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1 Summary

1.1 Introduction

1.1.1 A general View of Freeze-Thaw Testing of Concrete

The resistance of concrete against freeze-thaw attacks is one of the major uncertainties
in the assessment of lifetime of concrete structures. Reliable models for the verification
of a predicted/prescribed service life in relation to frost and frost-salt deterioration of
High Performance Concrete are needed but, unfortunately, at present not available.
This need has been further enhanced by the present trend among designers to predict
and request lifetime for concrete structures exceeding 100 years even in severely
exposed environments.

Analyses of Danish and international concrete specifications and standards indicate that
even for structures with very long lifetime expectations provision of freeze-thaw and
deicing salt resistance has been achieved mostly through a prescriptive approach, i.e.
by defining the mix design; the water/cement ratio, the minimum content of entrained
air or the spacing factor, the quality of the constituents of the concrete and the manu-
facturing process.

Such procedures have often resulted in structures of which it is believed that the life-
time expectations regarding frost resistance will be met, which confirms the relevant of
these specifications.

Direct testing of freeze-thaw resistance is, however, very seldom required in
international specifications and if so primarily as a measure to be applied during pre-
testing of concrete.

This is believed to be caused by the rather poor reliability and reproducibility of test
procedures reached to date. Further, there seems to be a complete lack in the interna-
tional research in regard to correlation between test results obtained during pre-testing
and corresponding testing of samples from exposed structures.

Therefore, approval or rejection of structures based on direct testing of freeze-thaw
resistance is difficult; Precise and reliable test procedures are urgently needed.

1.1.2 Background, HETEK Task 2, Frost Resistance of Concrete

The present research is part of a research and development programme entitled HE-
TEK, Hgjkvalitetsbeton - Entreprenerens Teknologi (High Performance Concrete -
Construction Technology). The research has been carried out under the auspices of the
Danish Agency for Development of Trade and Industry. The title of the present task 2
of the research contract is: “Test Methods for Determining the Frost Resistance of
High Performance Concrete”.

The research is carried out by a consortium consisting of Dansk Beton Teknik A/S,
Dansk Teknologisk Institut and Dansk Betoninstitut a/s.



High Performance Concrete is defined by the Road Directorate as “a concrete with an
expected life of 100 years in an aggressive environment”.

The consortium has for use during the research period elaborated this definition of
HPC as follows:

“Concrete that can last 100 years in an aggressive environment, having an equivalent
w/c-ratio in the range of 0.35-0.45, and complying with the present Danish specifica-
tions regarding materials, mix compositions etc”.

The results of the research are presented in the following reports:

Report no. 55, 1996; State-of-the-art

Report no. 86, 1996; Supplementary Research

Report no. 93, 1997; Performance Testing versus In Situ Observations
Report no. 97, 1997; Summary, Conclusions and Recommendations

1.1.3 Research Approach

It was concluded (above, section 1.1.1) that material scientists have not yet succeeded
in developing operational models of freeze-thaw deterioration or frost resistance of
concrete structures.

It has further been concluded that a relationship between performance of structures and
test results obtained on either samples taken in the structures or laboratory cast
specimens has not been established.

Direct testing based on existing test method statements applied to concrete from struc-
tures has only been reported to a very limited extent.

The research approach is, therefore, in the first phase aimed at searching for a corre-
lation between results of a given test method and the actual frost resistance of a large
number of concrete structures for which it is possible to establish

I) The degree of exposure
ii) The degree of frost resistance or deterioration

It is in this context important to realize that there for the structures exists a large
variety of different kinds of freeze-thaw and deicing salt attack.

Concrete reacts to the different kinds of exposure depending on its composition, con-
stituents and age.

At least two different reactions can be established:

- frost damage in form of scaling
- internal frost damage



As a consequence the research has indicated that more than one test method should be
applied in the assessment.

Any test method to be chosen for introduction in this research should, however, reflect
the fact that the major factor determining the frost resistance of a certain frost exposed
concrete in practice is the maximum deéree of saturation occurring in the structure in
relation to critical degree of saturation.

Based on the consideration summarized above the following research approach was
chosen:

1. Selection of one or more test methods considered relevant for application on
Danish concrete structures based on a State-of-the-art assessment

2. Verification of the feasibility of the selected methods through a limited supple-
mentary research phase

3. Selection of a number of concrete structures meeting the following criteria:

a. Capillary porosity of the paste in the concrete shall correspond to
that of a paste with w/c- ratio in the range of 0.35 - 0.45 at 28 days
maturity

b. Classification of the degree of frost resistance deterioration shall be
possible with a reasonable representativity for the structural element
in question.

c. The selected member shall not show signs of other types of deterio-
ration i.e. corrosion damage, alkali aggregate reactions or other.

d.  The structures shall include examples of both scaling and internal
damage deterioration.

e. The selected structures shall represent at least 3 deterioration levels
ie.:
- no frost deterioration
- some frost deterioration
- severe frost damage
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f. The selected structures shall have been exposed to frost and their
environment or microclimate shall represent levels of
- severe moisture exposure
- moderate moisture exposure
- limited moisture exposure
Documentation of a system for classification of degree of deterioration.
Documentation of a system of exposure classes.
Sampling of concrete from non-deteriorated parts of the structures.
Sampling concrete in deteriorating zones for verification of the visual assessment
by petrographic analysis.
Final classification of the degree of deterioration.
Classification of the exposure class of the selected structures.

Frost testing of samples.

Evaluation of test results, acceptance of test methods and proposal of acceptance
criteria for freeze-thaw testing of concrete sampled in a structure.

Preparation of Guidelines for freeze-thaw testing of concrete during pretesting
and for concrete in the structures.

Preparation of recommendations for verification of criteria for frost resistance in
accordance with the HETEK Guidelines for Freeze-thaw testing of concrete.

1.2 Description of the Research
1.2.1 Objectives

A contract was awarded for task 2 of the HETEK research programme on December
21, 199s.
The research was completed by March 31, 1997.

Based on the State-of-the-art investigation, March 1996 and the Supplementary re-
search, August 1996 the main task, Performance Testing vs. In Situ Observations was
initiated in August 1996.

The objectives of the research were defined in accordance with the research approach:



- To suggest a deterioration classification system
- To suggest an exposure class rating

- To provide information on the applicability and suggest acceptance criteria for
the following selected accelerated frost testing methods:

* The Borés Method, SS 137244, 1995 (III)

* A modified Bords Method (conditioning at 50° C for 14 days follow-
ed by 14 days resaturation).

* A modified ASTM C 666, Procedure A (reduced specimen length).

for estimation of the frost resistance of concrete structures by comparing actual
performance of a number of structures with results of laboratory frost testing,
environmental exposure conditioning and material characteristics.

- To assess the applicability of a supplementary method for evaluation of frost
susceptibility through determination of the Pore Protection Ratio.

1.2.2 Presentation of Results

Two hundred and four cores from 26 Danish concrete structures of varying age (1953-
1985), exposure condition, composition, and visual appearance have been investigated
by several methods in the search for possible correlation between accelerated frost
testing results in the laboratory and the actual in situ behaviour regarding frost attack
on the concrete. Structures selected are bridges (decks, edge beams, barriers, columns,
walls) and pavements.

The investigation includes testing of Portland cement concretes (w/c-ratio generally
0.35-0.45) with and without fly ash and silica fume.

The exposure of the structures has been classified in three exposure classes:
1: Structures exposed to frost and water, with or without salt
2: Structures exposed to frost and sometimes to water, with or without salt

3: Vertical surfaces exposed to frost, but rarely to water and not to salt

Frost damage was assessed by visual in situ inspection and by petrographical examina-
tion of concrete cores. The damage was ranked in four classes 0, 1, 2, or 3, from none



to much frost damage. It appears from the results of the present project that the amount
of in situ frost damaged structures varies in the different exposure classes. Concrete
structures of exposure class 1 have a high amount of freeze/thaw damage. For the
exposure class 1, 5 out of 14 structures are damaged, whereas none of the 7 and 5
structures in environmental class 2 and 3, respectively, shows frost damage.

From each of the structures, eight cores were drilled from a small area assumed to be
representative and of a homogeneous concrete quality. The testing was in general
performed on undamaged concrete taken from the interior of the structures. The envi-
ronmental exposure, the surface orientation and the visual appearance of the coring site
was recorded.

Six of the cores from each structure were tested using three different methods of poss-
ible relevance to frost resistance, two based on accelerated freeze/thaw performance
testing, and one based on moisture ingress testing. The methods were:

* The Boras freeze/thaw test (standard and modified conditioning)
* The ASTM C 666-A freeze/thaw test (modified)
* The pore protection ratio test (Vuorinen)

The remaining two cores from each structure were analyzed with respect to:

* Air void structure

* Concrete macrostructure and microstructure (fluorescence impregnated cut sec-
tions and thin sections)
* Moisture condition: Relative humidity, degree of capillary water saturation, and

moisture content

1.3 Conclusions
The following conclusions are based on the outcome of a comparison between assess-
ment of the in situ condition and the outcome of the laboratory testing.

1.3.1 SS 137244, 1995 (ll1)
The Borés test method should primarily be used for the assessment of the probability
of frost scaling.

Based on the present results, the following requirement to specimens from cores drilled
from concrete structures and tested according to the standard Boras method could be
argued relevant:



Exposure class 1: mgs < 1.0 kg/m?

Only one type of concrete with a scaling after 56 freeze/thaw cycles below the indica-
ted criterion for frost susceptibility was classified as deteriorating in situ. However, as
the scaling in this concrete was only 0.1 kg/m* with small standard deviation in the
frost test it has been concluded that there did not exist any correlation between the
material quality tested and the quality of the material in the structure which caused a
classification “deteriorating”.

The criterion suggested corresponds to the requirements applied in the Swedish stan-
dard specification for bridge structures.

It is recommended that the requirements is given attention during the verification
phase.

It is further enhanced that the probability of accepting /rejecting concrete with impro-
per /proper in situ performance should be selected by the owner.

Requirement to the so-called acceleration factor, mss /m,g<2 has been omitted here.
The assumed low probability of accepting concrete with low freeze/thaw resistance
should be further documented.

Too few data on damaged structures (damage degree 2-3) are available for conclusions
regarding requirements for concrete structures in exposure classes 2 and 3. However,
based on evaluation of the possible exposure conditions in situ it is tentatively suggested
that the same requirement is applied for drilled cores from structures in exposure class
2 whereas the present investigations cannot be applied as a basis for formulation of any
requirements to in situ concrete in exposure class 3.

Based on the limited data available, the modified Borés method, including a severe
drying during conditioning, seems to cause less scaling than the standard Boras method
and not to provide sufficient differentiation between different concrete qualities. The
modified Boras method is not recommended.

No firm conclusions regarding the possibility of evaluating internal damage by mea-
surement of length change during Borés testing can be made based on the present
results.

1.3.2 ASTM C 666, Procedure A (Modified)
The ASTM C 666-A test method should primarily be used for the assessment of the

probability of internal frost damage. The method does presently not include salt expo-
sure.



Based on the investigations it is evaluated that the modified ASTM C 666-A test met-
hod is relevant for the testing of the frost resistance of concrete structures in exposure
class 1 applying the following requirement to cores drilled from the structures:

Exposure class 1: Expansion after 300 freeze/thaw cycles < 0.1%

Expansion in excess of 0.1% is accompanied by visible crack formation in laboratory
specimens. Based on this - and in spite of 0.1% expansion being eight times the strain
capacity - it is presently evaluated as an applicable limit.

The probability of accepting/rejecting concrete with improper/proper in situ perform-
ance should be selected by the owner, e.g. by requiring another number of freeze/thaw
cycles.

The present data are too limited to draw any firm conclusions regarding the possibility
of estimating frost resistance of exposure class 2 or exposure class 3 structures by the
modified ASTM C 666-A test. However, based on the assumption that the environmen-
tal impact of class 2 and class 3 exposure does not result in critical degrees of satu-
ration of the concrete, the method is not regarded relevant for these exposure condi-
tions.

1.3.3 Pore Protection Ratio

The testing of pore protection ratio is recommended for use as a supplementary test
for assessment of the probability of frost damage in situ. The critical pore protection
ratio depends on the w/c-ratio of the concrete and the exposure conditions.

Although, there appears to be a large probability of rejecting a proper concrete the
following requirement for the pore protection ratio in cores drilled from concrete
structures in exposure class 1 is tentatively suggested:

Pore protection ratio > 0.25
Further research is needed to confirm this, especially for low w/c-ratio concrete.
Based on the present scarce results, it is evaluated that the frost resistance of exposure

class 2 or exposure class 3 structures are not well described by the pore protection
ratio. However, the present data are too limited to draw any firm conclusions.



1.3.4 Correlations between Test Results of the Accelerated Frost Testing
and the Pore Protection Testing

With the application of the suggested requirements to frost resistance of drilled cores
from concrete structures in exposure class 1:

N ASTM C 666-A (modified): Less than 0.1% expansion after 300 cycles
* Boras (III): Less than 0.5 kg/m” after 56 freeze/thaw cycles

it appears that the ASTM test is more severe than the Bor3s test.

Comparing the results from the accelerated performance testing with the pore protec-
tion ratio determined and applying the tentatively suggested requirement

* Pore protection ration more than 0.25

it can be observed that three concretes apparently having sufficient pore protection ratio
are rejected by the ASTM test, and two by the Boras test. The results indicate that the
high pore protection ratio values measured on dense concretes may be due to insuffici-
ent initial capillary suction.

1.3.5 Influence of Material Parameters on Frost Resistance
The frost damaged structures were found to be characterized by one or more of the fol-
lowing conditions:

* High internal moisture content
* No entrained air or very low content of entrained air
* Low pore protection ratio.

The present investigation confirms the traditionally used requirements to air void struc-
ture and air content needed to obtain freeze/thaw resistant concrete. Since a notable
part of the investigated concrete has properties comparable to modern high performan-
ce concrete, the above results indicate that such concretes also need air entrainment to
resist freeze/thaw action.

1.3.6 Conditioning of Samples

General

When the above suggested test methods are used for assessing the frost susceptibility of
a concrete structure the test specimens will always be cored samples from the struc-
ture.

10



Testing of the structures at maturities of the concrete less than 28 days is not consi-
dered.

Therefore, a special pre-conditioning phase will not be required for such testing.
When the proposed test methods are applied in pre-testing of a material it may be
assumed that the concrete is produced in the laboratory.

A clear procedure for the moist curing of such specimens (pre-conditioning) will be
required as described below.

Curing (Pre-conditioning)
The present guidelines will preferentially adopt the Danish curing procedures for Boras
testing, ref. Appendix 1. This will facilitate the application of the method in Denmark.

The Danish methods for testing hardened concrete generally prescribes the following
curing procedures:

. casting of cylinders, demoulding after 1 day
. water curing from time of demoulding until testing

The Swedish methods for testing hardened concrete, hence also the Boras method SS
137 244, generally prescribes the following curing procedures:

. casting of cubes, demoulding after 1 day
. water curing for 6 days
. storage in laboratory atmosphere (40-80% RH, 15-25°C) until testing

The influence of changing the curing ('pre-conditioning') procedures for the Boras
testing has to be assessed. The sparse documentation [Geiker et al., 1996] indicate that
changing between the above two curing types have little or no influence on the frost
resistance of high performance concrete, whereas there may be some impact on the

results for concrete with higher capillary porosity, e.g. for water/cement ratios above
0.45.

Test Conditioning
The conditioning of test specimens for freeze/thaw testing has been the subject of much
debate.

The influence of the Boras test-conditioning,i.e. drying (65% RH, 20°C) and re-
saturation, resulted in a slight decrease in moisture content of the samples. Tests with
harsher test- conditioning, e.g. drying (10% RH, 50°C) and re-saturation, caused a
further decrease in moisture content.

11



The influence of the two types of test-conditioning on the frost resistance was investi-
gated on samples from in-situ structures. This showed that the harsher test-conditioning
gave less (or similar) scaling. Hence, it may be concluded that testing without initial
drying give the harshest testing.

The results of the HETEK research indicate that for high performance concrete with
equivalent W/C ratio of 0.35-0.45, variations in conditioning for testing have neglect-
able influence on the freeze/thaw results.

For reasons of harmonization between the Nordic countries, the test condition which is
prescribed in the Bords method (SS 137 244) is retained.

1.4 Reservations
The conclusions are based on several assumptions, some of which are not valid for all
the concrete structures investigated:

* The damages contributing to the classification of the in situ performance of the
structures are frost damages

* The in situ conditions of the structures have reached an equilibrium situation
with respect to moisture content

* The concrete cores tested are representative for the concrete in the structures

* The exposure class chosen for each structure is representative for the actual local
exposure

* The concrete material tested is comparable to modern, high performance concre-
te

12



2 Guidelines for Testing of Frost
Resistance of Concrete

2.1 Introduction
The assessment of frost resistance of high performance concrete are carried out
according to the following procedures:

i) classification of the structure into exposure class, ref. chapter 2.2
ii)  selecting the relevant test methods, ref. chapter 2.3
iii)  selecting the relevant acceptance criteria, ref. chapter 2.4.

The guidelines are intended for use during pretesting of concrete as well as for docu-
mentation of frost susceptibility of structures.

2.2 Classification of Structures into Exposure Classes
The 3 exposure classes are defined according to the following criteria:

1. Structures exposed to frost and water, with or without salt
- splash zone structures,
- pavement slabs,
- edge beams
- decks without membrane
- columns and vertical walls, continuously moisture exposed
- back-filled support walls and retention walls without membranes

2. Structures exposed to frost and sometimes water, with or without salt
- decks with intact membranes
- crash barriers
- columns and vertical walls, not exposed to capillary suction, but less than 1.5
m from splash

3. Vertical surfaces exposed to frost, but rarely to water and not to salt
- back-filled retention walls with membranes

- sheltered columns

The above description of exposure classes should be harmonized with descriptions in
the European Standard, when available.

13



2.3 Recommended Test Methods

The test methods to be applied for the assessment of frost resistance of high perfor-
mance concrete are:

. Boris for frost scaling, ref. Appendix 1
. Modified ASTM, for internal cracking, ref. Appendix 2
. Pore Protection Ratio for moisture saturation, Ref. Appendix 3

The prescribed test methods for a specific concrete, i.e. exposure class, are given in
table 1.

Table 1. Prescribed test methods for assessment of frost resistance.

Boras™*? Bords (Bords)™**
Mod. ASTM C 666-A n/a n/a
Pore Protection Ratio™** n/a n/a
Note 1: Concrete structures of exposure classes 2 and 3 must be upgraded to exposure class 1, if:

- the structures are impossible to repair
- the exposure can change during use or deterioration of the structure

Note 2: The Danish curing procedures will preferentially be adopted, ref. Appendix 1.:
- casting of cylinders, demoulding after 1 day
- water curing from time of demoulding until testing

The influence of this change of the curing procedures for the Boras testing has to be assessed. The sparse
documentation [Geiker et al., 1996] indicate that changing between the above two curing types have little
or no influence on the frost resistance of high performance concrete.

Note 3: Borés may be relevant for exposure class 3 during pre-testing. However, there are no
indications in the present research, that structures in exposure class 3 are frost susceptible.

Note 4: The Pore Protection Ratio is included for pretesting as supplementary information.

2.4 Recommendations to Acceptance Criteria

Exposure Class 1

The recommendations for acceptance criteria for the prescribed frost resistance testing
of exposure class 1 is given in table 2.

14




Table 2 Proposal for acceptance criteria in exposure class 1.

Boris mg < 0.2 kg/m® my < 1.0 kg/ m*™*?
or
mss < 0.5 kg/m* and mge/m,, < 2

Mod. ASTM C 666-A expansionyy, < 0.05 % expansionyy < 0.1 %
Pore Protection Ratio min. 25 %""? n/a
Note 1: This requirement may be changed, e.g. to 0.5 kg/m®. However, the present documentation

does not indicate the need for such change.

Note 2: The Pore Protection ratio may be considered to be for information. However, if the set
value is not conformed with, futher documentation of the frost resistance is required.

The probability of acéepting/ rejecting concrete with improper/proper in situ perfor-
mance should be selected by the owner.

Exposure Class 2
The recommendations for acceptance criteria for the prescribed frost resistance testing

of exposure class 2 is given in table 3.

Table 3 Proposal for acceptance criteria in exposure class 2.

Boris ms < 0.2 kg/m? mss < 1.0 kg/m™*?
or
my < 0.5 kg/m? and my/m,, < 2
Mod. ASTM C 666-A n/a n/a
Pore Protection Ratio n/a n/a
Note 1: This requirement may be changed, e.g. to 0.5 kg/m?. However, the present documentation

does not indicate the need for such change.

Exposure Class 3

No recommendations for acceptance criteria for the prescribed frost resistance testing
of exposure class 3 can be given, since there is no indications that structures in this
exposure class are actually frost susceptible.

15



However, it must be noted that concrete structures of exposure classes 2 and 3 must be
upgraded to exposure class 1, if the structures are impossible to repair, or if the expo-
sure can change during use or deterioration of the structure

2.5 Reservations to the Guidelines

The guidelines to the assessment of frost resistance is based on the research results
from the HETEK, Task 2, project. The guidelines are given with the following reser-
vations:

. The materials and results from Task 2 are restricted, hence the guidelines are
preliminary.

. The guidelines are valid for portland cement concretes only.

. The frost resistance of certain concrete types, having very low permeability,

may not be described by the present guideline

16



3 Recommendations for Further Research

3.1 Overview of Experience Gained during the Research Period

During the present research project good progress has been made towards formulation
of a feasible test strategy for pre-testing and testing of in situ structures in relation to
freeze-thaw resistance of concrete.

2 test methods have been suggested and guidelines for specification of acceptance
criteria have been prepared.

However, a research programme with time restraints as those given for the present
research must necessarily result in recommendations for further research.

Primarily, because the criteria for acceptance cannot be verified by the research as
these criteria are in fact an outcome of the research.

Secondly, because a number of reservations to the results, the interpretations and the
conclusions have been required.

These are related to:

Correct classification of the in situ performance of the structure
- Correct classification of the actual environmental exposure

- Correct assessment of equilibrium conditions of the structure with respect to
moisture content i.e. frost deterioration

- Assumption that the concrete tested compare with modern, high performance
concrete and the cores are representative for the parts of the structure classified
in relation to degree of frost resistance

- Relationship between criteria based on frost testing of structures and require-
ments/criteria to be applied for pre-testing

3.2 Recommendations

Based on the experience gained and results obtained during the research in task 2 of the
HETEK project; “Method for testing of frost resistance of high performance concrete”
it is recommended that an exploitation of the results of this research is assured through
implementation in an extended research verification involving parties from a larger
geographical area e.g. the Nordic countries.

17



The continuation of the research should concentrate on the following main objectives:

18

Documentation and concensus verification of the guidelines for classification of
the in situ performance i.e. classification of the degree of frost deterioration

Documentation and verification of conformity with European standards (EN 206,
EC 2) of the guidelines for classification of the environmental exposure.

Formulation of criteria for homogeneity of concrete in a given structure

Formulation of a strategy for assessment of “steady state/equilibrium” conditions
in a mass of concrete

Selection of a large number of suitable concrete structures, characterization/
classification of performance and exposure

Assessment of viability of introduction of rapid test methods based on moisture
ingress e.g. pore protection ratio

Testing to verify criteria for frost resistance of concrete structures

Verification through laboratory research that criteria for pre-testing are realistic
and assess the economical impact of these criteria

Planning of a Nordic/European long term test programme for freeze-thaw testing
of concrete.

The programme shall include production of full scale structures involving at least
the following phases:

i) Pre-testing

ii)  Complete Quality documentation of the structure

iii)  Testing of structures at maturities corresponding to the pre-test
conditions

iv)  Monitoring structures



4 Appendices - Test Methods

Appendix 1: HETEK, Task 2: Proposal for Test Method for Determination
of Frost Scaling Resistance of Concrete (Modified SS 137245, Boras)

This method follows the Boras Method SS 13 72 45, with only few modifications.
Two methods for testing the frost resistance are described. Method A using deicing
solution, 3.0 % solution of NaCl, as frost media. Method B using demineralized water
as frost media.

Both methods may be used for pre-testing of concrete and for testing of specimens
from a concrete structure.

When pre-testing, the concrete has to be cured for 19 days before the test procedure
begins.

Upon casting the concrete specimens are stored 1 day in the moulds at 20 + 2 °C.
Then the forms are removed and the specimens are stored in water at 20 + 2 °C until
the test procedure begins.

The modification of the original method relates to curing and shape of the specimens
used for pre-testing.

Test Specimens and Conditioning

Pre-testing

Specimens used for the test are usually sawed slices from casted concrete cylinders,
diameter 150 mm.

The cylinders should arrive to the testing laboratory at an age of 19 days. Immediately
after arrival they must be placed in the conditioning climate.

At 21 + 1 day 50 + 2 mm slices are sawed from the concrete cylinders. The slices are
taken at least 20 mm from the ends of the cylinders.

(Application of cubical specimens is obtional).

Immediately after sawing the specimens are washed with tapwater, dried with a moist

cloth and placed in the conditioning climate. The specimens are placed on the cylindri-
cal side with a distance between each other of at least 50 mm.

19



Testing of specimens from a structure

When testing specimens from a structure the specimens shall after drilling be washed
with tapwater, dried to surface dry condition and wrapped in watertight plastic to
prevent moisture exchange with the surrounding air.

When the specimens arrive to the testing laboratory they are placed in the conditioning
climate for at least 1 day. When sawing the specimens into slices of 50 + 2 mm one
should avoid reinforcement.

Immediately after sawing the specimens are washed with tapwater, dried with a moist
cloth and placed in the conditioning climate. The specimens are placed on the cylindri-
cal side with a distance between each other of at least 50 mm.

Number of specimens

When pre-testing using cylinders with a diameter of 150 mm 5 specimens taken from
three cylinders are to be tested. When testing specimens taken from a structure the
total exposed area shall be more than 42000 mm?.

Conditioning related to the test

After sawing into slices the specimens are placed for 7 days in a climate with a temper-
ature of 20 + 2 °C and 65 + 5 % RF. During this period all surfaces except for the
surface to be exposed are tightened with a watertight material glued to the surfaces.
The glue is to be placed all over the surface in an even layer. The edge of the material
used shall reach a level of 20 + 1 mm above the level of the surface to be exposed. To
avoid water to penetrate between the material and the side of the specimen a string of
e.g. sealant is to be placed in the corner between the water tight material and the
surface.

Immediately after the gluing the specimens shall be placed in the conditioning climate.
After 7 days demineralized water with a temperature of 20 + 2 °C is poured to the
exposed surface to a height of 3 mm . This moisture exposure shall be maintained for
72 + 2 hours.

Freeze/Thaw Testing

Method A: Test using deicing Salt Solution, 3.0 % Solution of NaCl

Before testing all surfaces of the specimens except the one to be exposed are insulated
with a insulating material with insulating properties as polystyrene cell plast with the
thickness of 20 + 1 mm. Within 15 minutes before the specimens are placed in the
freezing cabinet the demineralized water at the exposed surface is exchanged with 3.0
% salt solution of NaCl. The solution shall be maintained to a level of 3 mm hight
during the test period. This corresponds to an amount of 53 ml for a cylindric speci-
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mens with a diameter of 150 mm. The deicing media shall have a temperature of 20 +
2 °C when poured on the surface. Then a thin foil of polytene is used for tight protec-
tion towards evaporation from the solution. This covering shall be kept horizontal
during the test.

In the freezing cabinet the specimens are exposed to repeated freezing and thawing,
controlled in such a way that the temperature in the freezing media follows the require-
ments given in figure 1. The temperature history shall be recorded continuously in the
freezing media in the centre of the surface on at least one specimen in the cabinet.

This specimen may be a dummy provided the concrete used is of the same quality as
the concrete tested.

At the beginning of the test the specimens are placed in the freezing cabinet at the time
0 + 30 min as shown in figure 1.

The limits of the freeze/thaw curvature are defined as:

Upper limit Lower limit

Time, h | Temp. Time, h Temp.
°C °C

0 24 0 16

5 -2 3 -4

12 -14 12 -20

16 -16 16 -20

18 0 20 0

22 24 24 16

Measures shall be taken providing for the required temperature cycle for all specimens.
The distance between the specimens should be at least 50 mm and between the speci-
mens and the walls of the cabinet 50 mm.

After 7, 14, 28, 42 and 56 cycles the following procedure is executed for each speci-
men during the thawing face between 20 and 24 hours:

- Material which has scaled from the exposed surface is collected individually in a
coffee filter. The surface is brushed with a paintbrush and sprayed using a spray-
ing bottle.

- New freezing media is poured to the surface as earlier described.
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- The test specimens are placed in the cabinet for further testing.
- The material scaled from the surface is dried to constant weight at 105 + 5 °C.

- The total weight is measured with an accuracy of 0.1 g. The dry weight is re-
ported.

For each measurement and each specimens the following is calculated:
M,/ A [kg/m2]
M, s the the weight in mg of the total scaled material after n cycles

A is the area of the exposed surface in mm? .

Method B: Test using Demineralized Water
Method B is identical to method A except for the use of demineralized water as frost
media.

Test Results

The test results are given in accordance with section 2.4 Recommendations to Accep-
tance Criteria.

Reporting
The test report shall inform about:

. the geometry of the specimens, size, surface area, origin, identification

. if known the mix design of the concrete

. the age of the concrete at the time of testing, when relevant reported in terms of
maturity

. the composition of the frost media

. the type of testing, execution on casted cylinders as pretesting and on drilled or

sawed specimens from a structure or on a concrete product

. for each specimens the amount of scaling material is reported as kg/m* corrected
to two decimal places. The average, and standard deviation are reported for each
test
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general information of importance for evaluation of the results, special observa-
tion on the specimens e.g. reinforcement, separation. Deviation from the pre-
scribed test procedure.
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Appendix 2: HETEK, Task 2: Proposal for Test Method for Determination
of Frost Scaling Resistance of Concrete (Modified ASTM C 666-A)

References

ASTM C 666-A: Resistance of concrete to rapid freezing and thawing

ASTM C 490:  Standard practice for the use of apparatus for the determination of
length change of hardened cement paste, mortar and concrete

Measuring principle
The length change (expansion) of concrete test specimens are taken as a measure of
their potential frost resistance.

The deviation from the original test method statement ia related to the length of the
specimens only.

Optionally, the reduction of the E,, 4, of the test specimen may be applied, ref. ASTM
C 666-A, this is however not further described in the present test method.

Test Specimens

The test specimens are:

A)  cast cylinders (&: 100mm x 200 mm) or

B)  concrete cores (diameter: 100 mm +5 mm, Length minimum 200 mm).

The number of test specimens required to assess the frost resistance of a concrete,
should be not less than 6. The concrete should have a maturity of not less than 28 M-
days when starting the freeze/thaw testing.

A) Cast cylinders.
Test specimens of cast cylinders retain their full length, i.e. 200 mm.

B) Cores.

The test specimens are cores having a diameter of 100410 mm and a length of mini-
mum 200 mm. In the laboratory the cores are cut to a test specimen length of 150+10
mm.

Test specimens from structures may not dry more than in the structures. Immediately
after coring, the samples are thoroughly washed, surface dried with a cloth and wrap-
ped in impervious plastic.

Cores containing casting joints can not be applied for assessing the frost resistance of

the concrete. Cores containing more reinforcement bars can not be applied for the
testing.
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Note: Cores containing single reinforcement bars with a maximum of 12 mm diameter have
been tested without any damages correlated to the reinforcement [Eriksen et al. 1997].

At arrival to the lab, the cores are unwrapped, and cut to length. If the outer end of the
core is without any defects or notable carbonation, the test specimen can be placed
from the exposed surface and inwards. Otherwise the sample must be placed deeper in
the core to secure the achievement of an undamaged sample.

During the handling of test specimen no drying out is accepted. All treatment involving
water, 1.e. cooling water during sawing and drilling, must be followed by thorough
washing of sludge, subsequent surface drying by use of a damp cloth, and wrapping in
impervious plastic

Conditioning

Cast cylinders are water cured at 20°C until testing. If cast cylinders are transported
before testing, they shall be wrapped in wet cloth and sealed against drying by impervi-
ous plastic. The test specimens must be protected against drying out, during cutting (of
cores), mounting of gauge studs, and preparing for testing.

| Mounting of gauge studs
The test specimen is mounted with gauge studs centrally in both ends, according to
ASTM C 490. The following procedures can be applied:

. The test specimen is placed in a drill stand and in each end of the test specimen,
a hole is drilled with the 10 mm diamond core drill using water cooling. The
depth of the holes must be 16 mm + 2 mm. The central small plug is gently
removed. The holes are dried with high pressure air.

J In each hole a gauge stud is mounted, see figure 1. The stud is placed centrally
in the plastic cap with double-stick-tape. The core is placed vertically. The upper
hole is filled to 3 mm from the top with rapid hardening X-60 strain gauge glue,
without getting glue on the surface. Readily the plastic cap with the gauge stud is
placed centrally over the hole, and the stud is lowered until the plastic cap stands
on the core end, see figure 1.

. The core remains vertical for at least 30 minutes, and the plastic cap is gently

removed by pressing a blade between its rim and the concrete surface. After
mounting the gauge stud the core must never be placed directly on the end.
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Figure 1 ~ Mounting of gauge stud in the core.

Preparing the Test Specimen For Testing

The specimen must be surrounded by 1-3 mm test liquid during the testing. Further-
more, it must be assured that the freezing of the test liquid cannot cause any damage to
the test specimen. Hence, rigid containers cannot be applied.

The following procedures are suggested:

The top and bottom of the core is covered by a 5-10 mm thick styrofoam protec-
tion, having the same diameter as the core. The core and styrofoam protection is
placed in a spacer net (' Aksel-net: 2C Blue'), see figure 2.

The test specimen is placed in a strong plastic bag ('Codex: 650 x 200 x 0.15
mm PVC, special welded seams') which is being held tight to the test speci-
men/spacer net, by surrounding strips of 50 mm broad scotch tape, placed at the
bottom, middle and top of the sample. The bottom part of the plastic bag is
likewise held tight to the test specimen with scotch tape.

The wrapped test specimen is placed in a protection net (' Aksel-net: 2A Black')
covering bottom and sides.

The plastic bag is poured with test liquid - tap water - until 2-3 mm above the top

surface of the test specimen. The thickness of the test liquid layer is 1-2 mm, as
secured by the spacer net and the protection net.
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. The wrapped, secured, and test-liquid-covered test specimen is placed in the
F/T-vessel. The top of the plastic bag reaching at least 100 mm over the level of
frost liquid, is fixed to the upper steel frame - care is taken to prevent a frost
liquid flush of the test specimen. The test specimen must be fully below the level

of frost liquid.
plastic bag

1 I
styrofoam I 1
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e 355 3 1 | 1
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: | net o 1| 3 1

S R 2 a0
3 : B 1 2| 1
B8 1 s |

d
[ ell|
styrofoam protection net
Core + styrofoam Spacer net mounted Test specimen wrapped Protection net
protection T + B in plastic bag mounted

Figure 2 The wrapping procedures for test specimens to be F/T tested.

Freeze/Thaw testing

The freeze/thaw testing is initiated and run for 300 F/T cycles or until the set require-
ments for expansion is trespassed. After each 36 F/T cycles the length of the test
specimens is measured.

The general set-up of the F/T equipment must fulfil the requirements given in ASTM C
666-A, ref. table 1. The following set-up can be suggested:

Automatically, the frost liquid temperature is changed to achieve a central temperature
in the test specimens varying from +4.4°C to -17.8°C (both +1.7°C), within a cycle
time of 3.6 hours (4 1.6 hours).

The frost liquid ('Antifrogen N') containing F/T-vessel can store as much as 120 test
specimens. The Vessel is mounted with an upper steel frame above the frost liquid for
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fixation of the test specimens. To secure even temperature cycles, the frost liquid is, by
pumping, replaced 0.5 times per minutes.

Table 1  Definitions and requirements to the freeze/thaw system.

F/T cycle [hours] Time: T, -T.n 2-5
Temp,,, [°C] Maximum temp. measured cen- 44 +1.7
trally in concrete dummy
Temp,,;, [°C] Minimum temp. as measured cen- +17.8 +1.7
trally in concrete dummy
TP: thawing period {hours] Tain @ Toax TP = VP
TP > %-Cycle
FP: freezing period [hours] T = Toin FP > %-KP
HP: heating period [hours] The heating time of the system -
(frost liquid vessel)
CP: cooling period [hours} The cooling time of the system -
(frost liquid vessel)
Test specimen size [mm] Length: L Last cytinders: 200
Diameter: D Leores: 200 (cut
to 150)
D: 90-110

Test specimen maturity [M-days]

(28 M-days for cast test
specimens)

Test specimen conditioning

Test specimens from
structures may not dry
more than in the struc-
tures.

length change: AL,

Test liquid [mm] Thickness of test liquid layer 1-3
(tap water)
End of test No. of cycles, 300 F/T cycles,

AL > maximum expan-
sion
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Measuring the Test specimen Length
The test specimens are measured before start of F/T testing, and subsequently after
each 36 F/T cycles, or less, until the testing is terminated.

The length measurements are carried out at a temperature of 20°C. The test specimens
must have a constant temperature during the length measurements. The measuring time
must be so short that the temperature of the test specimen is not changed.

The length measurements are carried out according to the following procedures:
. The test specimen is carefully removed from the frost liquid containing F/T-

vessel. The test liquid (tap water) is poured off. The protection net and plastic
bag is removed, and the spacer net is carefully pulled off.

. The test specimen is gently surface dried with a damp cloth. The gauge studs are
blown dry.
. The test specimen is placed in the precision dial gauge stand - at each measure-

ment the test specimen is placed the exact same way. The reading of the preci-
sion dial gauge is repeated to ensure a reproducible result. The length is re-
corded.

. The test specimen is scrutinized with naked eye and hand lens. All observations,

such as crumbling of paste, cracks, pop-outs, general expansion, discolouration
a.0. are recorded.

The test specimen is within 5 minutes again wrapped for further testing, test liquid (tap
water) is added, and the test specimen returned to the frost liquid containing F/T-
vessel.

Test Results
The expansion is computed according to (1):

Expansion = Al/L, x 100 % )
where
Ly:  Test specimen length (in mm) before exposure
1y Reading on precision dial gauge (mm with 3 digits) after 0 F/T cycles.
L Reading on precision dial gauge (mm with 3 digits) after i F/T cycles.
Al: -1,

Reporting
General test report parameters are given. For each set of Test specimens the following
parameters are reported for each measure term:

- dial gauge reading for each test specimen,
- computed expansion for each test specimen,
- mean expansion for the set of test specimens,
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- visual observations for each test specimen,
- graph depicting the expansion history of each test specimen.

The actually applied time/temperature curve of the testing is enclosed.
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Appendix 3: HETEK, Task 2: Proposal for Test Method for Determination
of Pore Protection Ratio
References

Vuorinnen, J. (1984): Om skyddsporforhallandet hos betong. DBT publikation nr. 22,
Nordisk Workshop Beton & Frost, 1884. Koge.

Measuring principle
The effective air pore volume in a capillary saturated material, in relation to the total

pore volume, is determined by weighing under various conditions.

Test Specimens
Test specimens can be cast concrete specimens, e. g. cylinders, or cores from concrete
structures. During transport, the samples are not to be dried.

Before testing the sample is by breaking parted in test specimen discs with a thickness
of approximately 20-30 mm. The number of test specimens required to assess the pore
protection ratio of a concrete, should be not less than 6. The concrete should have a
maturity of not less than 28 M-days when starting the test.

Test
The testing includes the following steps:

. Capillary saturation until constant weight (approximately 400 hours)
. Saturation under pressure, 15 MPa, for 24 hours
. Heating at 105°C to constant weight (approximately 24 hours)

The weighing of test specimens are carried in surface dry condition (wiped with a
moist cloth). Weighing must be carried out with 0.01 g precision.

For absorptions are used boiled tap water, cooled to 20°C.
The device for pressure saturation must secure that the prescribed pressure is main-
tained during the 24 hours test. Hence also adjusted during the water filling of the air

pores.

The weight measurements after 24 hours pressure must be taken immediately after
pressure release.
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Test Results
The pore protection ratio is calculated according to (1):

P - mpres.\' _mcapp
r

mpres.\' _mIOS

where:

Mg is the sample weight at constant weight, after approximately 400 hours of
capillary saturation.

Myt is the sample weight after 24 hours of water saturation in pressure of 15
MPa. :

m105: is the sample weight after drying at 105°C.

Reporting

General test report parameters are given. For each test specimens the following param-
eters are reported:

- all weighing results
- pore protection ratio for each slice

- mean pore protection ratio for the set of test specimens

Furthermore, a graphical depiction of the absorption against square root of time are
presented for further evaluation of the testing.
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