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ABSTRACT

Freeze-Thaw action degrades concrete mainly due to the hydraulic pressures associated with
the expansion of water into ice which requires a greater volume inside the concrete. The
purpose of the research was to investigate how different characteristics of concrete mixes
affect the resistance that concrete has to freeze-thaw degradation.

The concrete mixes were tested with a CDF machine which subjected the concrete to 28 12hour freeze-thaw cycles. The test surface of the samples was also immersed in 3% salt
solution to replicate the effect of de-icing salt. By measuring the scaling after 8, 22 and 28
cycles, the different freeze-thaw resistance from each of the mixes could be quantified. The
samples were also tested with an ultrasonic pulse at the same intervals to investigate if the
velocity through the concrete was related to the degradation.

The results demonstrated the greater resistance with lower water cement ratio, much greater
resistance with ground granulated blastfurnace slag (GGBS) and the highest resistance values
for the samples with entrained air. The calculated transit velocities showed that they were an
excellent indicator of the level of damage within the concrete.

The results showed the effect of different compositions of mixes but also how the interaction
of elements is a complicated process and that the freeze-thaw resistance of a concrete mix is
not necessarily easy to predict. The results should allow designers to specify more durable
concrete mixes and mathematical models should be developed with further testing.
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1. INTRODUCTION
Concrete undergoes degradation when exposed to freeze-thaw cycles and the objective of the
research report was to investigate the freeze-thaw durability of concrete. This was done by
testing six different mixes which were cast to investigate the effect that variations in the
composition of the mixes had on the freeze-thaw durability. These variables are believed to
have an effect on concrete’s resistance to freeze-thaw action and they are different water
cement ratios, different binder combinations and the use of air entraining agents. Concrete not
only loses strength with increasing water cement ratio but it becomes more susceptible to
freeze-thaw damage due to the expansion forces in the concrete as water turns into ice and
needs to occupy a greater volume. The test was performed to check the degree of this effect
with commonly used water cement ratios in construction, namely 0.5 and 0.55. The binder
composition is also accepted as being an important factor in how concrete resists damage.
Ground granulated blastfurnace slag is a standard of the National Roads Authority of Ireland
[Ecocem fact sheet] due to the strength, durability and chloride ion resistance increases when
compared to Ordinary Portland Cement. However, it’s also stated by Panesar & Chidiac
(2009) that it undergoes greater scaling due to salt in laboratory conditions. All of our tests
were carried out in the presence of salt solution so our aim was to clarify if it was a legitimate
specification to have ggbs in concrete structures exposed to both freeze-thaw attack and
scaling due to salt solution. The final parameter that we chose to investigate was the increase
in freeze-thaw durability associated with entrained air. This is well known to increase freezethaw resistance of concrete and is used widely in areas prone to freeze-thaw cycles. It’s also
understood however, that using air entraining agents reduces the strength of concrete and this
is the major trade-off in using them. We made 100mm cube samples for all the mixes for
compressive strength testing. This allowed comparisons to be made between all the samples
on the strength of concrete and to be able to judge the potential downside in strength loss
associated with mixes of improved freeze-thaw durability.

There were three days of casting with two mixes cast on each day. Three 150mm cubes were
cast with a 5mm Polytetrafluoroethane (PTFE) plate placed in the middle to allow the cubes
to be split in half generating six test samples in total for each mix. Six 100mm cubes were
cast from each mix for compression tests at 7, 28 and 56 days. The 150mm cubes were cured
in water for six days followed by dry curing. The cubes were sealed with aluminium tape on
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the sides a few days prior to capillary suction which was started 28 days after casting. This
involved putting the cubes in containers holding 3% salt solution and placing them on 10mm
spacers to keep them off the bottom of the containers. Only the test surface was exposed to
the salt solution with the solution rising just 5mm up the side of the cubes which were sealed
with the tape on all sides. After 7 days of capillary suction the 5 cubes of both samples that
were in the best condition were placed into the Capillary suction of De-icing chemicals and
Freeze thaw test (CDF) machine. As in capillary suction the samples were placed on 5 mm
spacers in steel buckets containing 3% salt solution. The cubes were then subjected to 28
cycles of freeze-thaw temperatures with each cycle 12 hours long. Scaling and ultrasonic
measurements were made after 8, 22 and 28 cycles. Scaling measurements were done by
cleaning samples in an ultrasonic bath and filtering the water left after this process. The filter
was weighed after drying to reveal the mass of scaled material. An ultrasonic pulse was sent
through the cubes to detect the level of internal damage.

The test process takes quite a long time and it was 35 days from the initial casting before the
actual freeze-thaw testing could be started. The CDF machine is only large enough to
accommodate 10 cubes and this meant that 2 samples of 5 cubes each were tested at a time
with each series of freeze-thaw testing lasting 2 weeks. This means that many other potential
samples could have been tested. For example, the use of pulverised fuel ash rather than ggbs
or other water-cement ratios could be tested. There are also new methods claiming to provide
greater durability such as the use of steel fibres in the mixes which could be very interesting
to examine. The testing therefore, does not account for the effects of all potential
combinations that could be employed.

The CDF is a very severe test. The salt solution of 3% is the worst possible according to
Vallenza II & Scherer (2007a) and the cycles are very extreme ranging from 20°C to -20°C.
This means that the test doesn’t apply directly to that many situations in the real world as it’s
not meant to replicate exact conditions. It does show how different properties affect the
durability of concrete though and from this information concrete can be specified according to
actual conditions. Another limitation of it though is that it bundles the effect of freeze-thaw
and salt scaling together which can make it difficult to analyse which part is doing the damage.
This can be overcome with plenty of testing however and overall the test is a very efficient
laboratory procedure for producing a model of how concrete will degrade over time when
exposed to freeze-thaw cycles.
2

2. LITERATURE REVIEW

2.1 Durability of Concrete

Concrete is one of the most widely used construction materials in the world today. It is
however susceptible to deterioration for many reasons. Richardson (2002) describes some of
the factors that affect the durability of concrete:
Corrosion of reinforcement
Richardson (2002, p51) states that this is the ‘greatest cause of durability failure in the world
today’. This process is simply caused by the reaction of air and water with steel and this
oxidises or ‘rusts’ the steel.
Carbonation and Corrosion
This results due to the presence of CO2 which causes the pH of the concrete to fall and thus
damage the protective film of oxygen around the steel reinforcement.
Chloride Ingress
Chlorides can be present due to sea water or de-icing salts and the ingress of them can
damage the steel reinforcement.
Alkali-Silica Reaction
Some of the aggregate can react with part of the alkaline pore solution resulting in swelling
and thus expansive pressures in the concrete which can lead to cracking if the tensile strength
of the concrete is exceeded.
Freeze-Thaw Effects
The freezing of water in the cement paste results in ice taking up more volume and similar to
the alkali-silica reaction causes expansive pressures that cause cracking. The thawing of the
ice allows for the ingress of more water which goes on to cause further damage in the next
freezing period.
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Sulphates, Acid, Seawater
Durability problems can occur with concretes in contact with soils or groundwater containing
sulphates which cause expansion forces in the cement paste leading to degradation.
Richardson (2002, p194) states that acids can cause ‘dissolution of the cement paste and
certain types of aggregate’. Seawater attack occurs due to several factors including
dissolution, freeze-thaw attack, reaction with sulphates and erosion.

2.2 Background of Freeze-Thaw

According to Polat et al. (2009), water is the main cause of degradation of building materials
and it enters porous materials and can rise to considerable heights through capillary reaction.
It can also transport potentially damaging substances such as NaCl. When water which has
entered concrete through capillary reaction freezes it expands and cause hydraulic pressure.
The effects of repeated cycles of freezing and thawing have significant effects on concrete.
They cause cracking and scaling and ultimately failure. The rate of freeze-thaw damage is
increased by de-icing agents or salt water.

The European Standard, I.S. EN 206-1:2002, provides recommended specifications for
designing concrete in certain exposure conditions. Its section regarding freeze-thaw attack
recommends the following:

2.3 European Standards

There are 4 specific exposure classes in the British Standards for dealing with freeze-thaw
attack with or without de-icing agents.
4

Where the concrete is exposed to significant attack by freeze-thaw cycles whilst wet, the
exposure shall be classified as follows:

XF1 Moderate water saturation, without de-icing agent, e.g. vertical concrete surfaces
exposed to rain and freezing
XF2 Moderate water saturation, with de-icing agent, e.g. vertical concrete surfaces of road
structures exposed to freezing and airborne de-icing agents
XF3 High water saturation, without de-icing agent, e.g. horizontal concrete surfaces exposed
to rain and freezing
XF4 High water saturation, with de-icing agent or sea water, e.g. road and bridge decks
exposed to de-icing agents. Concrete surfaces exposed to direct spray containing de-icing
agents and freezing. Splash zones of marine structures exposed to freezing.

Table 1 is from the Draft Revision of the National Annex to I.S. EN 206-1:2002 and provides
minimum strength classes, maximum water cement ratios, minimum air content and minimum
cement content for 20 mm max aggregate size for each of the four XF exposure classes.
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Min. Air content
and min. cement
Exposure Class

Min Strength Class

Max W/C Ratio

content for 20mm
max aggregate size
(see Note 2)

XF1

C25/30

0,60

C28/35

0,60

C30/37

0,55

C35/45

0.50

C30/37

0,55

C40/50

0,45

C32/40

0,50

C40/50

0,45

(see Note 1)

XF2

3,5
300
300
3,5
320
-

XF3

XF4

360
3,5
320
400
3,5
340
400

Note 1 In exposure class XF1, maximum w/c ratio and minimum cement content are 0,60 and
300 kg/m³ irrespective of whether an air-entraining agent is used. However, a lower minimum
strength class is permitted with air entrainment.
Note 2 For different aggregate sizes, the minimum air content recommended is: 3,0% for
40mm; 4,5% for 14mm; 5,5% for 10mm. In addition, the minimum air contents may need to
be adjusted.

Table 2.1: Freeze-thaw exposure classes
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2.4 Freeze-thaw mechanisms

The process of degradation of concrete due to freeze-thaw is explained in Richardson (2002),
and is stated as occurring due to the expansion of pore water in the cement paste as it freezes
to ice. Richardson (2002) states the expansion of water into ice is approximately 8% while
Micah Hale et al. (2008) state that it’s about 9%. This results in the ice pushing water to take
up this extra volume and this in turn creates hydraulic pressure inside the concrete when it has
no more room to expand. Shang et al. (2009, p5) state ‘the magnitude of this hydraulic
pressure depends on the permeability of the cement paste, the degree of saturation, the
distance to the nearest unfilled void and the rate of freezing’ so the effect that the pressure has
will vary significantly from one mix of concrete to another. Local cracking is caused if the
expansive forces exceed the tensile strength in the concrete and this does not require huge
force as concrete is weak in tension. Richardson (2002) states that the resulting microcracking and enlarged pore network allows the ingress of more water during the thawing
phase leading to further ice build-up and hence a cumulative effect in the degradation process
of the concrete.
While the expansion of ice in the capillary pores is largely held responsible for the
degradation of the concrete it’s also caused by osmotic pressure. Richardson (2002) explains
that as water is pushed out it contains both existing solids and those from the frozen water
with the increase in solute concentration causing a concentration gradient and osmotic
pressure. Richardson (2002, p161) states ‘diffusion of water, including gel pore water,
towards a developing ice body results in further ice growth and expansive pressures’ and for
concretes exposed to de-icing salt the solute concentration may be increased.

Richardson (2002) concludes that freeze-thaw degradation is manifest in three ways; internal
cracking and subsequent D-line cracking, pop-outs and scaling. D-line cracks are fine cracks
parallel to edges and joints and are caused by the expansion of coarse particles at depth while
pop-outs are also caused by expansion of coarse aggregate but this time near the surface
which can cause them to fracture and hence force the conical ‘pop-outs’ from the surface.
Scaling is a complicated process that occurs due to the presence of de-icing salt and this is
examined in greater detail in the following sections.
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2.5 Air Entraining Agents (AEAs)

Du & Folliard (2004) state that air entraining admixtures (AEA) have been used since they
were discovered by accident in the 1930’s. Although it is known that AEA’s increase freezethaw resistance it is hard to predict the exact effects as there are many variables which alter its
effectiveness. Different cements, binders, aggregates, curing techniques, temperatures, water
cement ratios and mixing and placing techniques can alter the levels of entrained air.

It’s well documented that using air entraining agents increases the freeze-thaw resistance of
concrete and scaling due to salt. In Vallenza II & Scherer (2007a) it’s suggested that entrained
air could be beneficial in two ways; by reducing the bleeding and also from the ice in the
voids sucking pore fluid from the surrounding matrix and thus compressing the porous body.
Bleeding results in a variation in the water-cement ratio and thus density yielding a variation
in strength with the weakest concrete at the top. It’s suggested that air entraining reduces the
bleeding by adhering to cement particles and making the particles buoyant. In cases where the
design carefully avoids bleeding there is still scaling due to salt. This paper states that Powers
& Helmuth (1953) showed air entrained concrete contracts because ice nucleates in the voids
and sucks liquid from the surrounding mesopores. The contraction of the air entrained
concrete offsets the crystallisation pressure of ice crystals nucleated in the mesopores. Sun &
Scherer (2009) state that nucleation occurs at the same low temperature for air-entrained and
non air-entrained concretes but the body contracts in the air-entrained one resulting in no
noticeable damage.

It isn’t easy to measure the amount of entrained air. Normal techniques measure the total air
voids content which isn’t the most important factor. Du & Folliard (2004) state that more vital
to the performance is the size and distribution of the air voids in combating frost. Sahin et al
(2007) found that in concrete entrained air is the single most important factor in resisting
freeze-thaw cycles. They established that all their test samples that contained AEA showed
shrinkage over time which is normal behaviour for concrete as if it wasn’t subjected to freezethaw cycles. If concrete shows shrinkage during freezing it is protected against the freezing.
When concrete shows expansion during the freezing it means that it isn’t protected.
8

2.6 GGBS

The use of Ground Granulated Blastfurnace Slag (GGBS) is a specified standard by the
National Roads Authority of Ireland [Ecocem fact sheet]. This is due to the increases in
strength and durability when it is mixed with cement to make concrete. GGBS is a finely
ground glass that consists of calcium, silica, aluminium and magnesium oxides which are also
contained in Portland cement (PC).

The benefits of GGBS only take effect when it replaces at least 30% or more of the cement
and the general range of replacement are between 50% and 70% [BS 8110–1:1997]. The
benefits include improving the general performance of PC concrete, decreasing chloride
diffusion and chloride ion permeability and increasing the ultimate compressive strength.

The use of GGBS in bridges and road piers means that it is used in places that are susceptible
to de-icing salts and splash zones of rivers. These are the most severe conditions and
correspond to the XF4 class in European Standards. Thus it is important to know how it will
perform under freeze-thaw conditions.

‘The freeze-thaw behaviour of GGBS is similar to that of Ordinary Portland cement (OPC)
concrete with equivalent strength and air entrainment, but generally, more AEA is required to
produce the same resistance’ [BS 8110–1:1997].

Marchand et al [1997] performed tests on the de-icing salt scaling resistance of blast-furnace
slag concrete. Their test results showed that the type of slag used made little noticeable
difference to the level of scaling. It also showed that the concrete that contained lower levels
of GGBS (25%) performed better than the higher GGBS mixes (50%). The mass of scaling
for the 50% GGBS mix was higher than that of the 25% GGBS and both of which were
higher than the reference concrete which contained no GGBS at all.
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Marchand et al [1997] produced graphs of mass of scaling residue against number of freezethaw cycles which shows that for the first 10 cycles the GGBS mixes suffer far worse than the
mixes without GGBS, after this initial period the levels of scaling even out and are relatively
similar. He suggests the higher amounts of scaling in the GGBS mixes were due to a surface
layer of concrete that was much more susceptible to freeze-thaw attack than the concrete
deeper inside the specimen.

2.7 Chloride attack

There are different proposals as to the effect salt has on the scaling process. In Vallenza II &
Scherer (2007b) the first mechanism suggested is thermal shock which occurs when salt is
added to an ice layer causing the ice to melt. This occurs if the salt concentration lowers the
melting point below ambient temperature. The heat required to cause the melting is
withdrawn from the surface of the concrete. The resulting temperature gradient in the concrete
causes differential strain and stress. This theory may be valid for the real world where salt is
applied to roads but our laboratory approach was conducted by subjecting the cubes to freezethaw cycles in a saline solution. This fact is also reflected in the article as it recognises that
this is how most of lab experiments are carried out. It states however, that freezing a saline
solution on the surface is more destructive than applying salt to ice on the surface of a
concrete slab, thus concluding that thermal shock is insignificant. Perkins (1997) states that
damage of concrete due to thermal shock is rare and occurs only in special circumstances. It
does not mention the application of salt as one of these circumstances, only the spilling of
liquefied gases used in industry such as oxygen and nitrogen.

There are a few other possible mechanisms of salt scaling examined by Vallenza II & Scherer
(2007b) including precipitation and growth of salt, osmotic pressure gradients due to variable
salt concentrations and reduction in vapour pressure. It concludes however that none of them
adequately describe the mechanism and says that the only mechanism that can explain all the
properties is glue-spalling. This proposes that the ice layer cracks under the tension imposed
by the rigid concrete. Fracture mechanics enable predictions to be made which conclude that
cracks in the ice layer penetrate the underlying cementitious binder and then propagate into a
10

path that is parallel to the composite interface resulting in the removal of part of the surface.
This theory accounts for one of the unusual facts about salt scaling, that a pessimum exists at
a solute concentration of 3%. This is a result of the effect of brine pockets on the properties of
the ice layer, Vallenza II & Scherer (2007b). This process is explained in greater detail by
Çopuroğlu & Schlangen (2008) where they detail what happens at the different concentrations
of salt. They explain that at low concentrations (<1%) the tensile stress cannot exceed the
tensile strength of ice and thus there is no cracking. At high concentrations (>10%) the ice
layer is too soft to exert enough stress to the underlying cementitious material meaning that
only the ice cracks and no scaling results. At the pessimum salt concentration (about 3%), the
exerted tensile stress exceeds the tensile strength of ice and breaks the ice which triggers
surface scaling.

There is a large difference in the freeze-thaw effects of a specimen in water and one in NaCl
solution as shown in the research by Sun et al (2002). Concrete in chloride loses weight faster
and reaches the failure threshold earlier than concrete in water. The loss of weight is mainly
due to surface scaling which was found to be twice as fast in NaCl solution as it was in water,
Sun et al (2002).

The freezing point of water lowers if NaCl is present in it. For a 3.5% NaCl solution the
freezing point is approximately -2.03°C. As well as this the freezing point of the solution in
the small capillary pores is even lower, Sun et al (2002). The losses of dynamic modulus of
elasticity are fewer in NaCl solution than it is in water although the weight loss due to scaling
is increased.
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2.8 Types of concrete

The examination of high performance concrete under freeze-thaw conditions was tested by
Hale et al (2008) with the aim of determining if it was possible to create a high performance
concrete without entrained air that would withstand freeze-thaw cycles. Air content and water
cement ratios were the variables used. Hale et al tested specimens until they deteriorated or
when they reached 300 freeze-thaw cycles.

High performance concrete has higher strength and durability benefits than normal concrete
however when air is entrained it negates some of these benefits by reducing the strength, Hale
et al. (2008). Although this is undesirable it is required by many road authorities for bridges.

HPC does not normally contain air-entraining agents as they tend to reduce the high strength
of the concrete although research has shown that the low permeability of HPC due to its
decreased W/C ratio increases its frost resistance, Hale et al. (2008). Experimental results
have shown that HPC doesn’t require the same levels of entrained air as Normal Performance
Concrete to be durable in severe conditions and while some researchers have been able to
show it is possible to design HPC that can resist freeze-thaw attack without air entrainment
others have be unable to, Hale et al. (2008), this is due to other factors such as aggregate size
and type, cement used, curing conditions and W/C ratio which affect the resistance to freezethaw cycles. As such it is recommended that AEAs are used anyway as a precaution against
failure.

2.9 Test Methods

There are a number of different test methods to investigate the freeze-thaw resistance of
concretes. One popular method is the Scandinavian Slab Test and this can be done with water
or salt solution. Siebel & Reschke (1997) explain the test procedure and they state that the test
liquid of water or 3% salt solution is at a depth of 3mm on the top surface of a slab of
12

dimensions 150mm*150mm*50mm which has been sawn from a 150mm cube. They also
state that the other surfaces of the slab are sealed with rubber and that these surfaces are then
thermally insulated while the test surface is covered in plastic film. The curing process is
stated as being 1 day in the mould, 6 days in water at 20°C followed by 21 days in dry storage
at 20°C with the slabs sawn and provided with sealing and insulation after 14 days of dry
storage. The test liquid is poured in to a depth of 3mm after the dry storage and the freezethaw cycles are started after 3 days. Richardson (2002) states that the daily freeze-thaw cycle
has ‘a temperature range of +20°C to -20°C in accordance with a specified time-temperature
curve’. He states that scaling measurements are taken after 7, 14, 28, 42 and 56 cycles and the
cumulative value after 56 cycles is the figure used to determine the scaling resistance.

The German Cube Test is another common test method to determine the freeze-thaw
resistance of concrete. Siebel & Reschke (1997) detail the test as being carried out on 100mm
cubes which are stored for 1 day in the moulds, 6 days in water at 20°C, 20 days in a dry
room and 1 day in the test liquid which is either water or salt solution as in the Scandinavian
Slab Test. Richardson (2002) states that the cubes are stored in brass or stainless steel
containers with the freezing medium being either water or salt solution. The test is the same
as the Scandinavian in having 56 cycles and the scaling measurements are made at the same
stages of 7, 14, 28, 42 and 56 cycles. Richardson (2002) states that the scaling resistance is
once again determined from the cumulative scaling after 56 freeze-thaw cycles but the cycles
have a slightly different temperature range of +20°C to -15°C.

The RILEM Technical Committee has developed two tests for determining the freeze-thaw
resistance of concrete; the CDF (Capillary Suction of Deicing Chemicals and Freeze-Thaw)
Test and the CF (Capillary Suction and Freeze-Thaw) Test. The CDF procedure is described
by Setzer et al. (1996) and they explain that 150mm cubes are cast with a
polytetrafluoroethylene plate of thickness less than 5mm in the middle to create 2 test samples
after the moulds are removed. These cubes are put into steel buckets with 3% salt solution up
to 5mm above the test surface with the sides of the cubes sealed with aluminium tape. Setzer
et al. (1996), state that the freeze-thaw cycles have a temperature range of +20°C to -20°C.
The test lasts has 28 cycles of 12 hour tests. Richardson (2002) states that the CF test is
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performed in the same way but de-mineralised water is used instead of salt solution and there
are 56 cycles of freeze-thaw action.

All of these tests methods are good for determining the freeze-thaw resistance of concrete. All
of them can be used for both testing with water and sodium chloride solution. However each
method has advantages and disadvantages and these were highlighted by Marchand et al.
(1997). The following represents their conclusions:

Scandinavian Slab Test:
Advantages
•

Simple to perform

•

Low cost

Disadvantages
•

Difficult to prepare sample

•

Need to investigate if cut face represents real world behaviour

German Cube Method:
Advantage
•

Simple preparation

Disadvantage
•

High cost
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CDF
Advantages
•

Simple Preparation

•

Very precise temperature cycle

Disadvantage
•

High Cost

2.10 Ultrasonic Testing

Lin et al. (2003) state that the ultrasonic pulse technique can not be used to accurately
determine the strength of concrete. This led them to investigate ‘how the mixture proportion
of concrete affects the pulse velocity’. Their model suggests that the concrete can be assumed
to behave in two layers, an aggregate layer and a mortar layer. The pulse transit time for the
concrete and aggregate can be measured separately and from this the time in the mortar layer
and thus the velocity in the mortar layer can be calculated. This is of interest because the
mortar is the part of the concrete that degrades due to freeze-thaw attack.
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3. MATERIALS AND METHODS

3.1 Materials
The type of cement used was CEM II/A-L 32.5N Irish Cement. The cement clinker consists
predominantly of compounds from Calcium, Silica, Aluminium and Iron. Calcium Sulfate in
the form of gypsum is added to the cement to control the setting time. Limestone (Calcium
Carbonate) is present in the range of 6%-20%. The minimum compressive strengths for
standard mortar prisms are 16 N/mm² at 7 days and 32.5 N/mm² at 28 days as stipulated in
I.S.EN 197-1 for class 32.5N. Typical mortar prism strengths are in the range of 30-36 N/mm²
at 7 days and 40-50 N/mm² at 28 days [Irish Cement, 1].
The 10mm and 20mm aggregates and the sand were from the nearby Roadstone quarry in
Tallaght, Dublin. They were dried out in an oven and put in plastic bags which were sealed
until they were needed.
GGBS (Ground Granulated Blastfurnace Slag) from Ecocem in Dublin Port was used as a
binder in some of the mixes replacing 50% of the cement.
Sika AER 46 air entraining agent (AEA) was used for some of the mixes. AEAs produce air
bubbles throughout the concrete. This is a benefit when trying to combat the effects of freezethaw cycles and de-icing salts or sea water.

Tables 3.1-3.6 show the amounts of each constituent that went into each mix. Air contents,
slump test results and exposure classes are also shown.
Mix A
Cement
GGBS
20mm Agg.
10mm Agg.
Sand
Water

Mass Required
(kg/m³)
400
0
750
370
640
200

Density
(kg/m³)
3150
2900
2700
2700
2650
1000

Volume
(m³)
0.127
0.000
0.278
0.137
0.242
0.200
∑ =0.983

Table 3.1: Constituents of mix A
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XF4

Slump=80mm
Air Content=1%

Mix B
Cement
GGBS
20mm Agg.
10mm Agg.
Sand
Water

Mass Required
(kg/m³)
400
0
710
350
640
220

Density
(kg/m³)
3150
2900
2700
2700
2650
1000

Volume
(m³)
0.127
0.000
0.263
0.130
0.242
0.220
∑ = 0.981

XF3

Slump=110mm
Air Content=1.5%

Table 3.2: Constituents of mix B

Mix C
Cement
GGBS
20mm Agg.
10mm Agg.
Sand
Water

Mass Required
(kg/m³)
200
200
740
370
640
200

Density
(kg/m³)
3150
2900
2700
2700
2650
1000

Volume
(m³)
0.063
0.069
0.274
0.137
0.242
0.200
∑ = 0.985

XF4

Slump=87mm
Air Content=1.6%

Table 3.3: Constituents of mix C

Mix D
Cement
GGBS
20mm Agg.
10mm Agg.
Sand
Water

Mass Required
(kg/m³)
200
200
700
350
640
220

Density
(kg/m³)
3150
2900
2700
2700
2650
1000

Volume
(m³)
0.063
0.069
0.259
0.130
0.242
0.220
∑ = 0.983

Table 3.4: Constituents of mix D

17

XF3

Slump=100mm
Air Content=2%

Mix E
Cement
GGBS
20mm Agg.
10mm Agg.
Sand
Water

Mass Required
(kg/m³)
400
0
710
350
640
220

Density
(kg/m³)
3150
2900
2700
2700
2650
1000

Volume
(m³)
0.127
0.000
0.263
0.130
0.242
0.220
∑ = 0.981

XF3

AEA=0.5% of binder
Slump=115mm
Air Content=6%

Table 3.5: Constituents of mix E

Mix F
Cement
GGBS
20mm Agg.
10mm Agg.
Sand
Water

Mass Required
(kg/m³)
200
200
700
350
640
220

Density
(kg/m³)
3150
2900
2700
2700
2650
1000

Volume
(m³)
0.063
0.069
0.259
0.130
0.242
0.220
∑ = 0.983

Table 3.6: Constituents of mix F
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XF3

AEA=0.5% of binder
Slump=100mm
Air Content=6.6%

3.2 Methodology

3.2.1 The freeze-thaw testing was performed by putting concrete cubes in a CDF (Capillary
suction of De-icing solution and Freeze thaw test) Freeze-Thaw Testing Machine. The
CDF machine had a 3% sodium chloride solution which was to simulate the action of
de-icing salt. This liquid was the freezing agent. The cubes were tested by subjecting
them to 28 cycles of freeze-thaw action with each cycle lasting 12 hours.

3.2.2 The cubes were cast using the laboratory cement mixer which was cleaned with a
damp cloth before use. The first step in the mixing process was to add the sand, 20mm
and 10mm aggregate to the mixer. Water was then added slowly with the mixer on.
The purpose of this was to make it saturated surface dry which was judged by its
appearance and the mixer was stopped every so often to see when this had been
achieved. The measured water giving the specified water cement ratio would be
soaked up by dry aggregate if this process was not carried out and would therefore
reduce the water cement ratio. As water cement ratio is an important factor for both
strength and durability, it is important that it is known within a certain level of
accuracy particularly for lab tests such as these which are investigating the effect that
it has on the properties of concrete.

3.2.3 The cement was added after this with approximately half of the water while the
cement mixer was continuously mixing. After a short while the mixer was turned off
and the mix examined by stirring and turning it over with a trowel.

3.2.4 The mixer was turned back on and the remaining half of water was added
continuously as before.

3.2.5 When ground granulated blastfurnace slag (ggbs) was used, it was used as 50%
cement replacement. The cement was added first and then followed by the ggbs with
the same process of adding half the water with the binder and half after stopping and
restarting the mixer.
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3.2.6 The air entraining agents were added in relatively minute quantities to two of the
mixes. They were poured in along with the second half of the water after all the other
constituents had been put into the mixer.

3.2.7 After all of the components had been added to the mixes, a slump test was performed
on them. This was done by taking concrete from the mixer and putting it in a slump
cone with one person standing on the sides to keep it steady and prevent the concrete
from coming out underneath the bottom of the cone. The concrete was scooped out
using a trowel and put into the cone in three equal layers. After each layer had been
put in, it was compacted with 25 blows of a steel bar. The cone was then lifted off
vertically in about 5-10 seconds and placed upside down beside the concrete. The steel
bar was placed on top of the cone and the distance between the bar and the highest
point in the concrete was measured in millimetres. This gave us the slump of the
sample.

3.2.8 The concrete used in the slump was then put back into the cement mixer and it was
turned on again to mix.

3.2.9 A similar process was conducted to determine the percentage of air in each mix.
Concrete was taken from the mixer and put into a cylindrical air-meter. There were 4
layers of concrete with each layer being compacted 20 times with a steel rod. After the
final layer had been compacted the concrete was smoothed off with a float. A lid with
the measuring apparatus was then placed on top of the cylinder and attached using 4
clips. Water was poured into a vent on one side until it appeared in a vertical plastic
tube on the other side. The air-meter was then pumped up with an arm on the top of
the lid. This was done until the dial read 0% air. A button was then pushed which
released the pressure and the dial moved to the level of air in the mix. The apparatus
was detached and the concrete was put back into the mixer and the concrete was
mixed once more.
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Figure 3.1: The air meter used to measure air contents of concrete

3.2.10 Six different types of cubes were cast to investigate the effect that various parameters
have on the freeze-thaw resistance of concrete. The particular parameters that were
being investigated were the binder contents, specifically cement and ggbs, different
water cement ratios and effect of air entraining agents.

3.2.11 The cubes were constructed in three 150mm cube moulds with a PTFE
(Polytetrafluoroethylene) plate in the centre. This plate had a thickness less than 5mm.
There were four equally sized thin rectangular wooden plates placed on two opposite
faces of these cubes. The walls and floor of the cube and the wooden plates were all
coated with releasing agent to allow for the smooth removal of the cubes from the
mould after the test. Care had to be taken however to ensure that no releasing agent
got on the PTFE plate. After the concrete had hardened, the plate was removed to
form two concrete cubes which were tested in the CDF machine. The concrete surface
facing the PTFE plate was the test surface.
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Figure 3.2: Polytetrafluoroethylene (PTFE) plate

Figures 3.3 & 3.4: 150mm cube in cast, cast being removed

22

Figures 3.5 & 3.6: Wooden plates used to hold PTFE plate in place, separating cube into
2 test specimens

Figures 3.7 & 3.8: Mix and number labelled on each sample, the arrow signifies the test
surface which was in contact with the PTFE plate

3.2.12 There were six 100mm cubes cast as well which were constructed for crushing tests to
determine compressive strength. These cubes were also cast with the walls and base
coated in releasing agent but there were no PTFE plates or thin wooden plates.
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Fig. 3.9 & 3.10: 100mm cubes in cast and being removed from cast with compressed air

Figures 3.11 & 3.12: 100mm cubes labelled with mix and number, completed
100mm cube ready for curing in water tank

3.2.13 The cubes were cast and then left for 24 hours in the moulds with a plastic sheet left
over them to protect them and stop them from drying out. After 24 hours they were
removed from their moulds and then split apart into two equal pieces. This was what
the PTFE plate was for. They were then marked with the date and the mix type and put
into a tank of tap water at 20°C.
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3.2.14 After 6 days in the water tank, they were taken out, then weighed and put in the
climate chamber so that surface drying took place and they reached their 28 day
strength.

3.2.15 Crush tests to determine the strengths of the concrete mixes were performed on the
100mm cubes 14, 28 and 56 days after casting them. The 100mm cubes remained in
dry storage until they were to be weighed and crushed.

Figures 3.13 & 3.14: Test sample in the crushing machine, crushed 100 mm cube

3.2.16 Between 7 and 2 days before the end of the dry storage the test specimens had
aluminium foil attached all around their sides with butyl adhesive which was on the
back of the aluminium foil. The foil had a 20mm overlap onto the test surface of each
specimen.

3.2.17 After the 21 days of dry storage the specimens were placed on 5mm high plastic
spacers in the stainless steel test containers with the test side facing down. The
containers were sized so that the distance between the container and the side of the
cubes was 30±20mm. The CDF test solution which was 3% NaCl by weight and 97%
water by weight was poured in to the container up to a level of 15mm. It was then
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brought down to the 10mm level using a water jet pump and a 10mm spacer. Covers
were placed on the containers at an angle to ensure no condensation water dropped
onto the top (non-test surface) of the specimens. The specimens were left in capillary
for 7 days at 20°C.

3.2.18 On completion of the capillary suction the test specimens were placed on spacers in a
Sonorex Super RK 514 ultrasonic cleaning bath with water for 3 minutes. This
removed any dust and loose material that may be on the specimens before testing.

Figure 3.15: Sonorex Super RK 514 ultrasonic cleaning bath cleaning test specimen

3.2.19 The specimens were returned to the steel containers and the level of NaCl solution was
checked and adjusted so that it was at a level of 10mm in the steel containers. The
steel containers were then placed into the CDF machine and the lids positioned on the
containers.

3.2.20 The CDF unit is a temperature control chest and the cubes were subjected to a 12 hour
freeze thaw cycle with temperatures ranging from -20°C to +20°C. It started off at
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20°C and cooled at a steady rate of 10°C per hour until it reached -20°C after 4 hours.
It was then kept at –20°C for 3 hours before being heated at a steady rate of 10°C until
it was back to +20°C. It was then kept at this temperature for 1 hour. This 12 hour
cycle was applied 28 times.

3.2.21 Before the CDF unit can be used the level of the cooling liquid (a mix consisting of
45% tap water and 55% glycol coolant) in the test chamber must be checked. The
glycol solution itself must also be tested using a Cooling Liquid refractometer. This
gives a measure of the density which can be used to ensure the solution has a low
enough freezing point.

Figure 3.16: CDF-Freeze-Thaw-Testing Machine with containers inside

3.2.22 The CDF unit was then programmed for the right type of test and amount of freezethaw cycles and was then started.
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Figure 3.17: Shows the display on the CDF machine with a typical freeze-thaw
graph

Figure 3.18: Shows a typical plot of logged temperatures against time. Expected
temperatures, the temperatures in the bath and the buffer temperature are shown.
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3.2.23 After the cubes had undergone 8, 22 and the full 28 cycles they were taken out of the
CDF machine and placed in the ultrasonic bath again for three minutes which removed
the scaled material on the surface. The solution with the scaled material was filtered
through filter paper and the mass of the scaled material was calculated. This process is
more efficient and less messy compared to manually cleaning the cubes.

3.2.24 The samples were also placed in an ultrasonic test chamber which was connected to a
Pundit Ultrasonic Digital Indicating Tester and this measured the transit time of low
frequency ultrasonic pulses through the specimens. From this the internal strength of
the concrete can be determined.

Figure 3.19: The Pundit Ultrasonic Digital Indicating Tester taking readings
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Figures 3.20 & 3.21: Test sample in Ultrasonic testing chamber, the Pundit display

3.2.25 Unless the specimens had completed the full 28 cycles they were returned to the
freeze-thaw chamber in the CDF unit.

3.2.26 The ultrasonic pulse velocities were calculated from the transit times that had been
measured using a simple equation.

3.2.27 The CDF machine is able to take ten test samples at one time so two different mixes
with five samples each were tested at the same time. This meant that two different sets
of cubes were cast and then tested in the CDF machine simultaneously. The second set
of two concrete mixes was then cast at the time which resulted in them being ready to
go into the CDF machine when the first were finished. The same applied for the third
and final set of two mixes.
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4. Results

4.1 Scaling
The amount of scaling was measured for each test specimen after 8, 22 and 28 freeze-thaw
cycles. The first two mixes to be tested were A and B. Mix A had a W/C ratio of 0.5 and was
designed as XF4 concrete, mix B had a W/C ratio of 0.55 and was designed as XF3 concrete.
The air content of mix A was 1% and it was 1.5% for mix B. Mixes A and B which contained
no additional entrained air or GGBS reached failure before the 28 freeze-thaw cycles were
completed. The levels of scaling were quite considerable after even 8 cycles and the mean
scaling was 25,186 g/m² for mix A and 24,224 g/m² for mix B after 22 cycles. See Tables 4.1
and 4.2 for the levels of scaling in both grams (g) and grams per metre squared (g/m²) after 8
and between 8 and 22 cycles of freeze thaw along with the mean and standard deviation in
g/m².

Cubes A Scaling
Cube
A1
A2
A4
A5
A6

8 Cycles
(g)
38
39
7
15.5
14.55

Scaling
(g/m²)
1810
1857
333
738
693

22 Cycles
(g)
594.5
639
559.5
426
425.5

Mean
St. Dev

1086
700

Mean
St. Dev

Scaling 28 Cycles
(g/m²)
(g)
28310
100%
30429
100%
26643
100%
20286
100%
20262
100%
25186
4680

Mean
St. Dev

Scaling
(g/m²)
100%
100%
100%
100%
100%
100%

Table 4.1: Amount of scaling measured after 8, 22, and 28 cycles for mix A
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Cubes B Scaling
Cube
B1
B3
B4
B5
B6

8 Cycles
(g)
41.5
15
15.5
11
36.5

Scaling
(g/m²)
1976
714
738
524
1738

22 Cycles
(g)
626.5
560.5
413
407
536.5

Scaling
(g/m²)
29833
26690
19667
19381
25548

28 Cycles
(g)
100%
100%
100%
100%
100%

Scaling
(g/m²)
100%
100%
100%
100%
100%

Mean
St. Dev

1138
667

Mean
St. Dev

24224
4570

Mean
St. Dev

100%

Table 4.2: Amount of scaling measured after 8, 22 and 28 cycles for mix B

Both mixes A and B were so severely damaged after the 28 cycles that they were falling apart
and no longer had any strength and after a visual inspection it was consequently deemed
unnecessary to measure the scaling which was assumed to be 100% of the initial self weight,
see Figures 4.1-4.5.

Figures 4.1 & 4.2: Test specimen B2 after 28 freeze-thaw cycles, a test specimen that has
completely failed
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Figures 4.3 & 4.4: A1 after 28 freeze-thaw cycles, A2 after 28 freeze-thaw cycles

Figure 4.5: A collection of samples from mixes A and B after 28 freeze-thaw cycles

Mixes C and D were similar to mixes A and B in that there was no entrained air used in them.
They did however contain GGBS which replaced 50% of the cement in both of the mixes.
Mix C’s design was based on the XF4 exposure class while mix D’s design was based on XF3
and they had W/C ratios of 0.5 and 0.55 respectively. The freeze-thaw resistance of these two
mixes was considerably better with both mixes losing only approximately 1% of their initial
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weight to scaling. The rate of scaling was also fairly linear over the 28 cycles with no increase
or decrease towards the end. Tables 4.3 and 4.4 contain the levels of scaling after 8, between 8
and 22 and between 22 and 28 freeze-thaw cycles.

Cubes C Scaling
Cube
C1
C2
C4
C5
C6

8 Cycles
(g)
9.5
12
12.5
13.5
12

Scaling
(g/m²)
452
571
595
643
571

22 Cycles
(g)
14.5
17
16
19.5
18

Mean
St. Dev

567
70

Mean
St. Dev

Scaling 28 Cycles
(g/m²)
(g)
690
8
810
9
762
9.5
929
9
857
7.5
810
91

Mean
St. Dev

Scaling
(g/m²)
381
429
452
429
357
410
39

Table 4.3: Amount of scaling measured after 8, 22 and 28 cycles for mix C

Cubes D Scaling
Cube
D1
D2
D3
D5
D6

8 Cycles Scaling
(g) (g/m²)
12
571
13
619
10
476
12
571
10.5
500
Mean
St. Dev

548
58

22 Cycles Scaling
(g) (g/m²)
16.5
786
18
857
14.5
690
18.5
881
17.5
833
Mean
St. Dev

810
75

28 Cycles Scaling
(g) (g/m²)
7.5
357
10.5
500
8.5
405
9.5
452
8.5
405
Mean
St. Dev

424
54

Table 4.4: Amount of scaling measured after 8, 22 and 28 cycles for mix D

The levels of air in the mixes C and D was 1.6% and 2% respectively which is slightly more
than the air levels measured in mixes A and B. The only major difference between the first
batch (A & B) and second batch (C & D) of specimens to be tested in the CDF machine was
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the replacement of 50% of the cement binder with GGBS in the second batch. The GGBS
improved the performance vastly.
The appearance of the test surfaces of both C and D after the 28 freeze-thaw cycles was
practically identical. Both had exposed aggregates on the surface which was rough all over
and had the external layer of concrete completely removed. The scaling also seemed to affect
the edges around the test surfaces working its way in behind the aluminium tape. See
Figures 4.6-4.9.

Figures 4.6 & 4.7: Top of test specimen C1, test surface of C1 after 28 freeze-thaw cycles

Figures 4.8 & 4.9: Top of test specimen D5, test surface of D5 after 28 freeze-thaw cycles
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The final two mixes E and F had air entrained in them with Sika 46 AEA. The amount of Sika
46 to be added was specified between 0.1% - 0.8% of binder content. We chose 0.5% which
equated to 38 millilitres (ml) of AEA. The air content of E and F was 6% and 6.6%
respectively when read off the air meter. Both of the mixes had W/C ratios of 0.55 and were
designed in accordance to the exposure class XF3. The only difference between the two mixes
was that mix E used only CEM II cement while F contained 50% cement and 50% GGBS.
As expected these two mixes performed the best under freeze-thaw attack. With both showing
better resistance than any of the other mixes. Mix E suffered very minor damage and the
mean % of initial weight lost of the specimens after 28 freeze-thaw cycles was only 0.097%.
Visually only a very small amount of the cement mortar had been scaled and some small,
approximately 1-2 mm in diameter, areas of aggregate could be seen speckled across the test
surface. See Figures 4.10 & 4.11.

Figures 4.10 & 4.11: Top of test specimen E4, test surface of E4 after 28 freeze-thaw
cycles

Although mix F performed better than mixes A, B, C and D it didn’t manage to cope with the
freeze thaw cycles as well as mix E despite it having the largest air content of any of the
mixes. The GGBS in the concrete was affected worst by the initial cycles and had a mean
scaling of 543 g/m² after 8 cycles. Once the outer layer of the test surface had been worn
away the resistance of the specimens increased and the rate of scaling decreased. The mean
scaling between cycles 8 and 22 was only 281 g/m² which is almost half that of the first 8
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cycles. The mean % of initial weight lost of the specimens was 0.56% after the 28 cycles. The
amounts of scaling measured can be seen in tables 4.5 & 4.6.

Cubes E Scaling
Cube
E1
E2
E3
E4
E6

8 Cycles
(g)
1.5
1
1.5
1.5
1.5

Scaling
(g/m²)
71
48
71
71
71

22 Cycles
(g)
1.5
1
1.5
1.5
1

Scaling
(g/m²)
71
48
71
71
48

28 Cycles
(g)
1
0.5
1
0.5
0.5

Scaling
(g/m²)
48
24
48
24
24

Mean
St. Dev

67
11

Mean
St. Dev

62
13

Mean
St. Dev

33
13

Table 4.5: Amount of scaling measured after 8, 22 and 28 cycles for mix E

Cubes F Scaling
Cube
F2
F3
F4
F5
F6

8 Cycles Scaling
(g) (g/m²)
810
17
9
429
10.5
500
10.5
500
10
476
Mean
St. Dev

543
152

22 Cycles Scaling
(g) (g/m²)
7.5
357
5.5
262
6
286
5.5
262
5
238
Mean
St. Dev

281
46

28 Cycles Scaling
(g) (g/m²)
2.5
119
2.5
119
2.5
119
2.5
119
2
95
Mean
St. Dev

114
11

Table 4.6: Amount of scaling measured after 8, 22 and 28 cycles for mix F

The visual appearance of the test surfaces for mix F was closer to that of mixes C and D than
mix E. The amount of exposed aggregate was not as severe as that present on both C and D
with only smaller bits visible and the test surface was not nearly as rough either. See Figures
4.12 & 4.13.
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Figures 4.12 & 4.13: Top of test specimen F5, test surface of F5 after 28 freeze-thaw
cycles

Figures 4.14 & 4.15 below display graphs of the percentage of initial weight lost against the
amount of freeze-thaw cycles. The graph uses the average scaling measurements from the 5
test specimens for each concrete mixture after 8, 22 and 28 specimens.

Figure 4.14: A graph of % of intial weight lost over the 28 cycles for mixes A & B
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The graph in Table 4.14 shows the percentage of initial weight lost for mixes A and B. The
early losses were quite low, the average percentage of initial weight lost for A and B after 8
cycles was 0.62% and 0.64% respectively. This however didn’t last as the scaling started to
rapidly increase after 15 freeze-thaw cycles. Measurements taken after 22 cycles revelaed
almost 15% weight loss for mix A and 14.3% for mix B. The condition of the specimens after
28 cycles meant it was unneccessary to measure scaling as they had suffered so badly that
they were falling apart, 100% scaling was assumed after 28 cycles for both mixes A and B.

Figure 4.15: A Graph of the % of initial weight lost over the 28 cycles for mixes C, D, E
and F

The graph above in Figure 4.15 shows the percentage of initial weight lost against the number
of freeze-thaw cycles completed for the remaining four mixes, C, D, E and F. The results
from this are more interesting than those from Figure 4.14. Both mixes C and D which
contained GGBS but no entrained air behaved practically the exact same with very little
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difference in levels of scaling measured. The graph shows that scaling was linear over the 28
cycles and occurred at a constant rate for mixes C and D. A total percentage weight loss for
these two mixes was measured at just above 1%, a level which had been reached by mixes A
and B after just 10 cycles.
The results for mix E show that it performed excellently with a total percentage weight loss of
0.1% after the full 28 cycles. The combination of the high air content due to the entrained air
and the use of only CEM II cement proved the most effective in a freeze-thaw environment
subjected to de-icing salts.
Mix F which contained both 50% GGBS and AEA produces possibly the most interesting set
of results. It initially follows the same path as mixes C and D up to 8 cycles where they all
have the same levels of scaling. After this early loss the higher air content seems to take affect
and the rate of at which scaling occurs decreases. Mix F reaches a total percentage weight loss
of 0.56% after the full 28 cycles. This is also a very low amount of scaling and the trend of
the graph suggests that after the high initial levels of scaling the mix performs excellently.

4.2 Ultrasonic Pulse
The results from the Pundit Ultrasonic Digital Indicating tester were consistent with the
scaling in that the mixes worst effected by scaling had the largest increases in transit time of
the ultrasonic waves through the specimens. One cube was taken as the reference at zero
cycles. The various transit times which were measured after the cubes had been in the
ultrasonic bath at 8, 22 and 28 cycles can be seen in Tables 4.7-4.12.

Cube
A2
A3
A4
A6

0 Cycles

8 Cycles

22 Cycles

84.6

251.8

98.4
90.1

236.7
254.3

91.03
6.95

247.60
9.52

33.2

Average
Standard Deviation

Table 4.7: Ultrasonic transit times for mix A
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28 Cycles

Cube
B1
B2
B3
B6

0 Cycles

8 Cycles

22 Cycles

95.8

252.6

68.3
75.2

183.4
166.3

79.77
14.31

200.77
45.70

28 Cycles

34.2

Average
Standard Deviation

Table 4.8: Ultrasonic transit times for mix B

Cube
C3
C4
C5
C6

0 Cycles

8 Cycles

22 Cycles

28 Cycles

33.1

Average
Standard Deviation

34.7
35
34.2

50.5
47.2
46.7

67.9
62.4
57.9

34.63
0.40

48.13
2.06

62.73
5.01

Table 4.9: Ultrasonic transit times for mix C

Cube
D2
D3
D4
D6

0 Cycles

8 Cycles

22 Cycles

28 Cycles

34.9
34.9

44.5
47.1

53.2
57.2

34

39.8

49.3

34.60
0.52

43.8
3.7

53.23
3.95

33.7

Average
Standard Deviation

Table 4.10: Ultrasonic transit times for mix D
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Cube
E1
E2
E3
E5

0 Cycles

8 Cycles

22 Cycles

28 Cycles

36.6
34.8
35.7

36
34.7
35.1

35.7
34.6
34.8

35.7
0.9

35.27
0.67

35.03
0.59

36.1

Average
Standard Deviation

Table 4.11: Ultrasonic transit times for mix E

Cube

0 Cycles

8 Cycles
.

22 Cycles

28 Cycles

35.2

F1
F2
F3
F5
Average
Standard Deviation

34.6
34.8
35.1

34.8
35.2
35.6

35
35.5
35.2

34.83
0.25

35.2
0.4

35.23
0.25

Table 4.12: Ultrasonic transit time for mix F

As we can see in Tables 4.7 & 4.8 mixes A and B had rapidly increasing transit times as the
mortar lost all of its strength. The transit time for A trebled after 8 cycles and the test
specimens had such high transit times after 22 cycles because they had lost virtually all
internal strength. The condition of the samples after 28 freeze-thaw cycles made it impossible
to test them with the Pundit as the cement had completely failed and was no longer holding
any of the constituents together.
It was the same case for mix B although it did fair slightly better than A with the transit times
that were somewhat lower. This may have been due to the higher W/C ratio that was used in
for this mix.
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Mixes C and D performed a great deal better than A and B. Neither of the transit times even
doubled after the full 28 cycles. The increase was also more predictable as can be seen in
Figure 4.16, which shows the ultrasonic velocity plotted against the amount of freeze-thaw
cycles completed for all of the mixes.

Figure 4.16: Graph of Ultrasonic velocity vs Freeze-thaw cycles

Figure 4.16 shows a graph of ultrasonic velocity against the amount of freeze-thaw cycles
completed. The ultrasonic velocities through specimens from mixes A and B decreased very
rapidly and the effects were seen early into the process with large decreases after just 8 cycles.
On the other hand mixes C and D had a far more predictable and gentler decrease in their
ultrasonic velocities with no significant changes after 8 cycles. The ultrasonic velocity did
start to fall faster towards the last few cycles which can be seen on the graph where the slopes
start to fall at a faster rate.
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Mixes E and F once again performed the best, although unlike with the scaling test where
there was a difference between the two mixes almost none was measured for the ultrasonic
transit times with the average transit time for both mixes after 8, 22 and 28 cycles being
approximately 35 μs (micro-seconds). The graph of ultrasonic velocities shown in Figure 4.16
shows straight lines for both mixes E and F. This represents no losses in internal strength
during the course of the 28 freeze-thaw cycles.
Additional ultrasonic analysis was performed to calculate the deterioration in the mortar. The
mortar is the part of the concrete that degrades and is thus responsible for the loss in strength
in the concrete whereas the aggregate doesn’t lose any strength due to freeze-thaw attack.

Figure 4.17: Ultrasonic velocities calculated through the mortar

Figure 4.17 displays a graph of the ultrasonic velocities that were calculated through the
mortar for each mix. There is approximately 20% decrease in the ultrasonic velocities in
figures 4.17 compared to figure 4.16. This is due to the exclusion of the velocities through the
aggregates. This is beneficial as there is a more direct relationship between the deterioration
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of the concrete and the cause of it. The velocities for the mortar were calculated using the
following formula from Lin et al (2003):

Lc/Vc = L₁/V₁ + L₂/V₂
Where:
Lc = the length of concrete specimen (m)
Vc = the utrasonic velocity through concrete specimen (m/s)
L₁ = the length of mortar (m)
V₁ = the ultrasonic velocity through the mortar (m/s)
L₂ = the length of the aggregates (m)
V₂ = the ultrasonic velocity through the aggregates (m/s)

Lin et al (2003) based this equation on being able to assume that the concrete acts the same as
having two equivalent layers of mortar and aggregate. All the variables can be measured
except for the ultrasonic velocity in the mortar. This formula allows for the calculation of the
one unknown which can then be graphed against freeze-thaw cycles.

4.3 Compressive Strength
The compressive strength of each of the mixes was measured by crushing the 100 mm cubes
after 7, 28 and 56 days. The results can be seen in Tables 4.13-4.15 along with the average
crush strengths after 7, 28 and 56 days.
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Day
0
7
7
28
28
56
56

A
Compressive Strength
(MPa) Average
0
36.51
36.68
36.595
50.85
48.33
49.59
54.34
56.13
55.235

B
Compressive Strength
(MPa)
Average
0
36.16
35.27
35.715
47.33
47.32
47.325
50.64
52.39
51.515

Table 4.13: Compressive strengths for mixes A and B

Day
0
7
7
28
28
56
56

C
Compressive Strength
(MPa) Average
0
29.5
29.89
29.695
40.55
49.52
45.035
53.21
52.85
53.03

D
Compressive Strength
(MPa)
Average
0
28.33
27.01
27.67
44.15
47.75
45.95
49.47
51.86
50.665

Table 4.14: Compressive strengths for mixes C and D
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Day
0
7
7
28
28
56
56

E
Compressive Strength
(MPa) Average
0
23.21
22.6
22.905
35.14
35.63
35.385
39.11
36.91
38.01

F
Compressive Strength
(MPa)
Average
0
20.13
20.32
20.225
34.35
35.18
34.765
37.82
37.3
37.56

Table 4.15: Compressive strengths for mixes E and F

From Table 4.13 we can see that mix A had the highest ultimate compressive strength (55.235
MPa) after the 56 days. Mixes B, C and D had similar compressive strengths after 56 days
too, all having averages above 50 MPa. The GGBS present in both mixes C and D did slow
down the initial gain of strength though and both had relatively low 7 day compressive
strengths when compared with that of mixes A and B.
The two mixes that had entrained air in them had lower compressive strength values as
expected and once again mix F which contained 50% GGBS had lower early compressive
strengths than mix E but had larger gains late on and both had very similar 56 day average
strengths, 38.01 MPa for mix E and 37.56 MPa for F. Figure 4.18 shows a graph of the
average compressive strengths against curing time.
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Figure 4.18: Graph of average compressive strengths against curing period

The graph shows the different rates at which each of the mixes gains compressive strength.
Early on the mixes that contain GGBS tend to gain less strength which can be seen clearly as
their curves aren’t as steep as the other mixes. However the the GGBS mixes keep gaining
strength later on in the curing period while the mixes with only cement tend to level out. This
results in the compressive strengths being fairly similar after the full 56 days curing period.
The AEAs used in mixes E and F reduced their compressive strengths significantly, so much
so that they were 25% weaker than any of the other mixes after the 56 day curing period. This
is the trade-off, they both performed excellently under the freeze-thaw conditions while at the
same time being attacked by the chloride in the salt but the compressive strenghts have been
considerable reduced.
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5. CONCLUSIONS

The freeze-thaw resistance of concrete is dependent on many factors and when a concrete mix
is specified it is still difficult to tell its exact freeze-thaw resistance due to the different
components affecting it and the variable relationships that they have when interacting with
one another. The water cement ratio didn’t result in a major difference in scaling which was
surprising given that the expansion of water into ice and the resulting hydraulic pressure is the
main cause of freeze-thaw degradation. Thus the increase in water cement ratio should in
theory have a significant impact on the concrete’s resistance. By adhering to XF3 and XF4
mixes however, the difference in water cement ratio was not that large (0.5-0.55) so the full
range of the impact can’t be analysed. For example there could be a much more dramatic
improvement in freeze thaw durability for water cement ratios around 0.35.

The use of ggbs as 50% cement replacement showed the benefit in using it to increase the
freeze-thaw resistance of concrete. The scaling values were much lower than the A and B
mixes which had the same water cement ratios and constituents apart from the ggbs. This
method of only altering the binder composition showed the dramatically increased resistance
to freeze-thaw degradation. This result validates the National Roads Authority specification
for using ggbs in roads and bridges exposed to de-icing salt and contradicts Panesar &
Chidiac (2009) who state that ggbs ‘exhibits poorer scaling resistance as compared to
concrete with no or lower percentages of ggbs’.

The air entrained mixes of E and F were expected to have significantly greater freeze-thaw
resistance than A-D and this was observed. It is surprising though that mix F with the GGBS
fared worse than mix E which had 100% cement binder. The previous tests showed that the
water cement ratio was relatively insignificant but that the GGBS was an extremely beneficial
method of increasing freeze-thaw resistance. The expected outcome therefore was to have the
greatest freeze-thaw durability from the air entrained mixture with GGBS. This shows that the
freeze-thaw resistance of concrete is not a simple mechanism and just because one particular
property works well with one mix, it may not be appropriate for a different situation.
Marchand et al.(1997) state that ggbs has a weaker surface layer which feels the effects of
scaling at a greater rate and once this is worn away the concretes resistance to scaling
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improves. This would account for the increased level of scaling compared to mix E although
the trends on the graph suggest that even after the early cycles and despite the reduced rate of
scaling seen in mix F, it was still scaling more than mix E. This theory was also supported by
the scaling that was seen around the sides of the test specimens which had also been affected.
However this does not explain why the GGBS mixes of C and D performed so much better
than A and B. It seems that the combination of ggbs and air entraining agents is not effective
at maximising their individual resistance properties.

While GGBS combined with AEAs may not be as effective as when cement is combined with
AEAs, it does provide other benefits such as improved durability against chloride and
sulphate attack. Thus it may be deemed worthwhile as the actual differences measured in
scaling were very minor. On the other hand when GGBS is used on its own without the
addition of AEAs its performance is excellent when compared to that of just cement. It also
provides higher compressive strengths than concrete that has entrained air so it may be
considered as suitable in certain conditions. The only non-viable options would be to use
concrete than only contains cement and no GGBS or entrained air.

The results from the ultrasonic pulse test revealed the levels of deterioration inside each
specimen. The graph which showed ultrasonic velocities decreasing over time linearly
showed the validity of using ultrasonic velocities as a method of assessing the degradation.
From these it is easy to conclude that concrete treated with entrained air is highly resistant to
internal damage due to freeze-thaw cycles. The two mixes which only contained GGBS, C
and D, did have some internal damage over the 28 cycles which could be a serious problem in
the long term. Mixes A and B were so badly damaged that it would make them highly
dangerous to use in freeze-thaw conditions. All internal strength was lost by the end of the 28
cycles.

The ultrasonic velocities through the mortar which were calculated give a more direct relation
to the deterioration in concrete under freeze-thaw attack. By excluding the aggregate, a factor
which doesn’t affect degradation, it becomes easier to form a potential computer model that
could predict the freeze-thaw resistance in concrete.
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6. RECOMMENDATIONS

The tests show how different parameters affect the freeze-thaw resistance of concrete. This
information should be used for the design of concrete to resist freeze-thaw degradation.
Designers should assess the particular conditions that concrete will be exposed to a given
project. These conditions should include:

•

Lowest Temperatures

•

If temperature cycles freeze/thaw concrete

•

Period in which concrete will be exposed to these temperatures

•

If the concrete will be exposed to de-icing salts

The designer should then specify concrete parameters dictated by the forecasted conditions.
By following the European Standard the concrete would be typically designed to XF1, XF2,
XF3 or XF4 for conditions which cause freeze-thaw degradation. This standard should of
course be rigorously adhered to but the designer should be able to improve on what is really
the minimum required quality. The use of GGBS for example is not required by any of these
classes which would increase the quality. The designer should explain the benefits of going
beyond the minimum requirements to clients so that the concrete has higher freeze-thaw
resistance. Potential cost increases accrued by a better design should be investigated against
the savings made by reduced maintenance and greater service life.

The use of mathematical modelling would be of great benefit to support a designer’s case for
improved standards however this is not well developed Richardson [2002].
Ultrasonic testing shows promise in developing serviceability models and there should be
considerable investment in developing models to include parameters such as GGBS and to
account for climatic conditions in different regions. This would allow designers to produce
more durable and thus more sustainable structures.
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