. The "true”’

critical gpacing factor considering only air-filled air-pores should be below about 0.35 to 0.40 mm; see
paragraph 3.2. This spacing factor is difficult to measure experimentally. Therefore, a spacing factor
based on dl ar-pores, aso the water-filled ar-pores, is dways used as a measure of frost resistance. It
has been found that during the very moist conditions prevailing in the test method ASTM C666 this
gpacing factor shdl be below 0,23 to 0.25 mm. Examples are shown in Figure 32.
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Figure 32: Effect of the Powers spacing factor, considering all air-pores, on the result of a
freeze-thaw test using the method ASTM C666, /30/.

7.3 Water-binder ratio

Theinterna frost resistance increases with decreasing water-binder ratio (w/b-ratio). Thisis natura snce
a reduced w/b-ratio makes the concrete more impermegble to water ingress. It also seems as if a
reduced w/b-ratio causes areduction in the average air pore size and spacing; see Figure 33.

An example of the rdation between the water/cement ratio and the number of freeze-thaw cycles
required for 25% lossin weight a a certain test method is shown in Figure 34. This figure shows that the
effect of wi/c-ratio is important only when the concrete is ar-entrained. The postive effect of a lower
wi/c-ratio is probably caused by the combined effect of alower water absorption and a more favourable

ar-pore structure.

For non-ar-entrained concrete, the effect of a lower w/c-rdio is remarkably smdll. It is only for w/c-
ratios below 0.40 that a marked positive effect of alowered w/c-ratio is noticed.
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Figure 33: Effect of the water/cement ratio on the Powers spacing factor (all air-pores included),
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Figure 34: Relation between the result of a freeze-thaw test and the water-cement ratio; /32/.

7.4 Type of cement

The cement type has no bigger influence on the internd frost resstance, provided the air content and
spacing factor are not affected.

The dkalinity of the cement seems to affect the frost resstance because it affects the air-pore formation.
A higher water soluble dkali content often tends to increase the spacing factor. Examples are seen in

Figure 35.
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It has turned out that incorporation of fly ash in cement, or in concrete, mght reduce the naturd air
content in non-ar-entrained concrete. This will have very negative effect on the frost resstance: One
exampleis seen in Figure 36.
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Figure 35: Effect of the alkali content in the pore water on the spacing factor of concrete having
about the same air content; /33/.
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Figure 36: Example of the effect of incorporation of 5 or 20% fly ash in the cement on the frost
resistance of concrete; /34/.
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7.5 Type of aggregate

Porous coar se aggregate particles, that can become fully ssturated when embedded in the cement paste,
will cause subgtantia damage, unless their porosity is below about 1 to 2%. Such particles will freeze as
saturated closed containers according to destruction mechanism 1 in paragraph 2.1. Therefore, the only
posshility there is, that these particles will not destroy concrete is that the cast-in particles cannot
become criticaly saturated in the redl outdoor condition. If they are very fine-porous this possbility can
be excluded when the environment is very moig.

Examples of the relation between the vacuum-saturated porosity of coarse aggregate and the expansion
during freeze-thaw of concrete made with the aggregate is shown in Figure 3. There is a limit between
good and average frost resistance at a porosity corresponding to about 1 to 2weight-% water content at
complete saturation.

It is only fine- porous aggregate, like limestone, date or sandstone, that can become fully saturated when
embedded in concrete, and which are therefore dangerous with regard to frost damage. Coarse-porous
aggregate, like expanded clay and other light-weight aggregate, can seldom become saturated to a
dangerous condition when used in concrete. Therefore, they will normaly not cause frost damage.

If the fine-porous aggregate is sndl, it will not be able to cause frost damage in the concrete. The
pressure caused by the freezing aggregate is small, because water can be expdled from the aggregeate
particles when these freeze. Therefore, there is an increased risk of frost damage with increased
aggregate Sze, see Figure 37, which shows the results of freezing tests of concrete with aggregate of
different size.

A more detalled discussion of the effect of porous aggregate on the interna frost resstance of concrete
is performed in /6/.
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Figure 37: Expansion during freezing of concrete containing porous natural aggregate. Effect of
aggregate size and water-cement ratio; /35/.
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7.6 Salt concentration of the pore water

If the concrete is exposed to sdine water for a very long time, the pore water might become sdine. This
might have an effect on the internd frost resstance, but probably this effect is not very big. It might even
be positive, snce the amount of freezable water is reduced when the pore water is sdine.

Specimens that have been stored for a very long time in NaCl-solutions with concentration up till 6%
have not been more frost damaged, when freeze-thaw tested in pure water, than companion specimens
stored for the same time in pure water. These results are shown in ANNEX B.

According to other tests, no difference in the critical degree of saturation could be observed for a
number of concrete tested with different salinity of the pore water. Thus, it seems as if the internd st
concentration does not Sgnificantly affect the interna stresses occurring during seded freeze-thaw.

All these tegts indicate that the effect of sdinity of the pore weater on the interna frost resstance can be

neglected. Also the effect on salt frost scding of the interna salt concentration is margind; see ANNEX
B.

8. Test methodsfor internal frost resistance
8.1 Freeze-test methods
8.1.1 TheCritical Degree of Saturation method, /18/.

The Critical Degree of Saturation, Scp, is determined by freeze-thaw of isolated specimens pre-
conditioned to different moisture contents. Curves of type Figure 16 and 17 are obtained.

The Capillary Degree of Seturation, Scap, is determined by uni-directiona water uptake in thin

concrete dices. Curves of type Figure 24 are obtained. The long-term capillay water uptake is
described by:
Scap(t)=A+B+tC (36a)

Where the coefficients A, B and C are determined by linear regresson of the experimenta long-term
absorption curve.

The Potentid Frost Resistance, F; and the Potentid Service Life, fjjfgp are obtained by comparing
Scrwith Scap:

F=Scr-Scap(t) (42)
tife= [(Scr-AVBIYC (41)
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If F<O after short water absorption time, the concrete has low frost resstance. The bigger the vaue of
tiifep the higher the frost resisiance.

8.1.2 Open freeze-thaw tests

In an open freeze-thaw experiment, the concrete is repeatedly frozen and thawed in water or air. The
damage is measured as loss in amechanica property, normaly the dynamic E-modulus, or as expansion.
The number of cycles might vary from less than 100 to more than 300. The freeze-thaw cycdes might
vary aswdll, from avery rapid performed many times a day to day-long cycles.

The most common method is ASTM C666 Procedure Ain which a maximum of 300 cycdes are
performed on immersed concrete cylinders or prisms. The cycle length may vary from 2 to 5 hours. The
test is interrupted when the loss in dynamic Emodulus is above 40%. A Durability Factor, DF, is
defined as.

DF=(E{/Eo)2-N/300 (43)

Where Ej theinitial dynamic E-modulus
EN the E-modulus after N cycles

N the number of cycles when the test is stopped (either 300 or when the
E-modulusiis reduced by 40%)

A new open freeze-thaw test metod is based on the traditiond sdt scaling test (Swedish test method
SS 13 72 44) where the salt solution on top of the specimen is exchanged for pure water. The cycle
length is 24 hours. Damage is measured, either by change in the speed of sound pardld to the exposed
surface, or by change in the frequency of transverse vibration. Both measurements give the change in the
dynamic Emodulus. Destruction curves of the type shown in Figure 38 are obtained; /36/. The bigger
the number of freeze-thaw cycles until frost damage is observed, the higher the frost resistance.

Reduction in dynamic E-modulus (%)

Very low frost resistance

Low frost resistance

Average frost resistance

High frost
resistance

Number of freeze-thaw cycles

Figure 38: Dynamic E-modulus versus the number of freeze-thaw cycles. Hypothetical
Curves.
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8.1.3 Dilation during isolated freeze-thaw

The specimen is stored in water for a certain time. Then, it is sedled and exposed to one (or 2) freeze-
thaw cycles. The length change is measured during the entire cycle. If the specimen contracts during the
test as shown in Figure 39 curve A, it is frost resstant at the actua moisture content. If it expands more
than the therma contraction, Curve B in Figure 39, it is nonresstant. The bigger the expansion, the
lower the frost resistance.

By pre-storing the specimen in a manner that corresponds to the water content the actua concrete will
obtain in practice, or by taking a core from the actud dructure, and test it at the moisture content it had
in the structure, ameasure is obtained for the actual degree of frost resstance.

Length

Curve B

Linear thermal
contractiol

- oC +

Temperature

Figure 39: Hypothetical results of a dilation freeze-thaw test of an isolated specimen.

8.2 Theair content

The effective air content can be obtained by measuring both the water-filled pore volume, and the total
pore volume in a specimen with known volume. The effective air content is obtained by:

Aeit=(Vp-Vw)V (44)

Where Vp the total pore volume [litres]
Vi the water-filled pore volume a naturd water absorption [litres]
\% the total specimen volume [litres]

The vaues V and Vp ae determined by weighing the specimen in dried condition (+105°C), ad in
vacuum-saturated condition in air, and immersed in water.

V:Qsat,a‘Qsat,W (45)
Vp :Qsa[,a‘ ery (46)
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Where ery the weight after drying at +105°C [kg]
Qsaa thewegntinar of the vacuum-saturated specimen [kg]
Qs w theweight inwater of the vacuum:-saturated specimen [kg]

The vaue of W, is depending on how long time the specimen has absorbed water. Normally 1 week
can be sufficient for a normal-sized specimen. Then, V, is caculated by:

VW:Qw' Qd ry (47)
Where Qyy the weight after natural water absorption [kg]

Note:

Principally the water storage time shall be so high that the water content corresponds to the water
content in practice. However, since one only wants a rough measure of the effective air content, it is
sufficient to use an absorption time that is long enough to secure that the breaking point in a water
absorption curve of the type shown in Figure 24 is reached.

8.2 Theair-pore structure. The spacing factor

The spacing factor, and the air-pore size distribution, can be dotained by optica techniques. Normaly
the spacing factor is determined by the so-cdled linear traverse technique applied to polished concrete
surfaces. Lines are arbitrarily placed on the surface. The lines intersect air-pore chords. The number of
intersected pores, and the chord size distribution are measured microscopicaly, either by the naked eye
or by an image andysis technique. On badis of this information the air content and the Powers spacing
factor can be determined. The technique is described in /37/.

A measure can aso be obtained for the air-pore sze digtribution. The method by Lord and Willis is
used, /38/.

There are other posshilities of measuring and caculating the air-pore structure using the same polished
concrete surface. One posshility is to measure the sze didribution of the individua pore cdottes
intersected by the polished plane. This can be done by image andysis. Theredfter, the spacing factor, the

ar content and the ar-pore size distribution can be caculated. The mathematica procedure is described
in/39/.
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ANNEX B: Salt scaling

Types of frost damage
There are two types of frost damage:

1: Internal damage caused by freezing of water inside the concrete. The damage is aways
confined to such parts of the concrete where the degree of water saturation exceeds the
critical value. The damage causes loss in compressive and tensile strength, loss in Emodulus,
and loss in bond strength; see ANNEX E.

2. Surface scaling caused by freezing of the concrete surface when it stays in contact with saline
solutions of weak concentration. The initial scaling occurs in the cement paste phase while
the aggregate grains are intact. Due to the gradually deeper and deeper scaling also coarser
aggregate grains are lost. In serious cases a big portion of, or the whole cover can be eroded
which has very big effect on the srvice life with regard to reinforcement corrosion. See
ANNEX F.

Freezing of very moist concrete (also concrete containing salt water in its pores) but with no

external salt water or pure water in contact with the surface seldom leads to surface scaling but
more often to internal damage.

Freezing of concrete in presence of an external salt solution at the surface seldom leads to
internal damage, but often to surface scaling.

Salt frost scaling is described in this ANNEX.
Internal damage is described in ANNEX A.

1. Effect of theinternal and external salt concentration

A specia type of frost damage, surface scaling, can occur when a concrete surface is exposed to
frost at the same time as it is also exposed to a weak solution. It has been found that all types of
solutions might cause such scaling, not only chloride solutions, but also weak solutions of urea
and alcohol. Examples are shown in Figure 1. It appears that the most severe damage occurs at
rather weak solutions, while strong solutions cause less destruction as seen in Figure 1.

Note:

Some salts like CaCl, a so cause chemical damage besides frost damage. Chemical damage increases
with increasing concentration. Therefore, for these salts there are often two concentration ranges that
cause damage; one low range causing sat-frost damage, and one high range causing chemical attack.

Between these ranges, the salt is more or less harmless.

Not only concrete can be attacked, but also natural stone. Examples are shown in Figure 2 which
shows theresult of a salt-frost test of some sandstone and limestone.
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Figure 1. Effect of the concentration of different de-icing agents applied to the concrete surface
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Figure 2: Effect of the concentration of NaCl on the frost damage of natural stone.
(a) Sandstone. (b) Limestone. /2/.

For concrete, the most dangerous outer concentration seems to be around 2 to 4%. Thisis valid

for the concrete in Figure 1, but also for the natural stone in Figure 2.
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The result of a systematic study of the effect of different combinations of the internal and
external salt concentrations on the salt frost resistance is shown in Figure 3-6; /3/. The interna
salt concentrations were obtained by storing the specimens for half a year in sat solution. Three
different salt concentrations were used; 0%, 3% and 6%. Three different minimum freezing
temperatures were used; -7°C, -14°C and -22°C. Two rates of freezing were used; "rapid” and
"dow”. The freeze/thaw cycles used are shown in Figure 7. The results indicate the existence of
a "pessimum” external salt solution, and this seems to be independent of the inner salt
concentration, the rate of freezing, and the lowest freezing temperature. In the actual study, the
pessmum concentration was 3%. It is, however, not possible to know, from these experiments, if
2%, or 4%, or any other concentration, had been " more pessimal”.
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Figure 3: Thetotal salt scaling after 56 freeze/thaw cycles of an air-entrained concrete with the

water/cement ratio 0,40 tested with the minimum temperature -7°C and ” rapid
freezing” , curve Ain Figure 7; /3/.
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Figure 4: Thetotal salt scaling after 56 freeze/thaw cycles of an air-entrained concrete with the

water/cement ratio 0,40 tested with the minimum temperature -14°C and ” rapid
freezing”, curve C in Figure 7; /3/.
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Figure5: Thetotal salt scaling after 56 freeze/thaw cycles of an air-entrained concrete with the
water/cement ratio 0,40 tested with the minimum temperature -22°C and ” rapid

freezing”, curve Ein Figure 7; /3/.
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Figure 6: Thetotal salt scaling after 56 freeze/thaw cycles of an air-entrained concrete with the
water/cement ratio 0,40 tested with the minimum temperature -22°C and ” slow

freezing”, curve F in Figure 7; /3/.
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Figure 7: The freeze/thaw cycles used for the tests shown in Figure 3-6; /3/.

The results are important, because they indicate that an ageing of the concrete in the form of a
gradual salt absorption in the pores, will not make the concrete more vulnerable to salt scaling; it
isthe outer salt concentration that counts.

The study also indicates, that the rate of freezing, (or rather the duration of freezing temperatures)
is of great importance; the more rapid the freezing (or rather, the longer the freezing period), the
bigger the scaling. The study also shows, that the minimum freezing temperature is crucial; -7°C
and -14°C being much less harmful than -22°C. The following approximate relation between the
lowest temperature reached during the freezing phase, qmjin, and the scaling S can be used:

S=constant-(Qyy; n)2 @

2. Thedamage mechanism

So far, sat scaling cannot be fully theoretically explained in a satisfying way. It is quite clear,
however, that salt frost scaling is a very complex phenomenon, that involves moisture and salt
migration before, during and after freezing, as well as internal pressure caused by many
superimposed mechanisms.

There are many, partly conflicting, mechanisms presented. Recently, a logical mechanism was
suggested and to a certain extent experimentally verified; /4/. It is based on thermodynamic
considerations concerning the energy balance between unfrozen solution, pore liquid, and ice in
pores and solution. It explains most phenomena observed. The mechanism isillustrated in Figure
8.
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Figure 8: The salt scaling mechanism according to /4/.

The most fundamental feature of the destruction mechanism is that water from the outer solution
is sucked into the surface part of the concrete during freeze-thaw. As long as the temperature is
above the eutectic temperature of the outer solution (-21°C for NaCl-solution) there is always
liquid at top of the concrete which can be sucked in. The driving force for water inflow is the free
energy unbalance between outer liquid and pore ice. The lower the temperature, the bigger the
driving force, and the longer the frost period, the bigger the time for moisture inflow. Thus, the
mechanism is favoured by low temperature and long frost periods.

The mechanism is almost identical to frost heave in soil (see Mechanism 4 in ANNEX A), but in
that case water is taken from the ground water reservoir, and not from an outer salt solution
reservoir. The mechanism is also similar to the microscopic ice lens segregation mechanism (see
Mechanism 3 in ANNEX A), but in that case water is taken from the finest pores containing
unfrozen water. This causes an internal desiccation that gradually stops the process. In the case of
an outer salt solution, no drying will occur, and therefore the process can go on as long as there is
unfrozen liquid at the surface. Big pressure can be built up.

Due to this inflow of water across the surface, ice-bodies in the surface part of the materia will
grow and expose the materia to tensile stresses perpendicular to the surface. If these stresses are
bigger than the tensile strength scaling of the surface will occur. The thickness of the scaled
material at each cycle is of the order 0.5 mm. With repeated freeze-thaw cycles repeated scaling
will occur and consequently the surface becomes gradually eroded.

According to the theory, water uptake through the surface should increase when the first ice
bodies are formed in the surface part. This behaviour has also been observed in carefully
executed experiments. One example is seen in Figure 9. Thin cement mortar discs were first

submerged in salt solution of different concentration, and the weight change at the temperature
+21°C was monitored, Figure 9(a). The salt solution had a drying effect, which was shown by a
gradual weight loss. When later the same discs were immersed in salt solution at a temperature
that was equal to the freezing temperature of the liquid, there was a marked weight gain; Figure
9(b). The most plausible explanation is that ice bodies formed at the surface of the mortar sucked
water from the solution. Moreover, in some cases also scaling occurred.

There are other absorption experiments presented in /4/ that strengthen the ‘frost heave

hypothesis.
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The ice bodies will grow as long as there is liquid on the surface, and the compressive stress in
the ice bodies, has not grown big enough to stop the process. But before this happens, the
concrete is aready damaged. If the concrete contains air-pores, ice bodies within them will grow
unhindered by the pore-walls. Therefore, water migration from the outer solution will rather go to
ice-bodies in air-pores, and therefore the growth of ice-bodies in the capillaries will stop before
the concrete is damaged. The lower the spacing between air-pores, the lower the stresses.
Therefore, there is a critical spacing between air-pores also for salt scaling.

The fact that air-pores can save the concrete from salt frost damage is seen in Figure 10. The very
big damage occurring at about 3% st solution is considerably reduced when the concrete

contains entrained air.
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Figure 9: (a) Weight change in concrete discs (w/c 0.40) stored in NaCl-solution at +21°C. (b)
Weight change of concrete discs (w/c 0.40) stored in NaCl-solutions at different
freezing temperatures. The salt concentrations are ‘temperature matched’ so that the
concentration corresponds to the freezing temperature. Time O corresponds to the
time when the specimens were placed in the solution, /4/.
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Figure 10: Example of the effect of salt concentration and air content on the salt frost damage of
concrete; /1/.

3. Theprogression of salt frost scaling

According to the destruction mechanism, every new freeze-thaw cycle ought to produce the same
damage, provided the cycle has the same characteristics as regards freezing rate, duration,
minimum temperature, and salinity. Therefore, salt scaling of a homogeneous materia like
cement paste, or a cement mortar, is ailmost directly proportional to the number of equal freeze-
thaw cycles. There might be a certain retarded scaling in cases where the surface part has lower
salt scaling resistance than the interior parts, due to separation of the fresh mix. There might also
be cases where there is an accelerated scaling because the degree of saturation is gradually
increasing with time. Normally, however, for cement paste and mortar that are not of very bad
quality, the scaling after acertain initial period can be considered linear.

In concrete with durable coarse aggregate there can be jumps in the scaling curve, because coarse
grains are gradually undermined and lost after a certain numbers of freeze-thaw cycles. Seen over
a longer period the scaling is more or less linear, however. In Figure 11 typical scaling curves
obtained at a laboratory salt scaling test are shown, /5/.

For concrete with aggregate that is itself prone to salt frost scaling, like limestone or other fine-
porous aggregate, but in which the cement mortar phase is durable, the scaling curve can be
expected to be similar to the case with durable aggregate but nondurable cement mortar. The

only difference is that the cement mortar is undermined instead of the aggregate grains. The
different scaling curves are visualised in Figure 12.
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Figure 12: Different salt frost scaling curves-principles

4. Servicelifewith regard to salt frost scaling
Salt scaling has a number of negative effects:

1. Scaling causes aesthetic damage

2: Scaling causes reduction of the effective cross-section of the concrete member

3: Scaling reduces the anchorage capacity of the reinforcement

4. Scaling reduces the service life with regard to reinforcement corrosion by reducing the
concrete cover

Only the last three effects are harmful to the structural stability.
If the scaling rate in different parts of a structure is known, it is possible to assess the effect of
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scaling on the time process of the stability and safety of the structure. Normal methods for
structural analysis can be used, at which the reduced cover and cross-section are inserted in the
normal design formulas; ANNEX H.

The effect of scaling on the service life with regard to reinforcement corrosion can be estimated
according to the method described in ANNEX F.

5. Concrete technology factor s affecting salt frost scaling

The same factors, that were important for internal frost resistance, are also relevant for salt
scaling; see ANNEX A paragraph 7. For salt frost scaling there are some modifications to the
critical value of some parameters. There are also some additional important parameters. New
values and parameters are described below.

5.1 Air content

If a concrete shall be resistant to salt frost scaling it is normally important to have a bit higher air
content than what is required for internal frost damage. The reason is that the critical spacing
between air- pores seems to be a bit lower.

It is not possible to find a general value of the air content above which a concrete is always salt
frost resistant. Examples that this is not possible are shown in Figure 13 where the result of salt
frost scaling tests of a big number of concrete is plotted versus the air content of the fresh mix.
There are concrete with air contents above 9.5% that were completely destroyed during the test,
while other concrete with air content below 5% were undamaged. The reason behind this very big
scattering in results is that different air-pore systems have very big differencesin ”quality”. Some
ar-pore systems are unstable during the casting phase. Consequently the pore system collapses
more or less completely during the production phase. In many cases the air-pore system forms
more or less continuous channels that are able to suck water. Such air-pore systems are not
effective in protecting the concrete. On the contrary, they cause damage when water in the ”air-
pore channels’ freezes.

Those unstable air-pore systems are often found when the cement has high akali content, and
when the air-entraining admixture is mixed with a water reducing (plasticising) admixture, with
which it is not compatible, /5/. If only those concrete are selected from Figure 13 that contain a
pure ar-entraining agent of high quality and no plasticising agent, it is found that an air content
of 5.5% seems to be high enough to create concrete with high salt frost resistance.

As a consequence of this big effect of factors influencing the air-pore stability, it is not possible
to say in advance that a certain air content of the fresh (or hardened) concrete will create a
concrete with high salt frost resistance.

The required air content in a concrete to be cast must therefore always be determined by a salt

scaling test. Similarly, the potential salt scaling resistance of an existing structure can only be
assessed by salt frost tests of cored specimens, not on the air content of the concrete.
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Figure 13: Relation between the air content of the fresh concrete mix, and the salt scaling
resistance in the laboratory. Many concrete types (all with w/c-ratio 0.45)
produced with different types of air-entraining agents combined with different
plasticising agents; /5/.

5.2 Spacing factor

The critical Powers spacing factor for st scaling, all air-pores included in the calculation, is not
very well-known. There are indications that it is of the order 0.18 to 0.20 mm; see Figure 14.

Other tests in which more than 50 concrete types were produced did not reveal the same good
agreement between salt scaling and spacing factor as in Figure 14. In fact no correlation was
found; /5/. These observations, therefore, strengthen the conclusion that the best way of assessing
the potential salt frost scaling resistance of a concrete is to perform a freeze-thaw test in the
laboratory.
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Figure 14: Effect of the Powers spacing factor including all air-pores on the salt scaling
resistance. (a) From/6/. (b) From/7/.

5.3Water-binder ratio

One can assume that the salt scaling resistance increases with decreased water-binder ratio.
Normaly aw/b-ratio below 0.45 to 0.50 is required. It has been found, however, that alow water

cement ratio alone cannot give a concrete with high salt frost resistance unless it is below 0.30;
/8.
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5.4 Type of cement
5.4.1 Type of portland cement

The type of Portland cement is of big importance for the possibility of producing concrete with
high salt frost resistance. Swedish experience show that portland cement with low alkali content
and high sulfate resistance (low C3A) are more suitable for salt frost resistant concrete than
normal portland cement types, /5/, /19/.

In Figure 15, a, comparison is made between two cements produced in Sweden. Concrete with
different air content, and two types of air-entraining admixtures (C88L and AerL) were produced.
The cement of type ”Degerh” which is low alkali and low C3A, produced concrete with high salt

scaling resistance with air contents that are as low as 4%. The cement of type ”Slite”, which is
high alkali, and high C3A, produced concrete that required 5,5 to 6% of air in order to obtain an
acceptable salt scaling resistance.

Thus, it seems as if the chemical properties of the portland cement plays a fundamental réle for
the salt scaling resistance. This is most probably an effect of the air-pore structure produced. It
was shown by Mielentz et al. /10/, that an increased akali content produced a more coarse air-
pore structure.

10

——*+ = Slite+C88L

—~®— Slitc+Acr L
—— Degerh+C88L

—* Degerh+Aer L

6

N - - - - Max acceptable

Scaling after 56 cycles (kg/m?)

2 3 4 5 6 i
Air content (%)

Figure 15: The effect of the ” fresh” air content on the saltfrost scaling of concrete made
with two types of cement (" Site” and ” Degerh” and 2 types of air-entraining
admixtures (C88L and Aer L); /9/.
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5.4.2 Mineral admixtures

Mineral admixtures might affect the salt frost scaling resistance. Mineral admixtures of interest
are

* Fly ash from coal burning

* Silicafume (or "Microsilica’)

* Ground granulated blast furnace slag

Flyash

There are some negative effects caused by fly ash. The first effect to consider is an increased
variation in the air content of the fresh mix. Small variations in the loss on ignition of the ash, and
in the so-caled "organic content”, cause large variations in the required dosage of the air-
entraining admixture. This means that the variation in the frost resistance of concrete containing
fly ash can be bigger than normal.

A possible, second, negative effect, is a bad long-term performance. This was found in a big
study at Treat Island in Canada, where concrete containing different amount of fly ash, slag and
silica fume were exposed to natural weathering by tidal Atlantic water and freeze/thaw; /11/.
Some results are shown in Figure 16 for concretes with high air content. The general trend is, that
an increased amount of fly ash impairs the long-term behaviour.

Another example from the Treat Idand investigation is shown in Figure 17. The fly ash was
mixed with dag. The negative effect on the long term behaviour is obvious. The frost resistance

after a short time of exposure is, however, about the same for al concretes.

The reason behind this behaviour can be twofold, (i) concrete containing large amounts of fly
ash, and/or dlag, has a reduced possibility of self healing cracks and other defects, that appear
during the long-term exposure; (ii) the air-pore system is more rapidly filled by water, and
thereby inactivated, during long-term exposure to water, than concrete with portland cement.

Figure 16: Result of exposure tests at Treat Island in Canada on the long-term behaviour
of air-entrained concrete containing fly ash; /11/.
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Figure 17: Result of exposure tests at Treat Island in Canada on the long-term behaviour of air-
entrained concrete containing a combination of fly ash and blast furnace slag; /11/.

Silica fume

Silica fume was not used in concrete until about 20 years ago, and until recently mostly in the
Scandinacvian countries and in Canada. It is normally used in quantities not exceeding 10% of
the cement weight, and often only 5%. Therefore, its effect on the frost resistance seems to be
marginal, provided the air content is maintained on a high level. Besides, the longterm tests at
Treat 1dland indicate, that a negative effect occurs only when the amount of silica fume exceeds
10%; see Figure 18.

Figure 18: Result of exposuretests at Treat Island in Canada on the long-term behaviour
of air-entrained concrete containing silica fume; /11/.
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It has been shown, that the salt scaling in a standard test of concrete containing silica fume, might
become accelerated after some time; /12/. This behaviour has not been explained. One possibility
is, that the air-pore structure in concrete with silica fume is so fine, that the water uptake in the
ar-pores becomes more rapid. Therefore, the critical water content is reached after a shorter time
than for a comparable concrete without silica fume. This explanation has not been experimentally
verified, however.

Ground granulated blast furnace slag

It is doubtful whether a concrete containing slag will ever obtain the same good salt frost
resistance as concrete containing the pure portland cement on which the slag cement is based. It
might be that the short-term durability is the same, but it seems as if the ageing properties of slag
cement concretes are rather bad. This was observed in a study in Finland where concrete
containing different types of binders were first frost tested in a virgin state. Then, the concrete
was exposed to two types of natural ageing, and were frost tested once again; /13/. In the virgin
state, the slag cement behaved just as well as the portland cement, or even better. After ageing,
the salt scaling resistance of the slag cement concrete was reduced. The pure Portland cement
concrete, on the other hand, was improved, or unchanged, after the ageing; see Figure 19.

The negative ageing of concrete with slag cement is believed to depend on carbonation that
creates a carbonated layer with low salt scaling resistance; /14/, /15/. For OPC concrete, on the

other hand, carbonation seems to improve the salt frost scaling resistance; /16/.
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Figure 19: Effect of natural ageing on the salt scaling resistance of concrete containing different
types of mineral admixtures, or pure portland cement; (A) before outdoor exposure, (B)
after 200 days of exposure to 70% RH, (C) after 30 cycles of exposure to sea water and
drying (each cycle 7 days); /13/. (" Ordinary cement” contains 17% fly ash and 6% blast
furnace dlag;” Blended cement 30/70” contains 30% blast furnace slag; “Bended
cement 50/50” contains 50% blast furnace slag: “ Blast furnace cement” contains 70%
blast furnace slag; Slica (10%)” is 10% silica fume in the mix.)
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A similar, negative long-term behaviour of slag cement concretes was observed in the Treat
Island test. Thisis shown by Fig 17, where the dag is mixed with fly ash, but aso by Figure 20,
where the dlag is used alone. The larger the dag content, the lower the durability.

Figure 20: Result of exposure tests at Treat Island in Canada on the long-term
behaviour of air-entrained concrete containing ground granulated blast

furnacedag; /11/.

5.5 Type of aggregate

Coarse aggregate will only affect the salt scaling resistance and salt scaling process if itself is
vulnerable to salt frost scaling. Such aggregate is sandstone, limestone and other fine-porous
stone types. Normally, the aggregate phase is more resistant to salt frost scaling than the cement
mortar phase.

6. Test methodsfor salt frost scaling

6.1 General viewpoints

The salt scaling test used for obtaining the results in Figure 1-6, and other similar tests show that
salt frost scaling is most severe at a certain pessimum outer salt concentration, and that it is more
severe the lower the temperature, and the longer the duration of freezing temperatures. In redlity,
a concrete structure that is exposed to de-icing salts, can be exposed to any salt concentration;
from zero to saturated. A salt scaling test must therefore be designed in such a way, that the
surrounding solution has the pesssmum concentration, and in such a way, that the most severe
freeze/thaw cycle occurring in practice is used.

It will never be possible, however, to design a test method that exactly reproduces the red
conditions. Therefore, the result of scaling tests are only indicative. They can be a good
complement to field observations of the actual scaling, and then be used for extrapolation of the
future scaling. See ANNEX D.
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6.2 Salt scaling test

The Swedish test method for salt scaling SS 13 72 44; ” Concrete testing-Hardened concrete-Frost
resistance’, also caled "The Bords Method” is recommended. It has been in use in Sweden since
about 15 years. From 1988 it is a mandatory method for control of concrete to be used in Swedish
bridges. The principles of the method are as follows. For details refer to the text of the Standard:

* The specimens are prepared from 150 mm cubes that are cast and cured in a standardized way.
Alternatively the specimen is drilled from a structure. A 50 mm thick sliceis cut from the cube
or the core. The surface to be exposed to salt in the test can be a saw-cut or the cast surface. All
sides except the exposed side are moisture sealed by a rubber membrane.

* At the specified time and curing, the concrete dice is placed in a heat insulated box. The
insulation covers all sides of the specimen, except the exposed surface. Thisis covered by a 3%
NaCl-solution, to 3 mm depth. The solution is covered by a thick polyethylene foil, so that
evaporation is hindered.

* The freeze-test isrun for 56 cycles. Each cycle lasts for 24 hours and consists of about 16 hours
of freezing and 8 hours of thawing. The required temperature in the solution is specified.

*  The material, that is scaled off from the specimen, is collected during the thawing phase, at

different intervals. It is dried, and weighed, and expressed in kg per n? of exposed area. The
sat solution is renewed before the new series of cycles starts.

* The scaling can be plotted versus the number of cycles. A diagram of type Figure 11 is
obtained. The result can, according to the Standard, be assessed according to the following
table.

Salt scaling Requirement

resistance

Very good No specimen is scaled more than 0,10 kg/n® after 56 cycles

Good The mean value for the scaling after 56 cyclesis less
than 0,50 kg/m? and mgg/mpg<2 1)

Acceptable The mean value of the scaling after 56 cyclesislessthan
1,0 kg/m? and mgg/mpg<2

Unacceptable If the requirements for acceptable salt scaling resistance are
not fulfilled

1) mpg and mgg is the mean scaling after 28 and 56 cycles.

A scaling depth of 1 kg/m2 corresponds to a scaling depth of about 0,5 mm (average density of
the scaled material is 2000 kg/m3). Thus, the criterion for acceptable salt scaling resistance, 1
kg/m? after 56 cycles, approximately corresponds to a maximum scaling of about 10 mm after
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100 years of exposure, provided there are 10 "severe” freezing cycles each year. By "severe’ is
meant acyclethat isjust as severe as atest cycle.
Comment:
The pre-treatment of the specimens seemsto have a big influence on the test result. If the concrete
is never dried, or if it is exposed to hard drying, the salt scaling seems to be enhanced. Therefore, in
the test method, a moderate drying is used, which might represent the real condition in a reasonably
good manner. If the concrete is never dried, it contains water in interfaces and in other defects. This
water might cause trouble. This water is lost even a amild drying, but it is not regained when the
dried concrete is put in water once again. If the concrete is dried hard, the freezable water is
increased, perhaps to an unnaturally high level; See Figure 1in ANNEX A.

6.3 Determination of air content

The effective air content is determined according to the principlesin paragraph 8.2 in ANNEX A

6.4 Deter mination of air-por e structure and spacing factor

The spacing factor and the air-pore size distribution are determined according to the principles
described in paragraph 8.3 in ANNEX A.
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The future internal frost damage
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ANNEX C: The future internal frost damage

1. Internal damage

Internal frost damage causes loss in compressive strength and tengile strength, loss in E-modulus, lossin
bond strength, and loss in anchorage capacity. These types of damage will have a big effect on the load-
carrying capacity and the structura safety of the structure at the present time, and in the future.

There are in most cases no linear relationships between the different types of mechanica damage. So for
example, lossin compressve srength is often congde-rably smaller than the lossin Emodulus, or tensile
trength. Therefore, dl important mechanica properties must be measured, which is best done on drilled-
out cores. The lossin bond can be corrdated with the loss in tensile strength; see ANNEX E.

Comments on synergy:

Other destruction mechaniams than frost might affect the future internd frost damage. One exampleis
leaching of lime that might increase the inflow of moisture, thereby increasing the future damage rate.
Synergy istreated in ANNEX F.

2. Different principlesof extrapolation of damage

From measurements of actua vaues of relevant mechanica properties in different parts of the structure,
the amount of damage in different parts can be assessed. The future deterioration can then be
estimated according to the principles described below. From the predicted future destruction curves of
the mechanical properties, the future development of the structural capacity can be assessed; ANNEX
H

Thereis dso an imagnable case where interna frost damage has not yet occurred, but might do so in the
future. This case can aso be analysed by an approximate method described below.

An extrgpolation of the future evolution of damage can be done by two different
methods:

* Observation of destruction, at the time of inspection, and extrgpolation based on known destruction
mechanisms. This method is described below.

* Measurements of the actud level of frost resstance, using freeze-thaw test methods, and extrapolation
of the future degradation based on the test result. A method is described below.

Generdly, extrapolation based on observations is the best method.
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3. Estimation of the present damage

Extrapolation of frost damage according to the principles below is based on the amount of destruction at
the time of ingpection; the present damage. Therefore, not only the actua strength leve, or the actud E
modulus, must be measured, but the damage must aso be quantified.

Damage, D, isdefined

D=DR/R, = 1-R/R, 6h)
Where R the present value of the property of interest (e.g. compressive strength or
E-modulus)

Ro the present value of the property of interest had no frost damaged occurred.

(normdly somewhat higher than the vaue directly after erection of the
gtructure since hydration takes place.)
DR The present change in the property of interest

This means that the strength and Emodulus of the undamaged structure must be assessed. In order to
do this, the initid strength of the sructure adjusted for norma time effects and climatic effects, had no
damage occurred, must be estimated. This is not an easy task since there is normaly no record of the
concrete mix used. In many cases, one can find seemingly undamaged parts of the dructure.
Measurements of cores taken from such parts are used for determination of the vaues R,; ANNEX G.

Other possibilities are to use test data for concrete strength from the building phase of the structure, or
requirements from norms and standards used when the structure was erected.

4. Effect of moistureand number of freeze-thaw cycleson
extrapolation of damage

The extrgpolation of damage is based on the following experimentaly-based theory which is described in
more detail in ANNEX A, paragraph 4.3.

If internd frost damage in a unit volume of the structure shal occur or not depends on whether the outer
moisture conditions are such, that the concrete in the unit volume can be more than criticaly saturated, or
not. Frost damage, D, can be expressed in the following way:

SACT<SCR: D=0 (28)
SACT>ScrR' D=KN{SacT- Scr) (2b)
Where D "frost damage’ expressed in terms of loss of any type of strength, or E-

modulus, in relation to theinitid values before frost action; see egn. (1). (0<D<1)
SacT theactualy occurring degree of saturation, in the concrete volume

considered
KN ‘coefficient of fatigue', which depends on the number of F/T-cycles
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This means that no damage will occur in a concrete, that is less than critically saturated, irrespectively of
the number of freezelthaw cycdles. For a given number of freezelthaw cydes, the amount of damage is
only afunction of the amount by which the critical degree of saturation is transgressed.

The coefficient Ky can be expressed by an equation of the following type:
K =A-N/(B+N) (3)

Where N the number of freeze-thaw cycles
A,B  empirical congtants

A is the ‘fatigue limit', expressng the damage after an infinite number of freezelthaw cycles with a
constant degree of saturation. B has been found to be of the order 4. Therefore, snce N>>B the
coefficient B isnegligible. The coefficient A is often of the order 12 for a concrete.

Example:

Eqgn. (2b) combined with egn. (3) predicts that a concrete with an Sy c-value that transgresses the
Scr-vaue by 0,05, will obtain a reduction in strength of 55% after 100 severe freeze/thaw cycles,
corresponding to about 10 years of exposure.

5. Extrapolation of observed damage

5.1 Introduction

According to egn. (2b) the future evolution of frost damage in a given unit volume of a structure will
depend on:

1: The future moisture content in the volume.

2: The number of freeze thaw cyclesin the future

The number of freeze thaw cycles each year is supposed to be the same in the future as it has been in the
past. Consequently, the only factor that influences the future internd frost damage is the future moisture
level. This means that a prediction of the future deterioration of a given part of the Structure must be
based on a prediction of the future moisture level in the same part. Three different moisture conditions
(or "moisture classes’) are considered:

Moisture condition 1; ” Moist” .

Concrete not permanently exposed to moisture. Moist periods

dternating with drying periods. No future change in moisture content.
Moisture condition 2; ” Very moist” .

Concrete not permanently exposed to moisture. Moist periods

dternating with drying periods. A certain gradud increase in the

moisture content with time, due to gradua deterioration by freeze-thaw.
Moisture condition 3; ” Extremely moist” .

Concrete permanently exposed tp moisture. No drying periods. Gradua

increase in the moisture content.
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These three conditions will lead to three different damage curves, see Figure 1. The same curves can be
used for dl types of mechanica degradation:

* Compressive strength
* Tendle strength

* Bond strength

* E-modulus

5.2 Moisture condition 1; "moist”

Many structures are exposed to intermittent ‘moisture load’. Between each rain, or other exposure to
free water, the concrete has rather long time to dry. In such a case the moisture level and variation ingde
the concrete will be the same in the future as it has been in the past; the fact that the concrete has
become frost damaged will not cause any increase in moisture uptake. Then, snce the fatigue limit is
reached after rather few F/T-cycles, one can safely assume that the fatigue limit has been obtained long
before the time of ingpection (the present time), and that there will be no further frost damage in the
future. Thus, the future damage, D(t), is equd to the present damage, D(0), and the future mechanicd
property (compressive, tensile, bond strength, or Emodulus), R(t), is equa to the present strength,
R(0):

D(t) = D(0) and R(t) = R(0) 4
Thisisthe ‘ time-independent damage function’. It isillustrated in Figure 2, Curve 1.

Structures belonging to this group are exposed to rather few freeze-thaw cycles with high moidure
condition, but many cycles with low moisture conditions. The Sructures dry occasondly. Typica
examples of this type of structure are norma facades and other structures with fairly low moisture load,
athough the number of freeze-thaw cydes might be high.

5.3 Moisture condition 2; " very moist”

When the conditions are somewhat more moist than in moisture condition 1, there might be be a certain
increase in water absorption in frost damaged parts of the concrete during and between each
freezelthaw period. This also occurs when the concrete has a possibility to dry between the cycles, and
even in a case where the absorption time before different freeze/thaw cyclesis unchanged. Thereasonis,
that frost action causes a gradud cracking of the specimen. This gives an increase in the diffusvity of ar
from ar-pores, and an increase in the diffusvity of water, entering the concrete. A theoretica andyss
shows that the water absorption is amogt directly proportiona to the square-root of the diffugvity.
Therefore, the water absorption between each cycle, DSa ¢, can be assumed to be proportiond to the

sguare-root of the number of freezelthaw cycles:
DSpcT=a N2 (5)

Where a isacongtant.
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Then, the degree of saturation of the specimen becomes.

SACT = ScR+ DSACT = Scr + a-NY2 (6)
Using egn. (6), and assuming that the number of F/T-cydesisb each year, the following gpproximetive

relation for the development of the damage parameter D(t) can be derived (Note: b t>>B in egn. (3).
Therefore, B is neglected):

D) = {A-a-(b1) ¥2/B+b 1) =A-a-(b ) V2=Constt/2 )

Thisisthe ‘sguareroot damage function’. It isillustrated in Figure 2, Curve 2. The coefficient a is
obtained from the observed damage D(0) at the present time, t;

a» D(o)/(A(b ;)12 (8)
Insarting thisin egn. (7) givesthe fallowing ” damage curve’:

D(t)=D(0)(t/ty)/2=D(0)(1+Dt/t5) V2 )
Or, expressed in terms of the material property considered:

R(t)=R o - [R - R(0)]-(1+Dt/tp) L2 (10)

Where Dt the extrapolation time

Structures belonging to this group are exposed to many freeze-thaw cycdes with high moisture condition.
The structures dry occasondly. Typical examples of this type of structure are horizontal unprotected
dabs (without de-icing sdts) like bacony dabs, hydraulic sructures some meter above the water line,
etc.

5.4 Moisture condition 3; ” extremely moigt”

A concrete structure can be congtantly exposed to moisture with no possibility to dry. Then, the moisture
content will gradudly increase with time. An analysis of the water aosorption process in the air-pore
system of a concrete indicates that the water absorption can be approximately described by a square-
root relationship:

Scap = Sytatl =S+ at? » SR + atl2 (12)
Where the exponent b depends on the air -pore didtribution. A theoretical analys's indicates that b<1/2.
The vaue 1/2 therefore is on "the safe side” giving the biggest possble damage. S, is the degree of
saturation corresponding to the rapid water absorption in capillary pores and other fine pores. Since the
concrete is frost damaged, the value of Sc is obvioudy transgressed.
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Thus, S, is replaced by S-r which means that the time t is in fact counted from the ingtant when Sop
was reached for the first time. This normally occurred shortly after erection of the structure.

Therefore t in egn. (11) is dmost equa to the totd time. a is a coefficient, that depends on the
permesbility of the concrete. It is individua for each concrete. It is assumed to be independent of the
concrete age. As said above, the gradua damage will, however, increase the diffusvity of the concrete.
This means, that the degree of saturation increases more rapidly than expressed by egn. (11). The
following rdation is used, cf. egn (5):

Scap = ScRr + atl2.a NV2 = sp + e tV2N 12 (12)

Where e=a-a, which is a condant tha is individud for each concrete. &g was assumed to be
exceeded dready at the first freeze/thaw cycle. Therefore, egn. (12) can be written

D(t) =K -etV2.NV2 (13)
Or, after insarting the fatigue function (3):
D(t)=A-eb322/(B+b t»A-eb /2t (14)

Thisis the ‘linear damage function’. It isillugrated in Figure 2, Curve 3. The coefficient a is obtained
from the observed damage D(0) at the present time, t:

e=D(0)/(A-b 121, (15)
Inserting thisin egn. (14) givesthe” damage curve':

D(t)=D(0)(t/to) (16)
Or, expressed in terms of the material property considered:

R(t)=Rg - [Rg- R(0)](1+Dt/ty) an

Structures belonging to this group are exposed to many freeze-thaw cycles with very high moisture
condition. Typica sructures are hydraulic structures, or bridge piers in, and immediately above, the
splash zone in freshwater, and structures sucking water from a water reservoir, or from the ground-
water.
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Damage, D(t)

Curve 3; linear

Time of inspection Curve 2:

\ square-root
Do)~ Curve 1; unchanged
0 | |
0 to t Time(t)

"Property" (Strength or E), R(t)

Ro

| |
0 to t Time (1)

Figure 1. Extrapolation of internal frost damage (D), and strength or E-modulus (R).

6. Futuredamage of a concretethat isnot yet frost damaged

6.1 Extrapolation based on water absor ption test

Sometimes it might be, that a concrete is not yet damaged by frogt, but is placed in a very wet
environment (Moisture condition 3), which means that there might be frost damage in the future. This
case can be analysed by the method described below.

Cores are drilled out of the structure and used for two types of test:

1: The critical degree of saturation, SR, is determined by the so-called Sor-method described in
ANNEX G, paragraph 5.4.

2: The capillary degree of saturation, Scap. is determined by a capillary absorption test on dices sawn

from the cores. This test is run for about 1 month. The test is described in ANNEX G, paragraph
5.3. The result of atest can be described:
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Scap=a+bt (18)
Where a, b, c coefficients, that are determined by aregresson andysis of the water
uptake curve. The coefficients are assumed to be vaid aso for

absorption times far longer than the test period
t total absorption time (time from erection of the structure)

No damage occurs until Sca p>Sc R corresponding to the totd time t* which is

t*=[(Scr-a/b]/C (19)
t*>t, since frost damage has not yet occurred at the time of inspection.

Then, the future evolution of frost damage can be described by (usng egn (3), and neglecing the
coefficient B):

D=0 for t<t* (20a)

D = A{(a+bt%)-ScR] for t>t* (20b)
The resdud time before damage is

Dt=[(Scr-a)/b] V¢ -t,, (21)

The principles are described in Figure 2.

6.2 Extrapolation based on a combination of the real moisture condition
and a moistur e absor ption test

It might be, that the red moisture content of the structure at the present time {, is different from the

caculated according to 6.1, due to the fact that the latter is based on rather unredistic conditions of
constant temperature and uninterrupted water uptake. The reason behind this discrepancy is thet the
outer conditions are not the same in redity, as they are in the capillary test. In such a case, there is
another possibility of caculating the future development of damage, taking the real moisture conditions
into consideration.

The age t, of the structure is known. The theoretical present degree of saturation determined by the
continuous suction test described above is:

(SCAP)O,teSt =—a+t+ b-toc (22)
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The red moisture content is determined for the structure at ingpection, and is trandated to a degree of
saturation, (SCAP)o,reaI-

If the concrete had been exposed to free water dl the time from erection of the structure, the following
relation should have been valid:

(ScaP)o,rea = (ScaP)o test (23)

Deviationsindicate that the red water uptake occurs in another manner than in an isothermal suction test.
On basis of the water content at ingpection, one can calculate the red water uptake by the following
equation:

(ScaP)red = @+ bregt° (24)

Where the coefficients a and ¢, which are mostly depending on the air-pore structure and diffusivity, are
taken from the absorption experiment. The coefficient b, on the other hand, is the rate-determining
congtant, that is supposed to depend mostly on the outer moisture conditions.

Thismeans, that the coefficient bygy can be evaluated by:
breal = [(ScAP)o,red - dlfto® (25)
Where (SCAP)o,reaI the degree of saturation at the ingpection.
No damage occurs until S-a p>Sc R corresponding to the totd time t*, whichis
t*=[(Scr-8)/breg] (26)
t*>to since frost damage has not yet occurred at the time of ingpection.

Then, the evolution of frost damage can be described by (using egn (3), and neglecting the coefficient B):

D=0 for t<t* (279)

D= A{(at+bygg t9)-ScRI for t>t* (27b)
Theresdud time until damegeis
Dt=[(ScRr-a)/by eal] YC - to (28)

The principles of this extrapolation of damage are described in Figure 2.
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Degree of saturation, S Damage, D
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Water absorption
curve, SCAP
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SCAPreal \

to t* Time, t

Figure 2. Assessment of the future evolution of damage in a structure for which frost
damage has not yet occurred.

7. Estimation of thefutureinternal frost damage
based on freeze-thaw tests

The most safe prediction is based on a measurement of the actual damage, and use the extrapolation
techniques described in paragraph 5 above.

There is no good, traditiond, freeze/thaw method by which one can obtain the service life. The most
widely used method is the American method ASTM C666. In this, cores are exposed to rapid freezing
and thawing in water, or freezing in ar and thawing in water. One measures the loss in fundamentd
frequency of transverse vibration (which is a function of he lossin weight and E-modulus). The method
has, however, no known rdaion with the destruction in the fied. 1t will only give an indication of whether
the concrete is "excdlent”, "good”, "fair’, "average’ or "bad’. The way it behaves in practice, depends
on the wetness around the concrete. A concrete, that is "bad” in the test, might be "good” in redlity,
smply because the red environment is more dry than in the test.

The Scrmethod is a non-traditiond test method, which gives information of the so-caled potentia
savice life. The principles of the method are described in ANNEX G.

A determination of the critica degree of saturation, and of the capillary absorption process, gives
information of the time the concrete can absorb water without obtaining frost damage. This is the
" potential service life”; see ANNEX A, paragraph 6.2. This time can be compared with the length of
the periods during which the actua concrete takes up water without any possbility to dry. If the red

absorption time is much shorter than the potentid service life, one can assume, that the concrete will not
be harmed by frogt in the future. If the suction times are of the same order of Size as the potentid service
life, one can assume that frost damage might occur during periods which are both wet and cold.
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If the actua absorption times are much higher than the potential service life, one can assume that the
concrete is vulnerable to frost damage in the future,

Additiond information is provided by measurements of the moisture content of the concrete in-gtu. If the
actua degree of saturation is close to the critica degree of saturation, or if it is higher, the risk of frost
damage is very big. In such a case, the structure is, however, probably dready frost damaged, and the
extrapol ation methods described in paragraph 5 above can be used.
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ANNEX D: The future salt frost scaling

1. Introduction

SAt frost scding, only affects the surface of the concrete, while the interior is unharmed in most cases. If
interna damage aso occurs, the extrapolation of this is trested as normal internd damage according to
ANNEX C.

SAt frogt scaling is obvious, and the extent of damage can be estimated visudly. Sdt scading causes
reduced effective cross section, reduced bond, and reduced anchorage capacity. It reduces the service
life with regard to corrosion of the reinforcement, and it causes troubles with aesthetics.

The scdling depth is determined. From this the future scading can be assessed. Condderation can be
taken to possible changes in the sdine environment.

On the basis of scaling depth versus time the future structura capacity can be assessed.
Comments on synergy:
St scding will have consequences for the future service life with regard to reinforcement

corrosion. In order to estimate this effect, one must consider the following factors:

1: The previous st scaling before the time of ingpection.
2: Thefuture sdt scding

Theories for how to consder these synergetic effects between frost and other destruction types
aredescribed in ANNEX F.

2. Different principles of extrapolation of damage

From measurements of the actud scaling depth, the future scaling can be predicted. The future scding
curve can be used for a prediction of the future load-carrying capecity.

An extrgpolation of the future evolution of scaling can be done by two different
methods:

* Obsarvation of scaing, a the time of ingpection, and extrapolaion based on known destruction
mechanisms. This method is described below.

* Measurements of the actua level of sat frost resstance, usng a sdt scaling test method, and
extrapolation of the future degradation based on the test result. A method is described below.

Generaly, extrapolation based on observations is the most reliable method.
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3. Estimation of the present scaling

In order to predict the future scaling, one must be able to determine the actua scaling, S(0), at thetime
of ingpection. The only method of doing thisisto try to identify the initid surface, either directly on the
sructureitsdf, or from information given in the origina building documents. Inided cases, one can use
parts of the structure that are unharmed. The scaling depth of the mortar phase next to coarse aggregate
will dso give quantitative information of the scaling depth of the cement mortar phase.

Surface scding is the scaling depth in apoint, caculated from the initia surface above the same point.
Therefore, snce the scaling front is not perfectly smooth, the scaling will be different in different points of
the same concrete cover. Normdly, it is the deepest scdling, i.e. the scaling in the cement mortar phase,
that is determining the load carrying capacity, and other properties of importance for the structura
Sability.

4. Extrapolation of observed scaling

4.1 Introduction. Scaling char acteristics

SAt scaling is a surface eroson, caused by smultaneoudy acting sdt solution at the surface, and freezing
temperature. Scaing is caused by a mechaniam that is smilar to frost heave in the ground; see ANNEX
B and /1. In sdt scding, the growing ice lenses are microscopic instead of macroscopic, asthey arein
frost heave, and are very close to the surface. They are fed by unfrozen water at the surface. Aslong as
there is unfrozen solution, i.e. as long as temperature is above -21°C for NaCl, the ice lenses can grow.
Only a very smdl amount of st is required for sdt scding to occur. If the solution is strong, the
destructive action decreases due to a reduced amount of freezable water. Air-pores act as stress
relievers by dlowing ice to grow without causing stressin the materid; /2/.

According to this mechanism, each new freeze-thaw cycle will cause the same amount of scding,
provided the cycle is unchanged; unchanged freezing temperature, freezing rate, sat concentration, and
moisture condition. Thus, scaling ought to be more or less linear with time. In a scding test, however,
and often in a red dructure, there are three types of scaing observed; retarded, linear and
accelerated; see Figure 1. Scding as function of the number of freeze-thaw cyclesis described by:

S»K-NK (1)
Where S scding
K coefficient
k exponent (k<1 for retarded scaling, k=1 for linear scaling, k>1 for
accelerated scaling)

N the number of identica freeze-thaw cycles
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Normally, concrete with very low degree of sdt scaing resstance has accelerated scaling, probably
because the water content increases between each cycle. Therefore, such concrete normally is so
severdly damaged after rather few years (or cycdesin atest), that a service life prediction, or aprediction
of of the future structurd gahility, is hardly reevant. Therefore, only linear or retarded scaling are of
practica interest.

Surface scaling

k
s=KN
Retarded, k<1

Linear, k=1

}ccelerated, k>1

Number of freeze/thaw cycles, N

Figure 1: Linear, retarded and accelerated salt scaling in a salt scaling test.

The amount of scaling depends on the salt concentration, a concentration of the outer solution of about 2
to 4% being the most aggressive for norma concrete, but also smdler scaling, as low as 0.5%, can
cause condderable scaling. Scaing is dso depending on the minimum temperature during a freezefthaw
cycle. Research indicates that the temperature dependency can be described by the following
gpproximate formulg; (from datain /1/):

$1= cons’cant-qm-n2 (2

Where  §4 the scaling caused by one F/T cycle
Omin  thelowest temperature reached during the cycle

This meansthat 10 cyclesto atemperature of -20°C correspond to about 50 cyclesto

-10°C, and about 150 cycles to -5°C. When the aggregate grains are dense, such as granite, quartzite,
etc, sdt scaling only affects the cement paste phase. Porous aggregate, like limestone or shale, can be
severely scaled, however.

The future deterioration depends on the future environment, especialy the exposure to salt. For amarine
sructure, the sat concentration will be unchanged, and, therefore, the rate of deterioration will be
maintained a the same level as before. For a structure exposed to deicing sdts, a reduction in the
amount of salt used will completely change the future degradation. If the use of de-icing sdtsis sopped,
there will be dmaost no more scding. If it is unchanged, or only dightly increased, the rate of scaing is
maintained at about the same level as before.
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4.2 Homogeneous concr ete

If the concrete is completely homogeneous, so that there is no separation layer at the surface, and the
ar-pore gructure is the same across the entire cross section of the concrete, one can assume that the
‘historic’ scaling has proceeded dong alinear path. Certainly, the scding is not completely linear. There
will be ‘jumps in the scaling curve; loss of asmdl grain will cause asmal jump, and the loss of acoarse
grain a big jump. Seen over a longer period, and/or over a larger surface area, the average scaling

expressed in terms of weight loss (kg/mz) will, however, befairly linear. See Figure 2.

Surface scaling

Real scaling

Linear average scaling

Number of freeze/thaw cycles, N

Figure 2: Jumpsina” linear” salt scaling curve, caused by the loosening of aggregate particles.

This means that the future scaling can be extrapolated from the present scaling observed at the
ingoection. The increase in scaling depth after time Dt counted from the time of ingpection will be:

DS(t) » (S(0)/ to) Dt (©)

Where DS(t) theadditional scaing after the additiond time Dt
S(o) thescaling at inspection (the present age of the structure)
to the age of the structure a inspection

And, the total scaling from the time the structure was first exposed to de-icing sdts (normdly the age of
the Structure) will be

S(t)=S0)(t/ty) (4)
Where S(t) thescding at timet (the age of the structure)
In redity, the scding front is not sharp. One might assume, however, that the scaling rate in each point

will be about the same as the ‘higtoric vaue . Thus, the generd shape of the ‘scding profile’ will be
maintained.
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The extrapolation according to egn (4) isillugtrated in Figure 3.
Surface scaling

S@®
AS Extrapolated line

S(0) ~ Measured point

Assumed line _ ~ -

-~
-~
-
-~

-~

b At t  Time
Figure 3: Extrapolation of the observed salt scaling

4.3 Heter ogeneous concr ete
Normdly, concrete is non-homogeneous. There are a least three types of heterogeneity, which might
affect the extrapolation of the scaling curve:

* Water separation, and cement mortar segregation.

* Different ar-pore structure at the surface; normaly there is a lower air content, which depends on air
loss to the surface during compaction.

* Defect curing of the concrete surface.

Cement mortar separation can be quite big. Therefore the scaling front ought to be more smooth at the
beginning, and more rough later on. Thus, if the scaling depth is counted from the upper leve of the
aggregate, the rate of this type of scaling has gradudly decreased with time. This means that the future
scding, occurring fter the time of inspection, will be somewhat exaggerated at linear extrgpoldion;
therefore, egn. (4) ison ‘the safeside’.

An imperfect air-pore structure in the surface part causes a reduced sdt scaing resstance. Thus, there
will be a gradudly retarded scding, and the use of egn. (4) will lead to a pessmigtic prediction of the
future scding rate.

Imperfect curing has limited effect on frost resstance and sdt scaing resistance. If there is an effect, it
will be negative. Thiswill lead to retarded scaling.

The conclusion is that dl types of non-homogendty ought to lead to retarded sdt scaling. Thus, egn. (3)
and (4) can be used aso for the case of non-homogeneous concrete. It will lead to an extrapolated
resdud sarvice life on the ‘safe Sde.

DS(t) » (S(0)/ t) Dt (3)

S(t)»S(0)(t/ty) 4
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5. Extrapolation of the future salt frost scaling based on
scaling tests

There are cases where the ”higtoric” scaling cannot be used, or will be very mideading; eg. when the
future environmenta conditions will be changed, or when the conditions were changed some time before
the time of ingpection. Three important cases can be observed:

Case 1. No scaling is observed, but might comein the future
De-icing sdts has not been used in the past, but will be used in the future. Then, a concretethat is not
scaled at the ingpection, might obtain very severe damage in the future. An ‘extrgpolation of higory’ is
very mideading.

Case 2: Scalingisobserved but will not continue
Deicing sdts have been used during the entire life of the structure, but will be used no more in the
future. Then, extrapolation of the ‘higtoric’ scaling curve istoo pessmidtic.

Case 3: Scaling is observed, and the aver age scaling rate will increasein the future
De-icing sdts have been usaed only during a period immediately preceding the time of ingpection, but
not when the concrete was younger. Extragpolation of the observed scding from time zero will be too
optimigtic in a case where sdt will be used in the future,

For cases 1 and 3 there is a certain possibility of estimating the future sdt scaing from the results of a
st scding test. Cores with diameter not less than 10 cm are taken from the concrete. The specimens
are exposed to a sdt scaling tedt, e.g. the Swedish Standard Test, SS 13 72 44 in which the surface is
exposed to 56 (or 112) 24-hour long freezelthaw cycles in 3% NaCl-solution, or in any other relevant
solution, such as sea water, or pure water. The gradud weight loss is measured. As mentioned, the
minimum freezing temperature isimportant. Therefore, one shdl use temperatures that are redigtic for the
actud environment (normaly a temperature of -18 to -20°C is used for Scandinavian conditions. A
temperature of -10 to -15°C might be more redigtic for less harsh climate).

If the concrete is fairly resstant, there will be a farly lineer scaling which is expressed in terms of dry
weight loss, Q (kg/rT?). Thefuture scding in the red environment is:

Q()=(QN) Nerjv t ©)

Where Q(t) thetota scaling after t yearsin the red environment [kg/mz]
Qn the measured scding in the scaing test after n F/T-cycles

Negiv the average number of F/T-cycles per year in the red environment
t the exposure time (the age of the structure) [years|

Nequiv is calculated by; see egn. (2):

Negiv=S N Crrin{ @mindtest 2 fOr Ajn<#0°C (6)
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Where ny anud number of HT-cydes with minimum temperaure  (Qpyjp);
(Amiptest  the minimum temperature used in the scdling test.

The weight of the scded materid can be transformed into the average scaling depth. The scaling depth a
timetis

d(t)=(1/9)-(Qn/n) Nequiiv t ()

Where  d(t) the scaling depth after t years [m]
g the density of the scaled material [kg/m?)
(anorma vaueis 2000 kg/m3)

Example:

In asalt scaling test to -22°C, total scaling after 56 cyclesis 1.5 kg/rr12. The annua F/T spectrum is:
6 F/T to -18°C; 15 F/T to -15°C; 22 F/T to -10°C; 40 F/T to -7°C; 100 F/T to -3°C. The average

density of the scaled materia is 2000 kg/mS.
Then, naquiv=6(18/22)2+---+100(3/22) 2=21 cycleslyear. The scaling depth after 20 yearsis:

d(20)=(1/2000)(1.5/56)-21-20=0.006 m (6 mm)

Refer ences

/1/ Lindmark, S.: Mechanisms of st frost scaing of portland cement-bound materids. Studies and
hypothess. Div. Building Materids, Lund Inditute of Technology, Report TVBM-1017, 1998.

12/ Powers, T.C., Hdmuth, R.A.: Theory of volume changes in hardened portland cement paste during
freezing. Highway Research Board, Proceedings, No 32, 1953.
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ANNEX E: Effect of internal frost damage on
mechanical properties of concrete

1. Introduction
Internd frost damage manifestsitsdf as

* Reduction in compressive strength
* Reduction in tendle strength

* Reduction in bond strength

* Reduction in E-modulus

The bigger the transgression of the criticdl moisture content, the bigger the reduction in the mechanicad
properties.

There are no smple relations between reduction of different properties. Thus, a certain reative reduction
in tengle strength, or bond drength, can be much bigger than the relative reduction in compressive
strength. The same & vdid for E-modulus, the reduction in diffness is often much bigger than the
reduction in compressive srength.

The reduction in bond strength is particularly complicated, since it to a very high extent dependent on
how the load is applied to the bar, and on how the bar is enclosed by stirrups. Bond tests cannot be
performed in-dtu on the Structure. Therefore, one has to use a subgtituting property, preferably the
tensle srength.

2. Laboratory investigations

The effect of frost damage has been investigated; /1,2/. A number of specimens made with different w/c-
ratio and with cagt-in reinforcement bars (ribbed and plain) using different bond length (130, 100, 72
and 48 mm) were exposed to very severe freeze-thaw. All mechanica properties of interest were
determined before and after freeze-thaw.

In order to obtain maximum possble frost damage, that might occur in practice, the specimens were
pre-saturated using vacuum-trestment. By adjusting the resdud ar-pressure during the vacuum-
treatment, different degrees of saturation in the specimen could be achieved. For each combination of
concrete quality, bar type and bond length, 4 specimens were used. One of each specimen was not
exposed to frost. The other 3 specimens were freeze-thaw tested with moisture contents well above the
critical. The maximum moisture content used corresponds to amost complete saturation. It is hardly
possible to obtain more frost damage in ared structure, than that obtained in these saturated specimens.

The results from thisinvestigation is the basis for the data given in this ANNEX.
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3. Frost damage and compressive strength

The relation between the compressive strength of frost damaged concrete and undamaged concrete is
shown in Figure 1. There is a fairly good corrdation. A regresson analyss gives the following mean
relation:

fc damaged= 0961 0-91  r2=079 (1)

Where fc,damaged the compressive strength of frost damaged concrete [MPa)
fC,0 the compressive strength of undamaged concrete [MPa]

Thus, the mean lossin compressive strength is about 10 MPa The mean relativelossin compressve
srength is therefore bigger for lower strength grades. Eqn (1) gives the following mean relation:

Dfoffc 0> 10/¢ o )
Where Df¢ the loss in compressive strength due to frost damage [MPa)
Asalower bound relation can be used

fedamaged=fc,0-20  forf 35 MPa €)

The lowest compressive strength observed is 24 MPa valid for a concrete with initid strength 35 MPa.
The biggest strength reduction observed is 35%.
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Figure 1. Relation between the compressivestrength of undamaged and frost damaged
concrete; /1/.

4. Frost damage and split tensile strength
4.1 Reduction is split tensile strength

The relation between the split tendle strength of frost damaged concrete and undamaged concrete is
shown in Figure 2. A regression andlyss gives the following mean reation:

ft damaged™ 12t 0-3 r2=0.47 (4)

Where ft,damaged the split tendle strength of frost damaged concrete [MP4]
ft o the split tensile strength of undamaged concrete [MPq]

According to this equation the tensle strength of frost damage concrete is zero for concrete with an initia
tengle strength below 2.5 MPa.

Themean relativelossin slit tenslesrengthis
th/ft,o ))3/ft,0 -0.2 (5)

Where Dft the loss in split tendle strength due to frost damage [MPq]
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Asalower bound reation can be used
ft, damaged = 3ft,0-11 (6)

According to this equation the tensle strength is zero for a severely damaged concrete with an initia
tensle strength below 3.7 MPa.

The results show that frost attack might cause very big reductions in tensile strength. The lowest tengle
srength observed is 1 MPa vadid for a concrete with an initid strength above 3 MPa. The biggest
strength reduction observed is 70%.

3 L ft,damaged=ft,0

L ft damaged=3ft,o-11

tt,damaged=1.2ft,0-3 7
4

0 i 1 L i
0 1 2 3

Split tensile strength-undamaged; ft,o (MPa)

Split tensile strength-frost damaged, ft,damaged (MPa)

Figure 2: Relation between the split tensile strength of undamaged and frost damaged concrete.
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4.2 Relation between reduction in tensle strength and reduction in
compressive strength

Frogt attack causes much bigger reduction in tendle strength than in compressive strength; see Figure 3
and egn (7).

Themean rationiis:
Dfylfy o= L1(Dfcffc o) +29  r2=055 7

Where th/ft,o the relative change in split tensile strength [%0]
Dfc/fe.o the relative change in compressive strength [%0]
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Figure 3: Relation between the relative loss in tensile strength and the relative lossin
compressive strength; /1/.
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5. Frost damage and E-modulus

5.1 Reduction in E-modulus
The relation between Emodulus of frost damaged concrete and Emodulus of undamaged concrete is
shown in Figure 4.

It is not possble to find any well-defined relation. The loss in Emodulus can be very big. In some
concrete, thelossin E-modulusis amogt total. The lowest E-modulus measured is5 GPa

The E-modulus was caculated from the fundamenta frequency of transverse vibration, and therefore is
the dynamic Emodulus. A concrete which has lost most of its cohesion, cannot propagate transverse
vibration. Therefore, the static Emodulus might have been higher than the dynamic, which is indicated
by the much more limited reduction in compressve drength; Figure 1. The dynamic E-modulus,
however, ought to represent the gtiffness of the structure n a better way than the static Emodulus,
because the effect of damage (internd cracks) in dl directions of the structure are included in Edyn-
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Figure 4: Relation between the dynamic E-modulus of undamaged concrete and frost damaged
concrete; /1/.
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5.2 Relation between lossin concr ete strength and loss in E-modulus

In Figure 5 the relative loss in Emodulus is plotted versus the rddive loss in compressive strength. In
amog dl cases the loss in E-modulus (diffness) is consderably bigger than the loss in compressive
drength.

In Figure 6 the reative loss in E is plotted versus the rdative loss in Solit tendle strength. There is no
wdl-defined rdlation, but the average rddive loss in E is equd to the average rdative loss in tensle
srength. Therefore, changes in dynamic E-modulus is better corrdated with changes in tendile strength
than with changesin compressve srength.
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Figure 5: Relation between the relative lossin E-modulus and therelative lossin
compressive grength.
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Figure 6: Relation between the relative loss in E-modulus and the relative loss in split
tensile strength

6. Frost damage and bond strength - ribbed bars, no sirrups

6.1 Reduction in bond strength

The bond force is dfined as the maximum force in the force digplacement diagram obtained when a
reinforcement bar is pulled out of a concrete specimen with no consideration taken to cover or
confinement by gtirrups. Typica force-displacement diagrams are shown in Figure 7.

Reations between the bond force needed to pull a bar out from undamaged concrete and the bond

force for frost damaged concrete is shown in Figure 8. The mean relation (excluding specimens with
dirrups) is

Fb,damaged » O.5-Fb’0 (8

Where  Fpy qamaged  the bond force in frost damaged concrete [kN]
Fb,o the bond force for the same bar in undamaged concrete [KN]

Since the bond length, bar type and bar diameter is the same in the compared data in Figure 7, an
equation of type (8) can aso be used for the effect of frost on bond strength.
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fb,damaged” 0-5p,0 9)

Where f the bond strength in frost damaged concrete [M P
b,damaged
fb,0 the bond strength in undamaged concrete [MPa)

Themean relative reduction on bond strength is:
Dfyffp,0» 0.5(10)

This means that in average 50% of the bond strength is logt.

Thelower bound for absolute bond strengthis:

fb,damaged » 030fp o (11)
And the lower bound for rdative lossin bond strength is:
Dfyy/fp,0 » 0.70 (12

Thus, the maximum reduction in bond is about 70%. The lowest bond strength observed is
3.4 MPa.

B: w/c = 0.65, Steel Ks40 925, | = 100 mm, Damage degree 2

Direction of tension * [7//\
7 } 4 A
7 / ol
2 ? Seelbeams 7 e "
’ A~ as support
? ‘,4 Steel plaw D: wlc = 0.65, S =
’ ? .65, teele40612,l—48mm,Damagedcgne2
9 4 ; -
4 ’ : =
z ===
a .
2 / ! ]

Displacement [man]

Figure 7: Pull-out test used for determination of the bond strength data shown in Figure
8. Examples of force-displacement diagrams; /1/.
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Figure 8: Relation between the bond force at undamaged concrete and the bond force at
damaged concrete; /1/.

6.2 Relation between lossin bond strength and lossin
split tensile strength

In Figure 9 the relative loss in bond strength is plotted versus the rdative loss in split tensile strength. The

average trend is that the two types of destruction follow each other; a big reduction in tensile strength
causes a big reduction in bond strength. The mean relation is

Dfp/fp o = Dftht o -5 » Dft offt,0 (13)

Where be/fb,o the rdative lossin bond strength [%0]
th/ft,o the rdaive lossin split tensle strength [%0]

Thus, in average the lossin bond strength is the same as the loss in tendle Strength. This can therefore be
used as ameasure of the resdua bond strength in afrost damaged structure.

The maximum observed loss in bond strength of ribbed barsis 70 %.
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Figure 9: Relation between the relative loss in bond strength and the relative lossin split
tensile strength; /1/.

6.3. Absolute bond strength ver sus the split tensile strength
In Figure 10 al measurements of the bond strength are plotted versus the split tensile strength. Vaues for

frost damaged and undamaged specimens are included in the figure. Three vaues of the wic-ratio are
included (0.50, 0.65, 0.80)

The following mean regression curveisvaid for ribbed bars:
fp=33f;+1.3  r2=0.92 (14)
Thelower bound is

Fp» 3£t (15)
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These equations can be used for estimation of bond strength of a frost damaged concrete. The only
information needed for assessment of the bond strength is the split tensile strength of the concrete.

= O So
15 @ 7
= — fb=3.3ft+1.3 /
[a W}
3
&
5
& o Ribbed 25 mm
g 10 @ Ribbed 12 mm
o
§ e Plain 25 mm
M m Plain 12 mm
© Ribbed 25 mm
with stirrups
5
. -
— - T5=0.8ft-2
0 | o 1

0 1 2 3 4 5
Split tensile strength; ft (MPa)

Figure 10: Relation between the split tensile strength and the bond strength; /1/.

7. Frost damage and bond strength - plain bars, no stirrups

The bond gtrength of plain barsis dmogt totaly lost when the concrete is frost damaged. Thisis seenin
Figure 9. Normd reductions in bond strength for plain bars is 90% or more. The lowest reduction
observed is 70%. This means that the resdua bond to plain bars after frost damage is dmost zero.

The mean relation between bond strength and split tensle Srength is:

fy= 0.8f;-1.2 (16)
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Thelower bound relationis:

fp= 0.8f; -2 (17)

8. Frost damage and bond strength - effect of stirrups

There are very few tests made of the effect of stirrups on the bond strength of frost damaged concrete.
The few resultsin Figure 8 and 9 indicate that the maximum lossiis restricted to about 30%. In this case,
three dtirrups with diameter 4 mm and spacing 30 mm were used; see Figure 11. The bar was placed
eccentricaly in the specimen.

Section A-A Section B-B
Placement of the stirrup

Figure 11: Arrangement of longitudinal bar and stirrupsin the bond test; /1/.
The results are dso plotted in Figure 12. The regresson curveis.
fy=18f;+7.6 r2=0.97 (18)

This equation can be compared with egn (14) which is valid for bond without stirrups. For high tendle
drength, they give resultsthat are Smilar.
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Examples:

fi=4 MPa

without sirrups. fp=14.5 MPa
with dtirrups: fy=14.8 MPa
f=3 MPa

without stirrups: fp=11.2 MPa
with gtirrups: fp=13.0 MPa
ft:2M Pa

without stirrups. fp=7.9 MPa
with stirrups: fp=11.2 MPa

Stirrups evidently increase the effective bond when the initia tengle strength is low or reduced due to
frost damage.

16
<
=9
S
<14
] fb=1.8ft+7.6
]
g 12
o
=
Q
M
10 |
© Undamaged
8 e Frost damaged
6 ] | 1 I
0 1 2 3 4 5

Split tensile strength; ft (MPa)

Figure 12: Relation between split tensile strength and bond strength in specimens with
stirrups; /1/.
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ANNEX F. Synergy between different destruction types

1. Introduction

Two or more destruction mechaniams acting smultaneoudy might strengthen eech other. Such synergy
cannot be neglected. Examples of synergetic effects are:

1. Surface erosion by sdt frogt scaing (or mechanica erosion) reduces the service life with regard to
reinforcement corrosion, through agradual reduction of the concrete cover; /1/.

2. ASR opensthe structure to inflow of moisture, reducing the resistance to internd frost damage; /2/.

3. Leaching of lime by streaming water flowing through the structure increases the moisture uptake and,
therefore, reduces the internal frost resstance; /3/.

4. Leaching of lime from the concrete cover increases the rate of carbonation and the diffusivity of
chloride, and reduces the threshold chloride concentration for onset of corroson. Thereby it
decreases service life with regard to reinforcement corrosion; /3/

None of the synergies 1, 3, 4 have been studied experimentaly. Therefore, only a smplified theoretica
anadysis can be made.

Synergy 2 has been studied in a very limited investigation. There seems to be a negative effect of ASR
oninternd frost resistance, but the results do not alow a quantitative caculation of the effect.

When the inspection indicates that such synergy exists it must be considered in the assessment of
the future structural stability.

2. Effect of salt frost scaling on reinforcement corrosion

2.1 Effect on theinitiation time

2.1.1 Approximate method

SAlt scaling causes agradud erosion of the surface. The erosion rate is often linear and can be described
by:

Xg = Ce.t (1)

or dxg/dt = Cg (1a)
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Where  Xg the erosion depth at timet (the age of the structure) [m]
Ce the erosion coefficient [m/year]

The penetration of the threshold chloride concentration, or the penetration of the carbonation front in a
cover with intact thickness, is described by:

XC = Cc.t1/2 (2)
or dx/dt = Cl2t1/2) (2a)

Where  X; the carbonation depth, or the depth of the critica chloride

concentration, counted from the non-eroded surface, at timet (normally the
age of the structure) [m]

Cc.  thepenetration coefficient [miyear /2]

After a certain total exposure time (t*) and penetration depth (x*), the rate of erosion (dxg/dt) isequa
to the rate of penetration (dx /dt). t* and X:* can be caculated by:

t* =[CJ(2CPI2 (©)
XC* - Cc_t*]JZ (4)

After this time, the penetration rate is congtant and described by egn (1). The tota penetration depth
after timet > t* is

t = t*+(X=Xc*)/Ce ©)
The totd exposure time (age) until start of corroson is:

tnitiation = U +(T-%c")/Ce (6)
Where T theinitid concrete cover before any erasion [m]
Theresdud servicelife (D) until start of corrosonis:

Dt = (T-x¢*)/Ce (7)

This equation can be used when the two coefficients x* and C are known.
Cy isesimated from the erosion depth, using non-eroded parts of the surface as reference.

Xc* can be caculated from measurements of the penetration depth of carbonation, or the penetration
depth of the threshold concentration for non-eroded parts of the structure, assuming

010427/CONTECVET. Frost Manual. ANNEX F 3



that the time t* is the same as the age of the structure at inspection, t,. Thisis not correct, but will give a

vaue of the resdud initiation time on the safe sde (One can dso use the penetration depth in eroded
parts and add the erosion depth (X*=xgtX ¢ where X ¢ is the penetration depth from the eroded

surface.)
The extragpolation of penetration isillustrated in Figure 1.
Example:

The measured erosion depth in a 20 year old structure is 14 mm. The initid concrete cover is 35
mm. The penetration depth of the carbonation front is 15 mm from the eroded surface.

The erosion coeffidient is Cg=0.014/20=7-10"4 m/yeer
Theresdud time until art of corrosonis

Dt = [0.035-(0.014+0.015)]/7-10"4 = 8.5 years

(If erosion is neglected the cover is believed to be 35-14=21 mm and the penetration depth 15
mm. This gives a believed coefficient of penetration CC=3.35-1O'3 m/year]j 2: e Eqgn (2). Thus,

corrosion is believed to start when the structure is 39 years old, which gives aresdud service life
of 19 years. The sarvice life will be overestimated by 10 years)

Eroded surface Initial uneroded surface

— —_—— - -

)
Reinforcement

x (log-scale)

T

tart of
corrosion

xc* +

Residual service life, At
t*=to logt
Total service life -

Figure 1. Extrapolation of the penetration depth with simultaneous erosion by salt scaling.
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2.1.2 Exact method
A more exact method of assessing the effect of surface erosion is to use the following equation that

consders both eroson (like sdt frost scading) and penetration of the carbonation front or threshold
chloride front; /1/:

(x-Cat){dx Jdt)= C.2/2 (8)
This equation can be solved numericaly. It gives somewhat shorter resdua service life than the smpler

equation (7). The difference between the two equations is however not so big. The uncertaintiesin
determination of the governing parameters Cg and C;, are so big that the use of the complicated Eqgn (8)

is hardly justified.

2.2 Effect on thecorrosion rate

Theordticdly, the corroson rate ought to be somewhat influenced by the cover thickness. Therefore,
surface erogon ought to have a certain accderating effect on the corroson rate, provided the moidure
content around the bar is not changed by eroson, which it probably is.

The net effect of eroson on the corroson rate can probably be neglected in most cases.

3. Effect of ASR on internal frost resistance
3.1 Introduction

Thefallowing negative factorscan be identified:

1. ASR "opens’ the concrete to increased inflow of water to air-pores and defects. Concrete with
porous aggregate, or porous interfaces (e.g. due to water separation), ought to be more vulnerable.

2. ASR creates cracks, that can become water-filled and cause frost damage. Non-ar-entrained
concrete ought to be more vulnerable.

3: Gd produced from ASR contains large amounts of water, part of which might be freezable.

4: Reection products from ASR fill the air-pores, inactivating these.

Thefollowing positive factor can be identified:

5: The gel caused by ASR makes the cement paste matrix more dense, leading to areduced ingress of

water into the cement paste dructure. It might be, that this podtive factor in certain cases
compensates for the negative effect of cracks.
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A study was made at the Swedish Cement and Concrete Research Ingtitute on the effect of ASR on
frost resistance. Specimens with varying degree of ASR were exposed to a traditiona freeze-thaw test
during which the specimens were dlowed to adisorb water. The negative effect of ASR on frost
resistance was clearly demondtrated; /2/. It is uncertain, however, if the same negative effect takes place
in the red Structure.

3.2 Thefuturefrost damage

At present there is no possibility to express the synergy between ASR and frost in a quantitative way. A
samplified way of doing this is to use the concept potentia service life described in ANNEX A,

paragraph 6.2.

It is obvious that the first three negative factors described in paragraph 3.1 causes a gradud increase in
the inner moisture content (W A CT). The fourth negative factor causes areduction in the critica moisture

content (WcR)-

This means that the potential frost resistance (F) expressed in terms of the difference between WeRr
and W p cT decreases with time.

F=WCR(D) - WaCT() ®)

The parameters WcR and W cT @ the time of inspection can be determined on drilled-out cores from
the ASR-affected structure. WR is determined by a freeze-thaw test described in ANNEX
paragraph 5.4. Wa T a the time of ingpection is determined by drying and weighing; ANNEX G,
paragraph 4.3. There are two posshilities

1. If WaocT>WCR. the Structure is dready frost damaged, or very close to become frost damaged.

ASR will only accelerate the future deterioration process by increesing the moisture uptake. The
future deterioration due to frost can be extrgpolated by alinear time function:

D(t) = D(0)(t/to) (20
Where D(t) damage (e.g. tendle strength) at timet
D(0) present damage
t the age of the structure
to the present age of the Structure

In order to find a value of D(0) one has to find parts of the Structure that are unharmed by frost and
ASR; ANNEX G, paragraph 4.1.

2. If WacT<W(R the structure might be unharmed by frost. It could be, however, that the structure is

drier a the ingpection than it might be during more moist conditions. Therefore, a capillary absorption
test can be performed, and the breaking point in adiagram where moisture

010427/CONTECVET. Frost Manual. ANNEX F 6



content is plotted versus the square-root of time be found (see ANNEX G, Figure 3):
Wcap=A+ B+C (11)

Where Wcap  thewater content in the capillary suction test

A the bresking point
BandC coefficients determining the long-term water absorption

If AW R synergy can probably be neglected. There will probably be no future frost damage.
If A is only somewha below W R, frost atack might occur in the future. An estimation of how long

time it may take until there is severe frost damage can be obtained by using the concept potentia service
life (ANNEX A paragraph 6.2): The potentid resdud sarvicelifeis:

toresicua = [(Wer-AYBIYC (12)

This eguation tells how long time it will take for the structure before it is damaged by frogt, provided it is
exposed to water without any possibility to dry. The value of tp,reﬁi dual €@ be compared with the water

absorption time of the adud dructure. If this is shorter than the potentid service life, no damage will
probably occur in the future.

4. Effect of leaching on theinternal frost resistance

Water flowing trough the concrete structure will dissolve lime. The increase in porosity caused by
leaching can be very high. An increase by 25% of the initid porosty is possible. This will severdy affect
the internd frost resstance. Big leaching only occurs in concrete of low qudity, which in itself has low, or
average, initid potentid frost resstance. Leaching makesit till more vulnerable to frost attack.

Unfortunately there are no tests made on the effect of leaching on frost resstance. Therefore only a
quaitative analysis is made below.

Theinternd frost res stance of concrete is determined by two factors:

1: Thecritical water content which is mainly afunction of materid properties.

2. The actual water content which is a function both of the materid gructure (manly the ar-pore
volume and the ar-pore structure) and environmental properties, mainly the "wetness’ of the
environment.

The risk of frost damageis caculated by
Wsaturated

R=OF(WeR)f(W pcT)-dW (13)
0
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whee R the risk of frost damage (OEREL)
FIWCR) the distribution function of the critical water content

fWacT) thefrequency function of the actualy occurring weter content
Wegturateg  the water content at total saturation of the concrete

In egn. (13) it is assumed that neither WCR nor Wa cT hasadidinct, deterministic vaue, but that there
isacertain variation depending on variations in materia and environmen.

Leaching will affect both WcR and WACT. The effect can be assumed to be such that the risk of frost
damage increases. W R Will be reduced, since leaching will cause a coarsening of the pore system,
thereby increasing the amount of freezable water. Wa cT will be incressed since the concrete will

absorb water more readily. Besides, the coarsening of the pore system will increase the diffusivity of
disolved ar that emanates from enclosed air-bubbles in ar-pores. Therefore, the air-pore system will
become more rapidly inactivated due to a gradua water absorption.

The effect of leaching on the frost resstance can be quantified by determining the values of W R and
W a T on cores taken from different parts of the structure, non-leached and leached. The technique for

such testing is known; ANNEX G. Theresfter, the increased risk of frost damage can be calculated by
egn. (13). A method for extrapolation of the future frost deterioration is described in ANNEX C. The
extrgpolation depends on the "wetness’ of the environment. As one extreme, in very moist conditions,
destruction is supposed to be linearly growing with time. As the other extreme, in more dry conditions,
destruction is supposed to be unchanged, and maintain the same level as a it has a the time of

ingpection.
The effect of leaching on the risk of internd frogt attack isillugtrated in Figure 2.

@) Frequency of Wer and Wagt (b)

Risk of frost
damage

Risk of frost
damage

W W

Figure 2: Effect of leaching on therisk of frost damage - principles; /3.
(a) Before leaching. (b) After leaching.
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5. Effect of leaching on salt frost scaling

A concrete that has a high scaling resistance when nontleached might possibly obtain a reduced scaling
resstance after leaching, since the amount of freezable water increases due to the increased porosity.
The relaion between leaching and scaling resstance is unknown, however.

The scding rate can be estimated by a laboratory freeze-thaw experiment in sdt solution; ANNEX G,
paragraph 5.5. On basis of results from this test the future scding rate in the red environment can be
extrapolated; ANNEX D.

6. Effect of leaching on reinforcement corrosion

6.1 Introduction

A concrete surface exposed to streaming water will be gradually dissolved. This will increase the
diffuson coefficient to carbon dioxide and chloride, and it will reduce the threshold chloride
concentration for start of corrosion. Therefore, it might have an effect on the service life with regard to
the initiation time of corroson. The effect has not been studied experimentaly. Therefore, only a
guaitative analysisis made below.

Reinforcement corroson sarts when the passve conditions around the stedl disgppears due to
carbonation, or due to the influx of chloride ions.

Carbonation is extremely dow in water saturated concrete. Therefore, corroson due to carbonation
should be a minor problem in most structures exposed to leaching. There are unsaturated parts in such
structures, however, where corroson might be a problem. In such parts leaching should normaly be of
less importance, however. If leaching has occurred, for example at the downstream face of a lamellae
dam, or in acooling tower, it will increase the carbonation rate, thereby reducing the service life.

Chloride induced corrosion is not relevant for structures placed in normal water. In structures exposed
to sea water, that is penetrating the structure, chloride ions will enter the concrete both by convection
and diffuson. Leaching will have two negative efects with regard to chloride induced corrosion:

1: It increases the permegbility to chlorideions
2: It reduces the threshold chloride concentration for onset of corrosion

It is shown below that the synergetic effects can be very big and negative. Therefore, in
structures where leaching occurs one must be very cautious in extrapolating observed ” historic”
penetration rates and be cautious in using threshold chloride concentrations that are valid for
non-leached concrete.
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6.2 Effect of leaching on corrosion initiated by carbonation

6.2.1 Theresdual initiation time

The carbonation rate in a given environment is determined by two factors thet are  highly influenced by
leaching:

1: The amount of lime that is able to carbonate
2. The permestiility of the concrete cover to penetrating carbon dioxide

The carbonation process can be described by the following equation
x=[2-dc-co/CIY2412 (14)

where X the depth of the carbonation front [m]
de the diffusivity of carbon dioxide in the concrete cover [mé/s]

the concentration of CO» in air surrounding the structure [mol /m3]

the amount of materia able to carbonate [mol/m?3]
the exposure time (the age of the structure) [

The carbonation rate is found by derivation of egn. (14)
dx/dt= [dp-cd(C-2)] V2412 (15)
Therefore, the relation between the amount of leached lime and carbonation rate is
(dx/dit)/(dx/dit)=[ 1/(1-g)] V2 (16)

where (dx/df)q;  the carbonation rate of the leached concrete [m/s]
(dx/dt),  the carbonation rate of the unleached concrete [m/s]

g thefraction of totd limethat isleached [-]

This means that the carbonation rate is increased by afactor 1.3 when 40% of the lime is leached, and
by afactor 1.85 when 70% of the limeis leached.

Egn. (16) implies that the entire cover is leached to the same extent, and that the diffusivity of COp is
unaffected by leaching.

The effect of leaching on the diffusvity of COp is not known. One smplification is to assume that the

diffusivity is directly proportiona to the cement paste porosity. Thisincreasesin direct proportion to the
leeching. Thusthe diffugvity is:
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dC,Izd C,0(1+DP/P0) (17)

where dc,l the diffusivity after leaching [m&/s]
deo  thediffusivity beforeleaching [m2/g
DP the increase in porosity due to leaching [m3/m3)
Po the porosity before leaching [m3/m3]

Thevolume of leached materid isdirectly proportiond to itsweight

DP=v5-Qy (18)
where  vg the specific volume of leached lime [m3/kg]
Qy the weight of dissolved lime [kg/m3]

According to egn. (17) the relation between the carbonation rates of the leached and nonleached
concrete is

(dx/dt)/(dx/dt)g={ (1+DP/Pg)/(1-g)} L2 (19)

Leaching of al Ca(OH)2 from the concrete with a w/c-ratio of 0.60 corresponds to an increase in the

porosity of about 25%, i.e. DP/Pg»0.25. The fraction of leaching g is about 40%. Thus, the carbonation

rate is increased by afactor of about 1.45 instead of 1.3, avaue which isvdid if the diffusivity was kept
constant.

The increased rate of carbonation means that the time until start of corrosion is reduced in the same
proportion. Thus, one can conclude that leaching causes a considerable reduction in the service
life with regard to corrosion induced by carbonation.

The effect of leaching on carbonation and time to onset of corroson isillustrated in Figure 3.

In order to be able to andyse the effect of leaching on the future deterioration, one has to measure the

rate of leaching, i.e. the rate of increase in porosity. This can be done by andysing the water flux and the
lime concentration of the leaching water.
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Figure 3. Effect of leaching on corrosion induced by carbonation - principles; /3/.
(a) Before leaching. (b) After leaching.
6.2.2 The corroson sage

Probably leaching has margind effects on the corrosion rate once this has been initiated.

6.3 Effect of leaching on corrosion initiated by chloride

6.3.1 Theresdual initiation time

The sarvice life with regard to chloride induced corrosion can be described by the following equation,
provided the outer chloride concentration is congtant and theinflow of chloride ions is determined by
diffuson with a diffugvity thet is unchanged with time.

Cipy/Co=erfc{ T/[4deg 1] V2) (20)

where Gy the threshold concentration of free chlorideions [mol/l]
Co the chloride ion concentration at the surface [mol/l]
T the concrete cover [m]
deff the effective chloride diffusivity considering chemicd and

physical binding of chlorides [n?/s]
t the exposure time (the age of the structure) [9]
the complementary error function
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The effective diffusvity is (provided chloride binding islinear):

dgf= d/(cy/c+1)=d/(r +1) (21)
where d the diffusivity not consdering chloride binding
(i.e the " steadly State diffusivity”) [n2/s]
S the bound (immohbile) chloride ion concentration [mol/1]
c the concentration of chloride that is free to move [mol/l]
r the ratio between bound and free chloride [-]

Chloride diffudvity is defined by Fick's law

qc=d-d[c]/dt (22
where g the flux of free chloride [mol/(m2-s)]
d the diffusivity of chloride [m2/g]

d[c]/dx the gradient in free chloride concentration [mol/(m3-m)]

The threshold concentration is largely unknown. It certainly depends on the akalinity of the pore water,
but it dso depends on the permesbility of the cement paste, and on the oxygen concentration at the sted!
surface.

Leaching will have many negative effects with regard to chloride induced corrosion. They are illustrated
in FHgure 4.

1: Leaching will increase the Seedy-date diffusivity d by increasing the porosty.

2. Leaching might decrease the amount of bound chloride by lowering the dkdinity of concrete . This
will increase the effective chloride diffusivity, deff

3: Leaching will decrease the akdinity of the concrete (alkai hydroxides are leached at

fird, and theresfter al cacium hydroxide). Thiswill decrease the threshold chloride
concentration Gy , Which isavery negative effect.

The tota effect of al these effects of leaching can be very negative and must be considered. Thisis not
easy because the effects of leaching on the diffusivity, the threshold concentration, and the binding of
chloride are unknown.

It isclear that ” historic values’ for penetration rate of chloride cannot be used for prediction of

the future penetration and prediction of the residual initiation time. One has to be conservative in
the prediction.
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Figure 4: Effect of leaching on corrosion induced by chloride-principles; /3/
(a) Before leaching. (b) After leaching

6.3.2 The corrosion sage
Probably leeching will have margind effects on therate of corrason.
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ANNEX G: Diagnosis and inspection

1. Introduction

A quantitative structural assessment has two objectives:
1: To edimate the actual gatus of the structure at the time of ingpection.
2: To edimate the futur e status of the structure if no repair is made.

An assessment, therefore, requires actua data of parameters of importance for structura stability.

Internal frost attack

For a structure damaged by interna frogt attack the following data are required for vita parts of the
structure:

1. For the actua structurd gability
* The actud compressive strength
* The actud tendle strength
* The actua bond strength
* The actud E-modulus

2: For the future structura stability
* The present damage in terms of strength and E-modulus
* Predicted evolution of compressive strength
* Predicted evolution of tendle strength
* Predicted evolution of bond strength
* Predicted evolution of E-modulus

The prediction (the future damage curve) is made according to the principlesin ANNEX C. The future
damage curves depend on the wetness of the environment around the actua part of the structure. There
arethree "moidture classes’:

* Moigt

* Vay moig

* Extremdy moist

Salt frost scaling
For astructure damaged by sdlt frost scaing the following data are required:

1. For the actud structurd stahlity
* The actud scding depth in vital parts

2: For the future structurd sability
* The future scaling depth in vita parts

The prediction is based on the principles described in ANNEX D.
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2. Diagnosis

2.1 Internal frost damage

It is sometimes difficult to diginguish internd frost damage from alkali silica reaction. In both cases
the concrete surface has a more or less dense crack pattern indicating internd disintegration due to
expangon. Other destruction types causing Smilar cracking due to internal expanson are sulphate
attack and delayed (secondary) ettringite formation. Often a petrography andysis is needed to
establish the cause of damage. It is very important that the diagnosisis correct, since the evolution
of damage is quite different in a frost damaged structure than in a structure damaged by ASR,
sulphate, or delayed ettringite.

Interna frost damage only occurs when the structure has access to large amounts of free water. Thus, it
never occurs where the environment is only "humid” but not "wet”. Typicd Structureslenvironments
causing frost attack are:

* gructures sucking ground water

* gructuresin contact with moist back-fill, like support walls

* gructures congtantly exposed to water, like hydraulic structures, dams etc.
* rallway bridge troughs filled with moist ballast

* gtructures more or less congtantly exposed to drainage water

Thus, in order to estimate if frost can be the cause of damage, it isimportant to clarify the wetness of the
environment surrounding the structure.

Photographs of cores taken from frost damaged structures are shown in Figure 1. In Figure 2, the crack
pattern in a core from a frost damaged concrete is shown. There is a random system of cracks in the
heart of the concrete together with aacks parale to the surface of the concrete. Therefore, in the case
of frost attack, the interna cracking close to the surface is directed perpendicular to the heat flow
during freezing, while they further into the concrete are directed in more or less dl directions. There are
often cracks running through the interface between cement mortar and coarse aggregate, but seldom
cracks within the coarse aggregate grains (unless these are porous).

In many cases there are aso long cracks parald to joints and edges of the concrete, or emanating from
corners. These cracks can be observed on the exposed surface. They are sometimes cdled D-line
cracking.

2.2 Salt frost scaling

A concrete surface that is exposed to de-icing sdts, or any other water solution, at the sametime asit is
exposed to frost, might obtain a more or less deep surface scaling. The surface is often rough, since the
mortar phase is more eroded than the coarse aggregate phase. The scaing is not only restricted to such
parts of the surface that are directly exposed to sdt, but also to other parts of the structure. The reason
is thet there is often a "sdt-mist” around the entire structure when this is exposed to de-icing slt, or
when it islocated in amarine environmen.
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If scaing is observed, and one knows that there is a saline environment around the structure, one can be
quite sure that combined sdt-frogt attack is the reason. Other causes of scaling might be mechanicdl
erosion, but is has quite another gppearance, and only occurs where the concrete is exposed to big

mechanica erosive load.

Figure 1: (a) Core froma UK structure showing internal frost damage. (b) Ditto froma
Swedish structure.
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Figure 2: Typical internal crack pattern induced by frost action.
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3. Inspection and testing the structurewith regard to
assessment of the actual status

In the following, the exact number of specimens for each tet, or the location where to measure or drill
out specimens, is not considered. It will be individua for each structure, and must be determined by the
experienced investigator in collaboration with the structural engineer who is going to make the
structural assessment.

The amount of damage can vary from place to place in the same sructure. Therefore, in most cases,
series of data from many different places are required. Only in specia cases can data taken from one
place be used for the entire structure.

3.1 Thevisual appearance - scaling and cracking:

Aim:
To find proof of the existence of frod damage, and the extent of this. Such proof is:

1. Surface scaling
The current scaling depth is an important input for an assessment of the future scaling; ANNEX D. It
is dso required for an assessment of the penetration of chloride, or carbonation. This synergy
between sdt scaling and reinforcement corrosion is described in ANNEX F.

2: Internal cracking and loss of cohesion
Thisis used as an indication thet it isfrost attack that has caused the damage, and not another type of
attack. Thisisimportant for the prediction of future damage.

Method:

Surface scaling:

Surface scaling is measured in-sSitu, by some sort of gauge, such as ameasuring clock mounted on a bar.
The scding depth is counted from a reference initid surface, that can sometimes be difficult to define.
The best is to use nonscaed parts of the structure. If such parts do not exist, one might base the
measurements on the initia drawings used at the congtruction phase assuming these reflects the structure
built. The scaing frort will not be perfectly smooth. The actua profile is determined.

Internal damage:

Traditiond techniques are used, such as visud anayses of thin-sections, petrographic anayses etc. By an
anayss of the crack pattern, and other morphological characteristics of the concrete, an experienced
petrographer will be able to see whether damage is due to frost attack, or to any other types of interna

attack, such as akai-dlicareaction, secondary cement reactions, sulphate attack, etc. The petrographic
techniques are not described here.

SAt deposits, and precipitation of crystds (e.g. secondary ettringite or cacite) in the air-pore system is
quantified. It gives information of the amount of the inactivated air- pore volume; i.e. the air- pore volume
that cannot protect the concrete from frost damage.
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Note:

An air-pore, that is filled with secondary cement reaction products, or with calcite, is not an active
ar-pore. Evidently, it can be filled with water, which was a pre-requisite for the nucleation of the
crystals that have been formed. Therefore, air-pores that are filled by crystals have not been
functioning as a recipients for excess water that is displaced during freezing even before
crystalisation occurred.

3. 2 Strength of the concrete

Aim:
To make possible an assessment of the current structural stability.

M ethod:
Compressive strength:

Only direct testing of cores can be used. Indirect measurements of speed of sound, and other indirect
measurements, cannot be used due to very uncertain relations between strength and E-modulus of frost
damaged specimens (ANNEX E).

Cores for testing of compressive strength are taken from cross sections that are vitd for the load-
carrying capacity.

Normd, standardised methods for testing and assessment of drilled-out cores, are used. The results are
used for a determination of the characteristic strength to be used in the structura analysis (the strength
of 15 cm cylinders tested wet). Therefore, for each core, the measured vaue is corrected for
denderness, Size, and moisture condition.

*No correction for denderness is made for cores with length-diameter above 2. The following
correction factor is used for length-diameter below 2:
- length/diameter ratio 1.5: correction factor 0.95
- Length/diameter ratio 1. correction factor 0.85
- Linear interpolation is used for other values of the denderness.

* No correction for Sze is made if the diameter of the core is above 100 mm. For diameter 5 cm a
correction factor of 0.9 isused. For diameters between 5 and 10 cm linear interpolation is used.

* The specimens shdl be tested wet. Therefore, there is no correction for moisture.
The mean vaue and standard variation of the (corrected) strength vaues are calculated and used for

transformation of the measured values to characteristic vaues according to ANNEX H. Therefore, at
least 3, and preferably 6 or more, specimens are required for each investigated section of the structure.
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Solit tensile strength

Tendle strength is important for assessng bond grength, and must therefore be known, especidly for
sections where shear and anchorage are important. The tensile strength cannot be calculated from the
compressive strength, because it is often more affected by frost than compressive strength. It has to be
measured on cores using standard procedure.

Cores (preferably with diameter 3 10 cm) are taken from crucia cross sections.

The cores are tested according to the standardised test method. Unevenness in the specimen surface
caused by drilling can severdy influence the result, and must be removed by grinding. The specimens are
tested wet.

Mean vaue and slandard deviation are determined.

Bond strength:
The resdud bond drength is evduated from the resdud tensile strength, according to relaions
presented in ANNEX E and ANNEX H.

3.3 E-modulus

Aim:

To make possible an assessment of the structura stability and serviceability. The E-modulus isimportant
for the digtribution of moments and forces in a deteriorated structure. It affects the effectiveness of pre-
stressing bars, and it determines deformations and cracking.

Method:
There are two types of E-modulus; gatic and dynamic.

Satic E-modulus:

The static Emodulus is determined on cores loaded dowly by compresson. The gstatic Emodulusis
defined and determined according to the design code used. Normdly a cylindrical specimen with
denderness of at least 2 is used. The deformation pardld to the load is measured in the middle part of
the specimen. The Emodulus is normdly defined as the sscant modulus from zero load to 1/3 of the
fracture load

Dynamic E-modulus from the speed of sound:
The dynamic Emodulus can be determined from the speed of sound. The measurement is made in-Situ,
Or ON COres.

Edyn —a -g-v2 (1)

Where Edyn the dynamic E-modulus [GPq]

a factor depending on Poisson’sratio
g the dengity of concrete [kg/m3] (normally 2400 kg/n’?’)
v the speed of sound (longitudina waves) [m/s]

010427/CONTECVET. Frost Manual. ANNEX G 7



Thefactor a is
a=(1+n)-(1-2n)/(1-n) (2
Where n Poisson’s ratio

For undamaged concrete n»0.17. Hence, a »0.93. For severely damaged concrete n ishigger. A vaue
of 0.3 can be assumed if cracking corresponds to what occurs at the proportiondity limit of concrete.
Hence a »0.74. Thisvaueis used for frost damaged concrete.

Dynamic E-modulus from the natural frequency of transverse vibration:
The testing is made in the laboratory on cores which must have a length/width ratio (denderness) of at
least 2 and preferably 3, or more. There are two possibilities:

1. Forced vibration perpendicular to the length axis of the specimen. The gpplied frequency is gradudly
increased (or decreased) until maximum amplitude of the specimen is reached. This is the naturd

frequency (Note: the ground mode of vibration must be searched, since the value of b inegn. (4) is
based on that vibration mode.)

2: The specimen is excited by a hammer. The natura frequency of the specimen is measured by a sensor
on the gpecimen, or in the hammer.

The dynamic Emodulusis caculated by:

Egyn = b-Gf2 3)
Where Edyn the dynamic E modulus [GP4]

b coefficient depending on the shape and size of the specimen

G the mass of the specimen [kg]

f the naturd frequency of transversevibration [S 1]

The coefficientb is

Gened shape. b=7.9-10'11.L31) T (4

Prism; b=9.5-10"10(L3/(b-n3) T (4a)

Cylinder: b= 1610934 T (4b)
Where L the specimen length [m]

I the moment of inertia of the specimen [m4]

T correction factor which depends mainly on the length/width ratio of

the specimen (also to a certain extent on Poisson’sratio) [-]

b width of aprism[m]

h height of aprism, pardld to vibration [m]

d diameter of acylinder [m]

010427/CONTECVET. Frost Manual. ANNEX G 8



For a given vaue of Poisson’s ratio, the correction factor T only depends on the ratio between the
radius of gyration of the specimen (rg) and the specimen length (L). Vdues are given in the table for

Poisson’s ration=0.17 (undamaged concrete) and n=0.30 (damaged concrete).

rdL n=0.18 n=0.30
T T
0.00 1 1
0.02 1.03 1.03
0.04 1.13 1.14
0.06 1.28 1.30
0.08 1.48 1.50
0.10 1.73 1.77
0.12 2.03 2.09
0.14 2.36 2.59

Prigm: rg:h/3.46. Cylinder: rg:d/4
Example: For a cylinder with diameter 10 cm and length 25 cm, rdL:O.lo, and T=1.73.

3.3 Amount of reinforcement and concr ete cover
Aim:
1: The amount of reinforcement in the structure is fundamenta for a detailed structural assessment. It can

be different from what is shown on the drawings. In many cases, no drawings exi<t.

2. The concrete cover is important for an assessment of the anchorage capacity of the reinforcement
bars and, consequently, for the structurd Sability. It is dso important for an assessment of the
resdua service life with regard to reinforcement corrosion.

M ethod:

The location of reinforcement, the concrete cover in intact surfaces, and the residua concrete cover in
scaled surfaces, shal be located by a cover-meter with the possibility to assess dso the diameter of the
bars.
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4. Inspection and testing the structurewith regard to
assessment of the future status

4.1 The actual internal mechanical damage

Aim:

1: To make possble a quantitative determination of the actua degree of frost damage of the concrete
(loss in compressive strength, loss in tensile strength, loss in bond strength, loss in E-modulus). This
information is needed for a prognosis of the future ructura stability.

2. To make possible an extrgpolation of the future degradation of the structura stability according to the
principlesin ANNEX H.

M ethod:

Cores are taken from undamaged parts of the structure. Norma, standardised methods for testing and
assessment of drilled-out cores, are used. These values are compared with values taken from damaged
parts of the structure; paragraph 3.2. Damage (D) is defined

D=1 - Rgamaged/ Rundamaged ()

Where  Rggmaged  Strength or E-modulus of damaged parts
Rundamaged  Strength or E-modulus of undamaged parts

4.2 Characterisation of the micro- and macro-climate around the sructure

Aim:
It is important, for an evauation of the future degradation, to have some information of the surrounding
climate; sse ANNEX C and D.

Important parameters for internal frost attack is.
* Access to free water (amount of precipitation, water splash, water accumulation in
badly drained parts of the structure, etc.

Important parameters for salt frost attack are:
* Minimum freezing temperatures and frequency of low freezing temperatures
Thisisrequired for desgn of ascaing test; paragraph 5.5.

* Use of de-idng sdts; duration and amount. Indication of the presence of salt spray on parts of the
sructure, not directly exposed to sdts, can be obtained by an andysis of the chloride profilein the
concrete.

* Exposure to sea water

Method:

1: Detaled visud observations of the structure.

2: Callection of dimatic data.

3: Collection of data from management of the Structure.
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4.3 The moisureleved insde the concrete

Aim:
To find the actuad moisture content of the concrete, Wa T in order to estimate the risk of interna frost
damage.

By comparing the observed vaue W cT with the water content W p(t') reached in a laboratory

absorption test of the same concrete after an absorption time, which is representative for the actua type
of structure (see ANNEX A, paragraph 6.2), one can estimate the risk of frost damage, and the
observed behaviour of the structure can get an explanation.

One can dso compare the observed value WacT with the water content, W, obtained at the

breaking-point in the capillary absorption experiment. If the observed vaue is higher than the bresking-
point absorption Wpthere is an imminent risk of frost damage.

Low frost res stance;
WacT>Wcap(t)
WacT>Whn

Fair (or good) frost resistance:
WacT<Wcap(t)
WACT<Whn

M ethod:

Cores with diameter not above 6 cm are taken from different places of the structure, and preferably a
different climatic conditions. This must be done without adding moisture, and without drying out
moisture. One method is to drill smal holesin a circle, and break loose the ” core”. This must be sedled
immediately, in order to protect it from moisture changes. The core is treated in the following way; see
Figure 3.

Note:

In the following, the moisture content W is exchanged for the total weight Q. This can be done
since there is a linear relation between the two values; Q=Qgjry+W where Qqry isthe dry weight

of the specimen.

1: The coreisweighed in its natural moisture condition, Qa T

2: The core isimmersed in water for some time (at least 2 weeks) and the weight gain is monitored by
careful weighing of the surface-dry specimen at different intervas.

The long-term absorption curveis described by:
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QcAPt)=Qn+BC ©)
Where Qn B, C  congtants obtained from the test

Since the spedmen is vay moig initidly, it will be difficult to find a precise vaue of the breaking
point, Qn. Then the following additiona procedure in points 3: and 4:, directly following points 1: and

2., gives asafer vaue of the breaking-point:
3: The coreisdried a room temperature to amoisture level far below the breaking- point.
4: The core is weighed and immersed in water for some time (at least 2 weeks), and the weight gain is

monitored by careful weighing of the surface-dry specimen a different intervas. The long-term
absorption curve is described by egn. (7). The short-term absorption (the steep absorption curve) is

described by:
Qcap(t)=kt12 7)
Where k the absorption coefficient; see egn. (11)

Qp isthe bresking-point in a diagam where the two curves (6) and (7) intersect.

5: Theweight Q is transformed to water content, W, by drying the specimen at +105°C.

(W=Q-Qdry and Wr=Qn-Qqry Where Qqry is the dry weight of the specimen.)

W, Q
QcAP(H)=Qn+BtexpC QcAP(1)=Qn+BtexpC
Whn, Qn f{"('/x
QCAP(t)=kVt
step 1: and 2: step 3: and 4:
- > -
0, Qdry

time (square root-scale)

Figure 3: Determination of the actual moisture content.
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5. Additional investigations

Besides the tests described above it can be important to know more about the concrete, and its
potential to resist frost damage. Some methods are described below.

5.1 Theair-pore sructure

Aim;
To deternmine the”qudity” of the ar-pore structure, expressed in terms of the following parameters:

1: Thetotd air content
It isrelated to the internd frost resstance; ANNEX A, paragraph 7.1.

2: The specific surface area of the air-pore system
It gives an information about the fineness of the air-pore system. Normally, frost resistance increases
with increasing specific surface area.

3: The Powers spacing factor for the entire air-pore system.
It combines the total air content and the specific surface area. Normdly, but not aways, the frost
res stance increases with decreasing spacing factor

4: The 9ze didribution of ar-pores
It can be used for atheoretical service life moddling of internd frost resstance; /1.

Test method:

Theoretical background:

The theoreticd principles behind the determination of the air-content, the specific area and the spacing
factor is based on the so-cdled linear traverse method described in ASTM C457. By adding the
Lord-Willis method for andysing chord intercepts of the observed air-pores, the ar- pore size
digtribution is dso obtained by the same experi-menta technique; /2/.

Practical methods:

The test can be made by measuring the air-pore Sze distribution on a polished, concrete sample. The
ar-pores can ether be observed "manually” by microscope, asit is described in ASTM C457, or the
observation can be made by a TV-camera mounted on a microscope, and coupled to an automatic
image processing system. Even in the latter case, the software is based on the theoretical background
behind the linear traverse method, described in ASTM C457, and the Lord-Willis method; /2/.

The test can dso be made on smaler thin-sections. In this case, many sections are needed in order to
obtain the necessary precison. The diameter didribution of the ar-pore caottes is measured. A
mathematical transformation of the observed caotte diameter didtribution is required, in order to find the
pore diameter digribution. If this transformation is not made in the mathematicaly correct way, the
spacing factor will not be the same in the two methods. A method of transformation is described in /3/.
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5.2 The€effective air-pore volume

Aim:

Only ar-pores that stay air-filled in the practica Stuation will function as dress rdievers diring the
freezing process. Air-pores can become inactivated due to water-uptake. This occurs when the air-
pores are inter-connected, so that they form continuous channels. It aso occurs when the air-pores are
s0 smdll that they take up water due to air-dissolution.

The effective ar-pore volume gives informetion of the potential frost resistance; see Figure 5. It dsois
afundamenta parameter for atheoretica servicelife andyss.

Air-pores can dso be filled with salt crystas. Thisis seen in the petrographic analysis described in
paragraph 3.1.

Test method:
Cores with diameter 10 to 15 cm are drilled out of the structure. 20 to 25 mm thick dices are cut from
the cores. The dices are treated in the following way:

1. Pre-drying in room:-climeate, protected from carbonation, during at least 2 weeks.

2. Weighing immediately before the suction test. Weight Q.

3. Placing in atray containing water. Only 1-2 mm of the thicknessisimmersed.

4: Taking up and weighing at different time intervas, 10, 20, 30 minutes, 1, 2, 4, 6 hours, 1, 2,3 ,4 ,5
etc days, until about 28 days. Before weighing, the bottom surface is wiped with a moist sponge.
Directly after weighing, the specimen is once again placed in the tray. This is covered by an
impermeeble lid in order to protect the specimen from evaporation. The weights are called Q.

5: After terminated water uptake, the specimens are dried at +105°C to equilibrium and weighed, ery

6: Vacuum-filling by pre-evacuation a maximum 2 bar during at least 24 hous, followed by water
uptake with the pump running for about 1 hour, and findly water Sorage a ordinary amospheric
pressure during at least 1 week. Weighing in air and immersed in water, Qﬁ’aand Qsat,w-

7. Cdculating the degree of saturation S p Versus the square-root of time. Degree of saturation is
defined:
Scap = totdl water/total porosity = (Qt - Qqry)/(Qsat,a- Qdry) )

8: Defining the bresking point on the absorption curve (time in square-root scale) where the early rapid
absorption goes over to a dow absorption; see Figure 4. This breaking point absorption is called
Qp, or in terms of degree of saturation, Scap
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9: Cdculating the total porosity P
P= (Qsai,a' ery)/(Qsat,a - Qsat,w) (9)

10: Caculaing the effective ar content ag. Thisis defined:

agtf = (1-Scapn)P (10)
The specimen weight, Q Scp
Qsat,w 1
The air-filled pore volume
(the effective air-pore volume)
Used for capillarity
y
/ N
R A Used for long-term absorption | SCAPn
Qe 1 Scapy
The water-filled pore volume
Qo
Qary y 0
Y ¢ tn Time in V-scale

Figure 4: llustration showing the result of a water absorption test used for determination
of the effective air content, the capillarity, and the long-term absor ption.
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5.3 Thecapillarity and the long-term water absor ption

Aim:
1. The capillarity gives information of the speed by which the concrete responds
to exposure to free water. Two types of data are obtained:

a The absorption coefficient tdling the rate of water absorption. The vaue depends on the water
content when suction starts. The absorption coefficient can be used for cdculation of the
moisture- time fieds in the surface part of concrete, and therefore it isimportant for the prediction
of the sarvice life with regard to reinforcement corrosion. It is of less importance for analysing
frost resstance.

b: The resistance coefficient teling the rate by which the water front penetrates the concrete. It is
sengtive to inner damage. For an undamaged concrete, the vaue shdl be within the range 5106

to 108 s/m2. Lower values are signs of internal damage. On the other hand, a high value is not a
guarantee for undamaged concrete.

2. The long-term &bsorption gives information of the potentid service life, and can be used for a
prediction of the potentia service life; paragraph 5.4 below.

Test method:
The same test method, as that used for determination of the effective air content, is used; see paragraph
5.2 above and Figure 4. The procedure is as follows.

Capillarity:

The absorption coefficient, k (kg/(mz-s]j 2), is defined by the dope of the initial part of the absorption
sguare-root of time curve; from time zero until the breaking point. This dope can be obtained by linear
regresson. The following definition is used:

k = dQ/d(tV2)/A (1)

Where dQ/ d(t]j 2) the dope of the water absorption curve
A the cross section of the specimen.

Note:

It might be that the absorption curve does not completely follow a square-root relationship. It might
aso be that the dbosorption curve is non-linear in asquare-root time-scale. A typicd caseis when the
initid water content is very high. In such a case, a new test with lower water contents can be made;
see Fgure 4. One can dso normaly find a certain linear portion of the curve for which the definition
of k can be applied.

The result depends on the initid water content, expressed in terms of the initid weight Q. the lower the
initid water content, the higher the absorption coefficient.
From the test, the so-called resistance coefficient, m [s/mz] , €an be determined. It is defined:
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t=mZ (12

Where t the suction time{s]
z the depth of penetration of the moigture front [m]

Thus, m is a measure of the resstance offered by the concrete to moisture penetration. m is much less
dependent of the initid moisture content than k.

Thevdue of mis obtained from the bresking point absorption:
e tyH2 (13)

Where t,  thenick-point time[s]
H  thethickness of the specimen [m]

Long-term water absor ption:
This is determined from the second part of the absorption curve; after the bresking point has been
obtained.

The following expresson is determined by linear regression; c.f egn. (7):
Scapt) =A + B+C (73

Where Scap thecapillary degree of seturation. It is calculated from the experimental

points by the method that was described in the test method for the
effective ar content, paragraph 5.2.
AB, C codficients found by the regresson andyss.

5.4 The potential internal frost resistance

Aim:
1. To obtain information of the generd leve of frost resstance of the concrete

2: To make possible an estimation of the potentia residud service life of a structure that is susceptible to
be frost damaged, but that is not yet damaged.

Test methods:

One can digtinguish between methods that yidd qualitative information only, and methods thet yield
guantitativeinformation concerning service life. See dso ANNEX A, paragraph 8.1.
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Qualitative test methods:

In these methods, the specimen is exposed to repeated freezelthaw cycles in amanner, that is not dways
representative of the practica Stuation. Information is obtained of the generd level of frost resstance,
but not of the frost resistance in the red case. The information obtained is often expressed in terms of
quditative judgements such as:

* Excdlent frost resstance
* Good ....

* Far ....

* Average ....

* Poor ...

There are many test methods to select between. The most widely used method is the American ASTM
C666. Thisisarapid freezing and thawing in water, or in water and air. Damage is measured by the loss
in fundamenta frequency of transverse vibration (a function of the loss in the Emodulus, and the weight
loss). Also the scaling, and the length change can be measured. There are two variants of the method:

* Procedure A: "Rapid water”. In this, the specimen is congtantly stored in water
during dl the 300 cyclesthat are specified.

* Procedure B "Rapid air’. In this, freezing ismade in air, but thawing in water.

It seems reasonable to use Procedure A for structures, that are used in very wet environments, and
Procedure B for more dry structures. It must be noted, that small changes in the test procedure,
might give big changes in the observed frost resistance.

Thetest is performed on drilled out specimens.

Quantitative test method:

Information of the potentia service life can be obtained by the so-cdled " Critica Degree of Saturation
Method”, which is a Tentative RILEM-method; /4/.

The principles of the method are as follows; see Figure 5.

1: The critical degree of saturation, SCR, is determined by a freeze/thaw test. This can be performed as

amuiti- cycle freeze thaw on many specimens a the sametime, or as a sngle freezelthaw experiment,
with one specimen.

2. The long-term capillary degree of saturation, Scap, is determined by the method described for

determination of the effective air content, paragraph 5.2. Three congtants are determined for the
long-term water absorption, A, B, C. The capillary degree of saturation is defined by egn (8).

Then, the potential servicelife, t,y, is calculated by:

toot = {(Scr- A)/B} 1c (15)
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Figure 6: Illustration showing the definition of the potential service life.

5.5 The potential salt frost scaling resstance

Aim:
1: Tofind the generd level of the scaling resstance of the concrete

2: To find the sdt scaling resistance of a concrete, that has not been exposed to sdts in the past, but
might be s0 in the future

3: To find the scaling resistance of a concrete, that has been exposed to sdts in the past, but will not be
0 in thefuture

Test method:

The method, most widdly used, is the Swedish test method SS 13 72 44. In this, cast specimens, or
cores, are exposed to, either 3% NaCl-solution, or pure water. Each freeze/thaw cycle has a duration of
24 hours. In total 56 to 112 cycles are performed. Useful information is, however, obtained aready after
thefirgt 10 cycles.

In the actual assessment case, drilled out cores shall be used. The diameter shall be at least 10 cm and
preferably 15 cm. The length shal be at least 10 cm. The surface, exposed in the test, shall be the red
outer surface of the core.

For a concrete, that is exposed to de-icing sdts in practice, a 3% NaClsolution shdl be used as

freezelthaw medium. For concrete, that is not exposed to any sdts, pure water shall be used. For
concrete in seawater, this might be used in the te<t.
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5.6 Theinternal reative humidity

Aim:

The am is to obtain generd information of the moisture level of the dructure. This informetion is,
however, more important for an assessment of reinforcement corrosion, or ASR, than for an assessment
of frost damage. This always occurs when RH=100% inside the concrete.

Test method:

The test shal be made with RH-sensors, that are carefully cdibrated, and with a deviation from the true
vaue of less than £1% in RH. The moisture capacity of the sensor (the sensors own moisture uptake)
shdl be assmdl as possible in order to make the measurement rapid.

The measurements can be made in three ways, see Figure 6.

1: In holes drilled in the Structure. The hole is lined with a plagtic tube. The space between the tube and
the concrete is sedled. Moisture is only dlowed to enter the hole, at its bottom end. The RH-probe
must be designed in such away, that a small space can be enclosed at the end of the tube, in which
the gauge can be located. Holes are drilled to different depths, so that the RH-profile can be
obtained.

2. In drilled holes without lining. Then, the space between the probe and the hole must be seded. The
measurement depth islesswell-defined than in method 1.

3. At the laboratory, in test tubes containing pieces of the concrete taken from the structure. The pieces
are taken out of the structure in a manner that does not affect the moisture content. The same
technique as for determination of free moisture can be used; see paragraph 4.3. Pieces are taken
from different depths, so that the moisture profile can be obtained. Moisture is measured by the RH-
probe inserted in the test tube.

Reliable results can only be obtained after a certain measurement time. The reason is, that it takes time
for moidture to leave the concrete, and bring the surrounding air, and sensor, into equilibrium. Normdly,
24 hours is sufficient. The RH-sensors must be calibrated, both before and after the measurement. It is
aso important that the sensor is pre-conditioned at a RH, that is lower than that of the structure. The
sensors often have a sgnificant hysteresisi.e. the same RH gives a different sgnd if the sensor ison its
desorption curve, than if it is on its absorption curve.

Compensation must be made for temperature. If the temperature is higher a the measurement than in the
sructure (thisis often the case when the measurement is made in the laboratory), the RH-val ue observed
will be some % higher than the real value. The reason is that the equilibrium moisture curve (the sorption
isotherm) of concrete is depending on the temperature; the lower the temperature, the higher the
equilibrium moidture content. A diagram for this adjusment is shown in Figure 8. The correction is
maximum at about 80% RH. At this RH-leve, the measured temperature shal be corrected by about
0,4% in RH, for each degree of temperature difference between the structure and the laboratory.
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Note:

The correction isimportant which is shown by the following example: The temperature of the structure
is +10°C. The temperature in the laboratory, where the RH-measurement is made, is +22°C. The
measured RH-vaue is 80%. Then, the rea RH in the structure is 80-12:0,4 = 75%. The correction is
big and will have a significant influence on the estimated corrosion rate. The temperature effect also
implies that RH inside a concrete will change when the temperature of the structure is rapidly

changed; viz. the response of a concrete to temperature changes is normally so rapid that the concrete
has not time to come to a new moisture equilibrium. Slow seasona temperature changes will not have
the same effect on RH. Then, the concrete has time to reach the new moisture equilibrium.

The technique for RH-measurement and its precision, and techniques for calibration of the gauges, are
described in /5/.

RH-probe

_—

Sealant between
concrete and lining
\

Seal
( .

|~ O-ring seal

Drilled hole
N\ ———T— RH-sensor
— Drilled hole with lining

A: Measurement level with lining
B: Measurement level without

lining
RH-probe
\
Drilled holes in a circle \ ——
"COre"
/
.g

| Pieces from

/ level 4

L
014

Level 4

Figure 6: Different technique for measuring RH.
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Figure 7: Change in RH for a certain change in temperature, assuming the total internal moisture
content being constant. The average temperature is +22°C. The figure expresses the
influence of temperature on the equilibrium moisture curves (sorption isotherms) The
curve is taken from/6/.
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ANNEX H: Structural assessment-principles

1. Effectsof frost damage. Introductory remarks

Internal frost only affects (reduces) the mechanica properties of concrete in the structure. There is no
effect on reinforcement (except for reduction in bond strength), and there is no interna stresses built up
as in ASR. Therefore, the effect of internd frost damage can be rather easly handled in a structurd
assessment. The new reduced strength values, and the reduced Emodulus, are used as input in a re-
design of the structure, using the same design codes as are used for design of a new Sructure, or as
were used at the time when the structurewas origindly designed. Information from the structure of load
and dimensions can be used in order to reduce the partial coefficients.

Note:
There might be synergetic effects between interna frost and other destruction mechanisms acting
smultaneoudy. Examples are:

1. ASR, gradudly opening the structure to inflow of moisture, thereby increasing the risk of frost
damage.

2. Leaching of lime, gradualy making the concrete more porous and permesgble. The effect is a
reduced interna frost resstance.

Both synergetic effects are treated in ANNEX F.

Salt frost scaling only affects the effective cross section of the structure, and the cover over the
reinforcement. It does not cause any internal damage. Therefore, its effects on the structural capacity can
be assessed by introducing the reduced section and reduced cover in a control in critical sections of, (i)

the moment capacity, (ii) the compression capacity, (iii) the shear capacity, (iv) the anchorage capacity.
Note:
Surface scaling will affect the residud initiation time until start of reinforcement corrosion, and possibly
aso the corrosion rate. Also leaching of lime will have an effect of the initiation time, and possibly aso
on the corrosion rate.

These types of synergetic effects must be considered when the structural stability with regard to
reinforcement corrosion is assessed

Both synergetic effects are treated in ANNEX F.
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2. Préiminary and detailed assessment

A preliminary (or smplified) assessment is based on:
1. Documents from the building phase of the structure
2: Visud ingpection of the sructure
3: Genera lower bound materia datafor frost damaged concrete

The preliminary assessment can be made on two levels
1. Quditative, including no (or few) structura caculations
2: Quantitative, making use of lower bound materid data. This assessment is
amilar to, but less detailed than, the detailed assessment,

A detailed assessment is based on the same data as a Smplified assessment supplemented by:
1. In-9tu measurements of dimensions, surface eroson ,and some mechanica
properties that can be measured in-Situ, like E-modulus.
2: Laboratory measurements of concrete strength and stiffness using cores from the
structure

This ANNEX H mainly dedls with the detailed assessment. Materia data based on specimens taken
from the gtructure or based on testing this in-Situ are described in this ANNEX. Lower bound data for a
quantitative preliminary assessment are however aso given in this ANNEX.

Desgn principles for different types of action (bending, shear, compression etc) and for different
structural members are described an ANNEX |, Jand K.

3. Present and future structural capacity
Two types of detailed assessment of the structural capacity are made:

1: Assessment of the present structurd capacity valid for the time of ingpection. Materid and load data
obtained from the structure are used as input in a traditiond structurd andysis (re-design). Materid
data from cores drilled out of the Structure are transformed into characteristic values to be used in
desgn, usng wdl-established transformation technique consdering moisture content, denderness,
and size of the core.

Alternatively, generd lower bound data for mechanica properties of frost damaged concrete are
used. These are based on test results shown in ANNEX E.

2: Assessment of the future structurd capacity. The materid data from the Structure are extrapolated in
time, and used as input in new structurd assessments (re-designs) valid for different points of timein
the future. In thisway, the gradua degradation of the structura capacity and safety can be assessed.
For a prediction of the future structura stability, the future changes in mechanica properties and
cover are estimated according to the principlesin ANNEX C and D.
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Note:

When scaling has reduced the entire cover, reinforcement corrosion will be determining the structural
capacity. In these cases, design formulas given in the Manual on Corrosion can be used for calculating
the structurd effects of loss of cover and loss of steel section.

The assessment (re-design) shdl be made for dl crucid cross-sections. This means that materid data
must be known for al these sections.

Principally, the assessment (both for present and future structura capacity) can be based on any design
code; either the code used when the structure was erected, or the actua national or internationa code.
The choice of codeisimportant, and will normdly be made by the Owner. Assessment procedure based
on Eurocode EC2 are described in ANNEX I, Jand K.

Theload to be used in the design isa crucid factor. Normally, it must be given by the Owner.

The principles for an assessment are illudtrated in Figure 1. Materid data used in the assessment are
illugtrated in thisFigure.
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Figure 1. Assessment of the structural capacity of frost damaged structure; principles.
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Figure 2: Material data used for the structural assessment
(@) Internal frost damage. (b) Salt frost scaling (and corrosion)
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4. Thepresent structural capacity

4.1 Assessment principles

The structura assessment is made as a re-design of the structure using actud loads, and actua materid
data for the deteriorated structure. The re-design is made for crucia sections with regard the structura
dability and sfety.

Normdly only data for concrete must be considered. In a case where other deterioration mechanisms
are going on smultaneoudy, these must dso be congdered in the design. Thus, if reinforcement
corrosion is taking place in the structure, both the reduction in strength of concrete, and in bond due to
frost, and the reduction in cross section of the bar due to corroson must be considered.

In the assessment (re-design), consideration shal be taken to possible changes in the gtiffness of the
sructure caused by interna frost damage. Such changes will affect the moment and force distribution
within the structure making some sections more stressed than before damage.

The design is made by a design code prescribed, or accepted, by the Owner.

Only structures with unstressed reinforcement are considered. Internd frost damage might cause a very
big reduction in Emodulus (ANNEX E). Therefore, pre-stressed concrete with internd frost damage
might have logt a considerable fraction of the initid compressive force. This is a dangerous Stuation, that
has to be considered by careful andlyses of the resdua strength and stiffness of the structure.

SAt scaing will probably not affect a pre-stressed structure more than an ordinary structure. Thus the
assessment principles below apply.

4.2 Material data for concrete
4.2.1 Introduction; acquisition of data; partial coefficients

Materid data to be used in the structural assessment can either be determined by testing the structure
according to ANNEX G, or be lower bound data obtained from laboratory testing of severey frost
damaged concrete. Such data are given below, based on tests described in

ANNEX E.

In-situ testing, preferably using cores from damaged and undamaged parts of the structure, is
recommended since the lower bound data are so low that it is often not possible to save the
structure on basis of these.

In the assessment case, al materid data are normally based on cores, which means that any differencein
"quality” between atest specimen used for qudity control during the erection phase of the Structure, and
the structure is automatically consdered. Long-term effects on strength have dreedy taken place, which
means that the observed strength is equa to the long term strength. No consideration need therefore to
be taken to " Hatic fatigue’.
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The core shall be tested in the same condition as it has in the structure. Therefore, the partia coefficient
for strength and E-modulus can be reduced to 1.

The amount of damage can vary from place to place in the same structure. Therefore, in the norma
case, many series of data from different places are required. Only in specia cases can data taken from
one place be used for the entire structure.

4.2.2 Characteristic concr ete compressive strength

Based on measurements

The strength values for cores, corrected for denderness, size, and wetness, according to the principlesin
ANNEX G, are transformed into characteristic values using the obsarved spread in the results.

The characteristic strength is:
fop=m -1.65s Q

Where  fch the characteristic strength

m the mean vaue
S the standard deviation

Based on lower bound values
A lower bound relation for compressive strength of severdly frost damaged concrete is,
ANNEX E:

fC: fC,O -20 (2)

Where fe the characteristic compressive strength of frost damaged concrete
fco the characteristic compressive strength of undamage concrete

fc,o is based on cores taken from undamaged parts of the structure, or from test data obtained during
the erection of the structure.

4.2.3 Characteristic concrete split tensile strength

Based on measurements
The measured split tensle strength vaues are used for determination of the characteristic tensile strength,
using egn (2).

Based on lower bound values
A lower bound relation for split tendle strength of frost damaged concreteis,
ANNEX E:
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fi=3f; o- 11 ©)

Where i the characteristic split tendle strength of frost damaged concrete
ft,o the characteristic split tengle strength of undamaged concrete

ft,o is based on cores taken from undamaged parts of the structure, or from test data obtained during

erection of the structure. Equation (3) gives so low tensle strengths that it can hardly be used for
practical design. Therefore, coring will normally be required.

Theuniaxial tensle strength is 80% of the plit tengle strength.

4.2.4 Bond strength. Definition

Bond grength is here defined as the fracture shear stress between a reinforcement bar and concrete,
when the bar is pulled out of a big concrete volume. Thus, no conside-ration is taken to confinement by
dirrups or to cover/diameter ratio. Bond strength is therefore a sort of "intringc” strength, which is a
pure materid property, but which is depending on the surface characteritics of the bar.

This bond srength is used in conventiona formulae in the design code for caculation of the anchorage
capacity. In these formulae, structural characteristics such as bar diameter, presence of stirrups, and
cover thickness are considered.

4.2.5 Characterigtic bond strength, ribbed bars
Based on measurements of tensile strength
There are two dternatives to use the measured split tendle strength for estimation of the bond strength.

The dternative that gives the lowest strength is used in the design.

Alternative 1. The average loss in bond strength is proportiona to the average loss in tensile strength;
ANNEX E. Therefore, the bond strength can be estimated by the following formula:

fb=Fb,0((t/ft,0) (4
Where f characterigtic bond strength of frost damaged concrete

fho characteristic bond strength of undamaged concrete

fi characterigtic tensile strength of frost damaged concrete

fio charecteridtic tensile strength of undamaged concrete
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The characteristic bond strength of undamaged concrete (fy o) is calculated from the ”undamaged”
tensile strength f; o according to rulesin the design code used for the assessment.

Alternative 2: The lower bound relation between bond srength and measured plit tensile strength is
used directly

fp=3ft ®)
Where fi the measured characterigtic Split tengle strength.

Based on lower bound values for split tensile strength
The relation between the mean bond strength as function of the tensile strength, and the lower bound of
tensle strength of frost damaged concrete is used.
The mean bond strength is (ANNEX E):
f= 3.3f; + 1.3 (6)
After insartion of egn. (3) for the lower bound of tensile strength:

fp=3.3:(3f 5-11)+1.3 (7
or:

fp=10f; o-35 (78)
Where ft o isthe characteristic split tensile strength of undamaged concrete

This equation leads to very low vaues of the bond strength (or zero bond strength), unlessthe initiad split
tendle srength is high.
4.2.6 Characterigtic bond srength, plain bars

Based on measurements of tensile strength
The lower bound relation between the split tengle strength and bond strength is used directly

fp=08f; -2 (8)
Where fi the measured present characteristic split tendle strength

Based on lower bound values for split tensile strength
The relation between the mean bond strength and the lower bound of tensle strength of frost damaged
concrete is used:

fi;= 0.8f; - 1.2 ©)
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After insertion of egn. (3):

fy= 0.8(3f0-11) -1.2 (10)
or
fy = 244 o -10 (10a)

Where ft,o is the characterigtic split tendle strength of undamaged concrete.

This equation normaly leads to zero bond strength.

4.2.7 Characteristic E-modulus

Based on measurements

SaticE

The Emodulus to be used in caculation of deformation cannot be based on the compressive strength,
sncethisis normally affected by frost in another way than E. see ANNEX E. Therefore, cores are taken
and tested mechanicaly in a compression test, according to the standard procedure.

In the static Emodulus, as defined here, creep is not included. Normally, creep can be neglected since
the sructure is dmost dwaysfairly old.

Dynamic E
Meesurementsin-situ of the speed of sound can be used for calculating Egy .
Egyn can aso be calculated from the natural frequency of transverse vibration of cores; see ANNEX E.

Egyn can be trandlated to Eq4 by:
Egtat=0.85Egyn (11)

Based on lower bound values

It has not been possible to find a generd relation between theinitid E-modulus and the Emodulus after
frost damage. Any reduction in E seemsto be possible; see ANNEX E.

The lowest observed value of E is 5 GPa. Thisvaueisso low that it can hardly be used for a structura
assessment. Therefore, in-9tu measurements are required.
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4.3 Surface scaling; concr ete cover; dimensions of cross-section

The depth of surface scaling and resdual cross section area are measured in-gitu in cross- sections that
are crucid for structura stability and safety. The daa are used as input in a caculation of the moment
capacity, shear capacity, and compresson capacity, using conventional formulae in the actuad design
code.

The resdua concrete cover is measured in the same sections as scding. The data are used as input in
cdculations of the anchorage capacity of reinforcement bars.

5. Thefuturestructural capacity

5.1Principles
All materid data, and data for scaling, resdual cover, and cross-section, used at the assessment of the
present structura status, are extrgpolated in time, using the extragpolation principles described in:

* ANNEX C for internd frost damage

* ANNEX D for sdt frost scaling

A dructurd assessment can then be made for any time in the future, usng the same design code as for
the assessment of the present status.

5.2 Internal frost damage
5.2.1 The structureisfrost damaged

The extrgpolation of materid data depends on the environmenta conditions. These are estimated on
basis of an andyss of the actud moisture content and the climate around the structure. There are three
moisture conditions ("moisture classes’); ANNEX C:

1 Moig
2. Very moist
3. Extremdy moist

Each moisture class corresponds to a certain time extrapolation; ANNEX C.
For different parts of the same structure, different time extragpolations should often be used since the
moisture condition is different in different parts.

Example:

A hydraulic structure like the front wall of alamellae dam.
The top of the dam: "Moigt”

The downstream surface:. "Very moist”

The upstream surface: "Extremey moigt”
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The degree of damage of different parts of a Sructure, and the actua moisture leve, will often tell which
environment ismost gpplicable.

Moist:
Drying periods dternating with liquid water uptake periods, but no increase in interna moigture in the
future.
All materid datawill be unchanged in the future.
R(t) = R(0) (12)

Where R(t) the future vaue at timet of the actud property (strength or E-modulus)
R(0) the present vaue of the property R

Very moist:
Long liquid water uptake periods interrupted by shorter drying periods. A certain gradua increase in
moigturein the future.

All materid datafollow asquare-root time relation:

R(t) = Rg -[Rg-R(0)] (1+Dt/ty) /2 (13)
Or, expressed in terns of ”dameage’:

R(t) = Rp{1- D(0)-(1+Dt/t )2} (14)

Where Ro the present value of undamaged concrete

to the present age of the structure
Dt the extrgpolation time [D=t(t-t;)]
D the present damage

"Damage’ is defined
D=[RoR(0)I/Rg (15)

Extremely moist:
Continuous liquid water uptake. No drying periods. A gradua increase in moisture in the future.

All materid datafollow alinear time rdation:

R(t)=Rg - [Ro-R(0)]-(1+Dtf) (16)
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Or, expressed in terms of damage:

R(t) =R {1 - D(0)-(1+Dt/t )} (17)

5.2.2 Thedructureisnot yet frost damaged. The resdual time to frost damage

There are structures, or parts of a damaged Structure, that is not yet frost damaged, but for which one
might suspect tha damage might come in the future. Examples are structures affected by ongoing
leaching, or any other deteriorating process. In these cases, the extrapolation procedure described in
ANNEX C, paragraph 6.6 might be used. It is based on freeze-thaw testing of the concrete combined
with an extrapolated moisture absorption test. The extrgpolation only gives the resdud time until art of

frost damage, but not the extent of damage. It, however, gives an indication of when a new inspection
and assessment ought to be made.

5.3 Salt frost scaling. Concr ete cover

5.3.1 Extrapolation of scaling based on measured scaling

A linear extrapolation is made of the present scaling:

S(t)=5(0)-(1+Dt/tp) (18)
Where ) the future scaling depth at additiona time Dt

S0) the present scaling depth

Dt the extrgpolaion time
to the present age of the structure

The extrapolated concrete cover is
C(t) = C(0)-S(0)-(Dt/ty) (19)

Where C(t) thefuture cover
C(o) the present cover

5.3.2 Extrapolation of scaling based on scaling tests
If scaling has not yet occurred, but might do so in the future because de-icing sat will be used, a

measure of the expected scaing can be obtained by a sdt scding test. The extrapolation technique is
described in ANNEX D, paragraph 5.
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ANNEX I: Effects of frost on load-carrying capacity

1. General

In this section, an attempt has been made to present guidance on the assessment process

in a prescriptive format. Nine phenomena have been considered and guidelines are given
for adjustment of national codes to fit the damaged situation.

Frost damag% influences the load carrying capacity in two different ways.

Frost creates loss of concrete area, influencing the concrete cover, effective
depths of beams etc.

Frost can also lead to reduced concrete strengths, the different parameters such as
compressive and tensile stremgth and elasticity modulus are affected differently.
Therefore it is important to measure the strength parameters that are to be used in
a detailed assessment procedure since ordinary strength relationships are no
longer valid.

The large uncertainties of the actual concrete strength must be born in mind during
assessment of frost damaged concrete structures. Even if the strength is referred to as a
constant value in the following text it can have a large variation from element to element
and even within the same element.

During assessment of damaged structures it is of large importance to remember that the
decisive failure mode can change due to the damages. A bending failure can become a

shear failure or the other way around.

Reference is made to ANNEX Econcerning the effect of frost on mechanical properties
and to ANNEX H concerning basic principles for the structural assessment.

2. Bending

2.1 Surface scaling

Reduction of width and height of the affected structural element take surface scaling into
account. The influence on bond strength must be checked, as available concrete cover is
one of the main parameters for the bond strength. Another possible drawback from loss
of cover is that the cover concrete may not be effective in resisting compression and it
would then tend to act as a strut and possibly buckle.

However, Clark /1/ has calculated that the main bars would buckle rather than yield only
if the ratio of link spacing to main bar diameter exceeded 44 and 32 for mild and high
yield steel respectively. Thus, for the majority of practical situations main bar buckling is
unlikely to be a problem provided that the links are anchored adequately (a ratio of 32
implies a link spacing of 800 mm for a 25 mm diameter high yield reinforcing bar). This
investigation should be done on national basis.
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2.3 Internal frost damage

Internal frost damages leads to reductions of compressive strength and tensile strength as
well as the elasticity modulus. These reductions of concrete parameters make it necessary
to check the following:

Recalculation of the bending capacity with observed compressive strength. No
investigations exist regarding the maximum compressive strain, therefore strain
distribution as for ordinary concrete may be assumed.

Verification of available bond forces based on reduced tensile strength must be
made for the longitudinal reinforcement.

In case of statically indeterminate structures, redistribution of internal forces due
to reduced elasticity modulus must be checked.

3. Column behaviour

3.1 Surface scaling
As with beams in flexure, the compressive strength used in any assessment should be
based on the uniaxial compressive strength. Reducing the cover concrete changes the

cross-section and slenderness ratio. This modified slenderness ratio should be used in the
assessment calculations to check buckling and to classify the column as either short or
dender.

The check on longitudina reinforcement buckling can also be omitted for most practical

situations, where the ratios of link spacing to longitudinal reinforcement diameter are less
than 44 and 32 for mild and high yield steel respectively and where links are anchored

adequately.

3.2Internal frost damage

A reduction in compressive strength is considered using measured values. Changes in
elasticity modulus have to be taken into account for all columns; the bending stiffness is
of large importance for second order effects, normally considered by methods such as the
moment magnifier method.

4. Shear

At the moment no existing test data are available. Tests of the effect of frost damage on
shear strength of beams are performed at Div. of Building materials at Lund Institute of
Technology under the guidance of Dr. M. Hassanzadeh. The tests will be terminated
during year 2001.

4.1 Surface scaling
Shear capacity can be calculated taking into account the same reductions as discussed for
flexural beams, regarding the breadth and effective depth of the cross section. A possible
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reduction in tensile reinforcement ratio must also be done with regards to reduced bond.
This also means that other failure modes can be decisive.

4.2Internal frost damage

When interna frost damage is present the reinforcement ratio is recalculated due to
reduced bond strength and the observed tensile strength can be used in the design
equations. This is so far a hypothesis that won't be validated until Dr Hazzanzadeh has
finished his experiments.

5. Punching shear

No datais available for punching shear of frost damaged reinforced concrete structures.

6. Torsion

No data is available for torsional shear of frost damaged reinforced concrete structures.
The torsion design and assessment methods are all based on the space truss analogy. This
space truss analogy consists of longitudina bars acting as stringers, link legs acting as
posts and the concrete between the cracks acting as compression diagonals. Clark!V

suggests that provided the member is torsionally under-reinforced, the torsional capacity
is independent of the concrete strength (i.e. the reinforcement yields before the concrete
crushes). Clark thus proposed for ASR affected structures that an extra equilibrium
equation be used so that the stress in the concrete compression struts can be checked to
ascertain the possibility of premature crushing. This approach might be possible for frost
damaged concrete as well.

7. Bearing

No test data is available for bearing of frost damaged concrete.

Bearing is not affected directly by surface scaling.

Standard design equations based on the observed tensile strength of the reinforced

concrete with internal frost damages can be used to calculate the bearing capacity for
frost damaged structures.

8. Fatigue

No data is available for cyclic testing of frost damaged reinforced concrete structures.

9. Bond

Bond is dependent on the surrounding, i.e. confinement, links and the thickness of the
cover. The tensile strength of concrete is used in many design equations when calculating

010427/CONTECVET. Frost Manual . ANNEX | 4



the available bond force. Results from /2/ and /3/ are used to verify the use of the
proposed equation for design bond stress from Model Code 1990 /4/.

9.1 Surface scaling

No test data is available for this case but it is suggested that loss of cover from surface
scaling be taken into account as reduced concrete cover in design equations for bond and
anchorage lengths.

9.2Internal frost damage

Calculations made with results from /2/ further analyzed in /3/ indicates that the design
bond strength equations suggested in Model Code 1990 /4/ can be used to predict the
bond stress for ribbed bars if the observed design tensile strength for the frost damaged
concrete is used. For plain bars there is no correlation between the tensile strength and the
bond stress and therefore no recommendations are made for this case.

The design bond strength according to Model Code 1990 4/ is calculated as for ribbed
bars.

fog =hihohs fog
where;
fad design value of observed concrete tensile strength

h1 considers the type of reinforcement
h;=1,0 for plain bars
hi=14 for intended bars
h1=2,25 for ribbed bars

h, considers the position of the bar during concreting
h,=1,0 when good bond conditions are obtained, as for al bars with
inclination of 45°-90° to the horizontal concreting. Good bond conditions aso
include al bars with an inclination less than 45° to the horizontal, which are up to
250 mm from the bottom or at least 300 mm from the top of the concrete layer

during concreting.

h,=0,7 for al other cases and for bars in structural parts built with dlip
forms

ha consider the bar diameter
hs=1,0 for @£ 32 mm

h3:132'Q for @> 32 mm
100
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The results in /2/ and /3/ are mainly based on ribbed bars with diameter 25 mm or less,
the bars where standing with an angel of 90° towards the concreting surface. Based on
these facts and by using the mean value of the tensile strength from test specimens
subjected to the same freeze thaw cycles as the test specimens with bars the results shown

in Figure 1 and Figure 2.

Figurel

Measured bond stress [MPa
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Ribbed bars

Calculated bond stress [MPa]
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Relation between calculated bond stress and measured bond stress for
ribbed bars with different confinement. O indicates zero damage, 50, 20 and

2 indicate damage levels where 2 are the most severe damage.

Proposed equation is also tried for plain bars with the result shown in Figure 2. The result

indicates the equation is not suitable for plain bars and should not be used.
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Plain bars
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Figure2  Relation between calculated bond stress and measured bond stress for plain

bars with different confinement. O indicates zero damage, 50, 20 and 2
indicate damage levels where 2 are the most severe damage.

References

/1 Clark, L. A.: Critical review of the structural implications of the alkali-silica reaction
in concrete, Transport Research Laboratory, Contractor Report 169, Crowthorne,
1989.

12/ Janz M, Johannesson B. Influence of frost damage on bond between reinforcement
and concrete’. (Only in Swedish: Inverkan av frostskador pa vidhaftningen mellan
armering och betong — Resultatredovisning.), Division of Building Materias,Lund
Ingtitute of Technology, Report TVBM-7061, Lund 1994.

13/ Fagerlund, G., Janz, M., Johannesson,B.: Effect of frost damage on the bond between
reinforcement and concrete. Division of Building Materials, Lund Institute of
Technology, Report TVBM-9016, Lund 1994.

/4] CEB-FIP Model Code (1990) ‘Bulletin dInformation 213/214’, Lausanne,
Switzerland May 1993, 437pp.

010427/CONTECVET. Frost Manual . ANNEX | 7



ANNEX J
Behaviour at the serviceability limit state

Contents Pege
1. Generd 2
2. Stiffness 2

010427/CONTECVET.Frost Manual. ANNEX J 1



ANNEX J:. Behaviour at the serviceahbility limit state

1. General

Assessments are usually only carried out at the ultimate limit state. However, there are
occasions when the serviceability limit state is of interest to the owner of a structure. A
typical example would be where a bridge is assessed for its suitability for inclusion in a
new (or widened) highway scheme. In such a case the owner would want a fully
compliant structure that is satisfactory at both the ultimate and serviceability limit states.

Much of the research work on which this manual is based has been carried out at the
ultimate limit state in order to ascertain the load-carrying capacity of various members.
However, sufficient data is available to provide outline guidance on assessing a
reinforced concrete structure at the serviceability limit state.

2. Stiffness

The stiffness of a member is defined by expressions containing multipliers of EA/L, EI/L,
El/L?, EI/L®> and GJL. Any change in stiffness will be a functions of changes in the
elastic modulus (E and G) and the concrete cross-section (A, | and J). Any change in
member length will be insignificant in comparison to changesin E, I, A and J and can be
ignored.

The section properties will have to be chosen to reflect the condition of the members
under consideration. Cracked, uncracked or partialy cracked section properties are
permitted in Codes of Practice for serviceability calculations. The modular ratio should
be based on the elastic modulus corrected for frost otherwise the concrete contribution to
the section properties will be underestimated.

The relation between elastic modulus for frost damaged concrete and undamaged
concrete is very uncertain. No predictions can be made of the effects of internal frost
damage on elastic modulus, see ANNEX E. Therefore, the actual Emodulus must be
determined experimentally according to the principles described in ANNEX G.
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ANNEX K: Load-carrying capacity according to
ENV 1992-1-1:1991

1. General

In this section, an attempt has been made to present guidance on the assessment process when
using ENV 1992-1-1:1991. Nine phenomena have been considered and rules based on tests
and theoretical studies are presented. The detailed guidance is presented in the form of
modifications to ENV 1992-1-1:1991 to allow amend it for use with the assessment of frost-
affected structure.

It is important that the User updates this guidance to reflect any updates to ENV 1992-1-
1:1991.

The procedures are best implemented as spreadsheets. In that way a series of ‘what if’
assessments can be undertaken to investigate the sensitivity of structures and different

deterioration scenarios. For example, checks could be made on what level of materia
deterioration still gives acceptable load-carrying capacities within the structure.

2. Bending (EC 2 Section 4.3.1)

The amendments given in Table 1 should be made to ENV 1992-1-1:1991.

Table 1. Amendments to ENV 1992-1-1:1991 required to cater for the effects of frost on
flexure

Clause Amendment

P1(iv) The stresses in the concrete compression are preferably derived from test on the
damaged concrete. If this is not possible the design stress-strain curve in Figure
4.2 or Figure 4.3 can be used.

P1(viii) | For cross-sections not fully in compression, the limiting compressive strain is
taken as the measured value. If no possible the limiting compressive strain is
taken as 00,0035.
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3. Column behaviour (EC 2 Section 4.3.5)

The amendments given in Table 2 should be made to ENV 1992-1-1:1991.

Table 2 Amendments to ENV 1992-1-1:1991 required to cater for the effectsof frost on
column behaviour

Clause Amendment

P(3) Observed material properties should be used since the deviation from the design
properties can be large. Also the restraint of the column should be taken under
consideration with respect to the change in Emodulus that can occur in frost
damaged concrete structures.

4. Shear (EC 2 Section 4.3.23)

It is of extreme importance that measured concrete strengths are used since the correlation
assumed between for instance tensile and compressive strength no longer is valid.

The amendments given in Table 3 should be made to ENV 1992-1-1:1991.

Table 3 Amendments to ENV 1992-1-1:1991 required to cater for the effects of frost on
shear

Clause Amendment

4323 Replace the definition of fix with:

“fetk shall be taken as the concrete tensile strength, determined by considering the
deleterious effects of frost”

Table4.8 | The correlation between tensile and compressive strength is no longer valid and
this table can not be used.

4.3.2.3 | Replace the definition of fy with:

“fo shall be taken as the concrete compressive strength, determined by
considering the deleterious effects of frost”

5. Torsion

There appears to be no test data available on the effects of frost on the torsional capacity of
concrete members. Hence, no definitive guidance can be given.

6. Punching shear

There appears to be no test data available on the effects of frost on the punching shear
capacity of concrete members. Hence, no definitive guidance can be given.

010427/CONTECVET. Frost Manual. ANNEX K 3



7. Bearing

There appears to be no test data available on the effects of frost on the bearing capacity of
concrete members. Hence, no definitive guidance can be given.

8. Fatigue

There appears to be little test data available on the effect of frost on the fatigue strength of
concrete. Hence, no definitive guidance can be given.

9. Bond (EC 2 section 5.2.2)

Section 5.2.2 shall be replaced with this section of the Manual.

9.1 Ribbed bars. Internal frost damage
The design bond strength is calculated as:

foa =hsh,foq
where;
fad design value of tensile strength for frost damaged concrete

h1 consider the type of reinforcement
hy 1,0 for plain bars
hy 1,4 for intended bars
hy 2,25 for ribbed bars

h, consider the position of the bar during concreting
h» 1,0 when good bond conditions are obtained, as for al bars with inclination of
45°-90° to the horizontal concreting. Good bond conditions aso include all bars with
an inclination less than 45° to the horizontal, which are up to 250mm from the bottom
or at least 300mm from the top of the concrete layer during concreting.

h, 0,7 for all other cases and for bars in structural parts built with slip forms

hs consider the bar diameter
h3=1,0 for @£ 32 mm

h, = 132- 2 (o > 30 mm
100

9.2 Plain bars. Internal frost damage

No recommendations given, consider the bond strength to be zero.
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