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ABSTRACT

Thickness (7), Length (L), Width (W) and size distribution of scaled concrete particles in frost
testing were measured. 7' (mm) increases with particle size surprisingly similarly for different
concrete qualities and frost test methods. 27/(L+W) reduces as function of size and is lowest for
the largest particles of the salt scaling test: 0.1 — 0.15 but increases if large aggregate particles
scale. Particle size distributions from salt frost testing peak for particles of 1-2 mm. The particles
are flakier compared to particles from freeze/thaw in water which also have flatter size distribution
no matter type of concrete or degree of damage. Scaling in water is not so efficiently reduced by
air voids despite protecting very efficiently against internal damage and scaling in salt frost
testing. Comparisons with 7 predicted by the glue spall model (=3/4 x ice thickness) and the air
void dependent (=3x critical air void spacing) model proposed by Fagerlund are difficult due to
the size dependent flake thickness. Image analysis could well describe shape. Further studies of
concrete flake thickness scaled at varying thickness of ice layers are proposed.
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1. INTRODUCTION

Frost deterioration can cause surface scaling and/or cracking of concrete structures simultaneously
exposed to frost, water, de-icers and seawater unless the material quality is adequate according to
standard rules and specifications [1]. An effective air void system is important along with
sufficiently low mass — ratio of an adequate binder, sufficient curing and high strength [1,2].
Exposed products and structural parts are kerbs, safety barriers, horizontal parts like decks, slabs,
partly or completely wet and frequently de-iced, and submerged vertical parts like pillars, weather
exposed walls, hydraulic structures like dams and waterways. A synergistic form of deterioration
together with other forms of deterioration (ASR, reinforcement corrosion) can also occur. Air
voids have, however, also been found to protect against accelerated damage by freezing of water
in pre-existing cracks [3] and against loss of bond to steel [4]. Hence structural analysis of frost
deteriorated concrete should be accompanied with proper analysis of the concrete material in
question including the air void system. The effect of Supplementary Cementitious Materials
(SCM) like Fly Ash (FA), Slag (GGBFS), Condensed Silica Fume (CSF) on frost durability has
received attention due to their widespread use. SCM effect on frost durability is debated since
performance in frost testing tends to vary largely with type of SCM, curing,
ageing/drying/carbonation and the type of performance test, even at constant mass- or w/b- ratio.
In the European Salt Frost Test [5] for measurement of resistance against scaling (kg/m? concrete
lost from the surface) there are therefore special rules for curing and ageing of concrete specimens
with SCM. Furthermore, [5] states that signs of internal cracking following the salt scaling testing
should be reported. Durability against internal cracking (increased length/dilation, loss of
compressive strength, cracking, loss of dynamic modulus of elasticity) is usually measured in
other types of standard tests like [6,7].

Surface scaling only occurs when the surface is continuously wet or covered with ice during
freezing and thawing, both in salt frost testing [5,8] and in freeze/thaw in water [6,7]. Though
surface damage at freezing with pure water is studied less than salt scaling it has been investigated
by a few researchers [10,11]. Gagné [10] monitored scaling during rapid freeze/thaw testing in
water according to [6] of many specimens with w/b = 0.23 — 0.30 with varying air void systems,
cement types and with and without CSF. No clear correlation was found between scaling and
internal cracking measured on the same specimens. It was even noted that air entrained specimens
could sometimes scale more than companion specimens without air during the rapid freeze/thaw
test in water whether internal cracking occurred or not. In [11] the scaling in rapid freeze/thaw in
fresh water [6] was found to correlate more clearly to the accelerated liquid uptake during
freeze/thaw than salt frost scaling in the European salt frost test [5]. This lack of correlation
between salt scaling and liquid uptake during salt frost test supports that different mechanisms are
active in salt scaling and internal cracking. In another study on w/b = 0.45 mixes without and with
SCM the effect of salt in the water surrounding the specimen in the rapid freeze/thaw test was
studied [12]. It showed that salt increased the scaling compared to pure water as expected, though
the internal cracking was similar in water and 3 % NaCl [12]. The work [13] points to that scaling
with pure water is related to ice bond to the concrete surface. Although field inspection showed
scaling damage in the ice zone on the upstream side of concrete dams this was hard to mimic in
the lab and fresh water ice only caused scaling on concrete with relatively high w/b. The first
indication of a different mechanisms than a “simple degree of saturation-damage relation” for salt
frost scaling is the study of Verbeck and Kliger [8]. They observed a pessimum de-icer
concentration in the outer salt solution for both air entrained and non-air entrained concrete with
maximum scaling around 3 % de-icer. They used four widely different organic and inorganic de-
icers in concretes that had been presaturated with water to the same moisture state. Given the very
different chemical characteristics of their de-icers Verbeck and Klieger claimed that the salt
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scaling mechanism was physical rather than chemical. The pessimum effect of the concentration
of the outer salt solution has since been verified by several [14-18]. It seems that today we are left
with 2-3 explanations for the amplifying effect of salt. The glue spall mechanism by Valenza and
Scherer [19,20] explains quantitatively the damage by differential thermal contraction ice-
concrete and fracture of the outer ice layer with pockets of brine. The concrete surface then cannot
arrest cracks propagating from the ice and particles spall or scale off. It has been supported by
other studies [18, 21, 22], particularly the effect of ice thickness has been taken as evidence, and
glue spall is recognized widely. However, several studies have related damage to transport and to
osmotic type pressure due to internal freezing causing cryosuction [23-28]. Fagerlund [23] linked
the pessimum to a superposition of a hydraulic pressure (reduced by increasing salt) and an
osmotic pressure (increased by increasing salt concentration until reaching a constant value above
a quite low concentration), though not very quantitatively. Slow freezing with more time for
transport while there is still liquid on the surface [14, 16, 24, 25] was found to relate to and
promote scaling. Liu and Hansen [26, 27] observed salt scaling without internal cracking in their
dried and resaturated well-air entrained specimens. They related the scaling damage to
cryosuction causing swelling of the cement paste around aggregate particles producing very thin
flakes (=0.1 — 0.3 mm) of scaled cement paste. They also correlated scaling to the sorptivity of
the surface concrete. Hence, they concluded that the increased scaling damage with de-icer salt is
due to increased transport and ice formation in the pore system while the salt solution keeps the
concrete surface ice free for a longer period than pure water does [26,27].

Valenza and Scherers [19] glue spall damage mechanism hence links the damage to the pessimum
effect while Sun and Scherer [20] quantified the protective effect of air voids by cryosuction
which offsets the thermal mismatch between ice and concrete during freezing. However, the glue
spall mechanism offers no explanation for the relation between sorptivity and scaling seen in dried
— resaturated air entrained specimens that scale without simultaneous internal cracking [26, 27].
Furthermore, glue spall cannot explain why scaling can be so severe even in air entrained concrete
after the concrete has been subjected to even rather mild drying and resaturation as seen in [14].

Reviewing the depth of the damage itself caused by each freezing event is important. Valenza and
Scherer [19] predicted that the thickness of the scaled concrete layer will be maximum % of the
thickness of the ice. Hence thickness should be maximum 3 mm x 1.09 x % = 2.5 mm fora 3 mm
de-icer salt layer on a non-durable surface. Liu, Kang and Hansen [26] measured their thin layers
of scaled material by calliper to 0.1 — 0.3 mm. Fagerlund [23,28] related the increased scaling
with 3 % salt to high degree of saturation at the surface, presumably due to more time for water
uptake. In [28] the damage itself was ascribed to a hydraulic pressure type mechanism causing
flakes with a critical thickness in the order of three times the critical air void spacing factor, i.e.
in the order of 0.75 mm. Experimentally thickness was found to be =1 - 4 mm by particle size
analysis of cement paste fragmented by freeze/thaw in water and 3% NaCl. There was however
no clear effect on size of salt which was attributed to uncertainties about degree of air void filling
and the effect of drying and resaturation on freezeable pore water. Lindmark [16] was freezing
water saturated ~5 mm thick OPC mortar discs of varying w/c and air content while submerged
in temperature-controlled sub-zero temperature, liquid, salt solutions. He observed that 2-3 of his
discs split in two = 2.5 mm thin discs during freezing, possibly indicating critical thickness = 2.5
mm. The studies [21,22] showed that the amount of scaling depends on the thickness of the ice
layer though without characterizing the shape and thickness of the scaled flakes. Hence there are
no systematic studies of size of scaled-off flakes beyond the study of Fagerlund on paste [28] and
by Liu, Kang and Hansen [26].
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Based on the above it appears that scaling in fresh and salt water may not be explained by the
same mechanism(s) and that scaling might perhaps occur without ice on the surface. Furthermore,
there is no general explanation that fits both for scaling from a concrete surface during freeze/thaw
in water and in de-icer salt solution. Scaling is normally considered to happen with salt solution
on the surface whereas scaling with fresh water is associated with internal cracking. (The term
“external cracking” has even been used [29] for fresh water scaling). The freshwater surface
damage seen on concrete dams is however concentrated in the ice-covered zone between reservoir
and air [13] and thus has at least one important similarity with salt scaling in that ice has covered
the damaged surface. At present we do not know the shape of the scaled concrete material in the
freshwater test [6] and the material scaled off in the salt frost test [5]. Are they different and do
they resemble the predictions [19, 28]?

The scope here is to investigate the size and shape of the scaled material from the concrete surface
of different air- and non-air entrained fly ash concretes exposed in two very different freeze/thaw
tests; rapid freeze/thaw in water [6] and salt scaling testing [5]. The two tests are similar in that
the surfaces are always ice covered or wet during freezing and thawing, yet also very different. In
[6] moulded, paste rich, surfaces that have never been dried are exposed to rapid cycles in water,
and in [5] sawn surfaces are pre-dried and re-saturated with water and then exposed to 3 % NaCl
during freeze/thaw. The concretes and scaled material were selected from the study [11].

2. EXPERIMENTS

Four different concrete mixes from the major study [11] were selected for investigation. Concrete
specimens of the four mixes were run in two different freeze/thaw tests: rapid freeze/thaw in water
[6] and salt frost scaling testing with 3 % NaCl [5]. Scaled material was then collected during
early and later freeze/thaw cycles and analyzed.

2.1 Concrete and freeze/thaw testing

The four concrete mixes were made with w/b = 0.40 and 0.293, respectively. Both contained 33
% low lime fly ash and 4 % condensed silica fume of total binder. The paste volume fractions
were practically constant: 262 — 266 liters/m®> and normal density granitic aggregate with
maximum aggregate size = 16 mm was used. Non-air entrained and air entrained mixes of each
binder quality were produced with highly flowable consistency of 190 — 220 mm slump in the
concrete laboratory at SINTEF in Trondheim [11].

Rapid freeze/thaw testing in water was performed according to [6] on two parallel cylindrical
specimens of @ 100 4 300 mm for each mix. The cylinders were cured sealed in steel molds for 1
day and then 13 days curing in 20 C water according to [6]. The specimens had cast surfaces. On
day 14 they were run through 6 cycles per day standing in PVC tube shaped forms giving a 3 mm
water layer around each concrete cylinder. The cycles were produced in a powerful freeze/thaw
chamber thawing the cylinders by flooding with water according to the specifications [6]. Scaled
material was rinsed from the specimen surfaces and collected from the PVC tubes approximately
each 30 cycles.

Salt frost testing was done on sawn surfaces of 150 by 150 by 50 mm slabs cut from 150 mm
cubes following 1 week of water curing. The sawn slabs were stored in 65 % RH/45 g/(m>h)
evaporation capacity/20°C climate chamber while sawing and preparing the specimens with
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rubber dam, insulation etc according to [5]. Before start of freeze/thaw the surfaces were
resaturated with pure water for 3 days and freeze/thaw then started with a 3 mm layer of 3 % NaCl
solution with temperature cycle in the salt solution according to [5] 31 days after casting. Scaled
material was collected according to the standard after each 7 or 14 cycles. Scaled material from
both tests was brushed and rinsed off, collected in filter papers, dried and calculated as scaled
concrete mass per unit surface of concrete specimen before representative samples for size- and
shape analysis were taken.

Table 1 shows a brief overview of the concrete mixes, air void characteristics according to ASTM
C457, cube compressive strength, frost exposure and sampling for shape analysis.

Table 1 - Overview of concrete mixes and frost exposure before sampling scaled material
(fa/b: fly ash/binder mass ratio, A: air entrained, L: spacing factor)

Mix Rapid F/T [6] Boras [5]

w/b-fa/b air(%)-L(mm) ~fec2s mp) ~30 cycles ~160 cycles  ~7 cycles ~56 cycles
0.40- 334 -4.7 -0.24mm- 59 X X X X
0.40- 330 -2.8 -0.79mm- 73 X (not studied) X X
0.293-33A4-5.9-0.20mm- 82 X X (not studied) (not studied)
0.293-330-1.8-0.63mm- 99 X X (not studied) (not studied)

Table 2 shows rating of the four concrete mixes in the two different frost tests and samples used
for particle size- and -shape analysis. Scaling was measured on the four concrete mixes during
both 300 rapid freeze/thaw cycles in water and during 56 salt frost cycles, and Durability Factors
(DF — see footnote Table 2) and acceleration rate of scaling were determined. The amount of
material for analysis of size and shape for salt scaling came from three and two specimens for 0-
7 cy and 42-56 cy, respectively.

Table 2 - Rating in fiost tests: scaling m (kg/m?) =80 and 300 cy. in water, 56 cy. in 3%NaCl,
cracking (DF), acceleration (mss/m2g)) and mass (g) of material examined for size & shape

Rapid F/T in water [6] Salt Scaling 3% NaCl [5]
Mix ) 300 DF ~0-30cy  ~130-160cy ™56 m/56 ~0-7 ¢y ~42-56 cy
kem?)  (kgm>) © © (kg/m?) s ® ©
0.40- 334 0.1 1.22 104 14.12  32.38 0.08 1.3 ~1 ~0.3
0.40-330 066! - 51 14.56 - 425 20 =10 =40

0.293-334  0.09% 0.62 98 7.43 15.22 0.04 24 - -

0.293-330  0.17 0.35° =403 14.23 7.28 0.25 3.5 - -
I stop at 87 cy, severe damage/acc., Rel. Dyn.Mod. = 60 % at 23 cy so DF = 60 x (23/300)  2:0.09 kg/m? at 89 cy
3: scaling measured to 214 cy and RDM to 162 cy so DF extrapolated to =60 x (200/300)

Table 2 shows that the air entrained mixes perform very well according to the criteria of both
standard tests. In the salt scaling test [5] both 040-33A and 0293-33A have scaling < 0.1 kg/m?
after 56 cycles though a slight passing of the acceleration criterion for the 0293-33A. The
acceleration > 2 can perhaps be due to scatter between the five parallel samples. It can be quite
high between the four parallel slabs when scaling is very low, like on 0293-33A and 040-33A.
For the non-air entrained mixes scaling was severe in 040-330 and moderate in 0293-330. Highest
acceleration was seen in the non-air entrained high strength mix 0293-330. In the rapid freeze
thaw test [6] Durability Factors are around 100 % for both air entrained mixes whereas the non-
air entrained concretes do not pass the test due to steady degradation and Durability Factors of 5-
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40 %. However, it is interesting to note that air entrainment does not protect as clearly against
scaling in the rapid freeze/thaw test in water as air entrainment protects against salt scaling
damage. Table 2 indicates that the scaling is not that much lower in the air entrained mixers than
in the non-air entrained companions at comparable number of cycles. In fact, the protective effect
of air voids against scaling is moderate at freeze/thaw in water compared to the very clear
reduction of scaling by air entrainment seen in the salt frost test for both mixes. This is in line
with the observations of Gagné [10] who performed a large study of cracking and scaling of high
performance concrete in both scaling- testing according to ASTM C672 and cracking testing
according to ASTM C666 ProcA. Gagné even noted higher scaling with air than without air for
several of his high performance concrete specimens when exposed to rapid freeze/thaw in water.
Hence the scaled particles from [11] should be interesting to study within our scope.

2.2 Particle size

Fragments collected after the two frost tests and numbers of cycles shown in Table 2 were
carefully sieved by hand on ISO sieves (brass, square openings) of 0.25, 0.5, 1, 2 and 4 mm and
the particle size distribution determined with a weight with 0.001 g accuracy. To avoid fracture
of the thin flakes they were passed through the sieve openings with careful hand shaking on a
single sieve at a time. Figure 1 shows examples of particles stored in plastic bags after sieving.

T FT B
/ "i'g

Figure 1 — Scaled particles of concrete 040-330 after sieving, top: freeze/thaw in water 0-23 cy,
centre: salt frost 0-5 cy, lower: salt frost 43-57 cycles.
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2.3 Particle shape and -aggregate content

After sieving and storing in plastic bags as shown in Figure 1 the samples were subdivided by
halving until ten particles were left, see Figure 2.

Figure 2 — Subdivision of scaled particles after sieving (salt frost test 040-330, 0-5 cy).

The smallest orthogonal particle Length (L), Width (W) and Thickness (7)) where then measured
using a digital microscope with digital calliper. The calibration and measurements were done
using a very thin double-sided tape on a square metal profile and placing the thickest part of the
fragments close to the edge of the metal profile, see Figure 3 below.

Figure 3 — Fixing of particles on 40 x 40 mm metal profile with double-sided tape for digital
calliper calibration and measurement of Length (L), Width (W) and Thickness (T)
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The digital calliper was used to determine Length and Width with a normal-line function in the
calliper. Normal and parallel lines and lengths were accurately placed and read once calibrated
and the positions of W, L and T are determined, though the work is quite time consuming. The
proportions are always in the order of L>W>T and represent the smallest hypothetical box a
particle can fit into. Approximate aggregate content of the particles was also quantified and
qualitative assessment of fracture (ITZ, in aggregate, in paste) made, see Figure 4.

Figure 4 — Digital calliper measurement of Length, Width and Thickness on 8.72 mm Long, 6.73
mm Wide and 1.19 mm Thick particle scaled off in the salt frost test showing fracture in the ITZ
between paste and aggregate particle

24 2D Image analysis to verify the LWT measurements

Measurements were repeated in 2D with an Image Analysis software [30] to verify the manual
measurements done with the optical microscope. The number of particles per fraction varied
depending on how much was sieved for the different fractions: from max 93 to 10. The particles
were placed on a white surface with a ruler for calibration and with good lightning without
touching each other or overlapping and photo taken. Then each selection of fragments was
weighed. The images were then imported for image analysis of L and W in 2D. The sizes of the
images were calibrated, and colour threshold determined to locate and analyze Length, Width,
area, and number of fragments. Finally, average Thickness was calculated from mass, assumed
density and area in the L-W plane recorded with the image analysis software.
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3. RESULTS AND DISCUSSION
3.1 Thickness vs particle size

Absolute thickness
Figure 5 a)-f) shows that absolute Thickness, 7' (mm) is an increasing function of particle size for

all data from all tests in both 3 % NaCl and water. Particle size has been plotted as average size
(L+W)/2. Hence Figure 5 shows the results of all 7, L and  measurements. The retaining sieves
of the particles are indicated with legends whereas the type of concrete is indicated by the colour
of the legend. Plots of relative thickness, 27/(L+ W), against the sieve size that the particles were
retained on are shown in Figure 6.
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Figure 5 shows, in addition to that thickness depends on size, that the size dependant thickness
varies somewhat with test method, concrete quality and degree of damage. There are, however,
similarities between very different concretes and tests, like between Figure 5a) - d) and between
5b), ¢) and e). For Figure 5a) - d), the non-air entrained 040-330 had severe internal damage at
only 23 cycles and severe salt scaling at 56 cy, see Table 2. Figure 5b) shows more large particles
at large damage at 56 cycles (grey points). For Figure 5 b), ¢) and e) there are also similarities
between the very different concretes and tests.

Figure 5 c) — f) shows that there is sometimes a tendency for large particles to come off more at
high number of cycles for the concretes exposed to rapid freeze/thaw in water. The grey points
(highest number of cycles) for the larger particles in Figures 5 c¢)-f) seem in fact to be more
common for the two air entrained concretes in Figure 5 ¢) and e). This is different from the salt
frost test where most coarse particles scale at high number of cycles for the non-air entrained
concrete, see Figures 5 a) and b). Large particles from the moulded surfaces in the ASTM C666
test are presumably “pop-outs”, maybe at air voids that become filled near the surface.

Looking back at Figure 1 — lower right corner, the coarser fraction of particles from 42-56 cy of
salt frost testing of the non-air entrained 040-330 consists practically of only coarse aggregate.
This is in line with the results of particle aggregate content registration made during shape
registration. This can also be seen from Figure 1 — centre, showing little/no aggregate content in
the coarser fractions of the concrete 040-330 with low damage from 0-5 cy of salt frost testing.

There is less difference in scaling between the air entrained and the non-air entrained concrete
during rapid freeze/thaw in water compared to in the salt scaling test, see Table 2. The lower
protective effect of air entrainment against scaling in water is interesting since the same air voids
are protecting so efficiently against both internal damage in rapid freeze/thaw and against salt
frost scaling. It points, again, to that the scaling in fresh water is caused by a different mechanism
than scaling in 3 % salt.

Closer inspection of the surfaces of the larger scaled-off particles in the salt scaling test like the
one shown in Figure 4 revealed that fracture in the ITZ is sometimes seen on the horizontal,
surface parallel to the exposed completely flat, sawn surface. This was, however, no rule as the
scaled particles were sometimes fractured through both paste and aggregate, possibly
predominantly for fractures occurring perpendicularly to the sawn surface.

Due to the large span of observed thicknesses seen in Figure 5 a)-f) it is hard to compare them
directly to the model predictions. Fagerlund’s concrete material dependant model [28] predicts =
0.75 mm critical thickness and Valenza and Scherer’s ice thickness dependant glue-spall model
[19] predicts maximum = 2.5 mm thick spalling. To narrow the comparison, we can as a first
rough approximation assume that both models are more valid at early cycling (0-7 cy in salt frost,
0-30 in freeze/thaw in water (blue and yellow legends)). At this early cycling there is less
volumetric damage in the body of the concrete specimens compared to after higher number of
cycles. This means we should look at the air entrained concretes (Figure 5 a), ¢) and ¢)) and at
early cycling of Figure 5 b), d) and f). Then we see that the particles from air entrained specimens
have mostly Thickness < 0.75 mm and, of course, Thickness < than the max 2.5 mm. If we include
non-air entrained specimens then only the aggregate particles that came off at high number of
cycles have Thickness > 2.5 mm, mostly due to the aggregate particles in the salt frost test.

For the smallest particles in both tests a large portion are in the size-range reported by Liu, Kang
and Hansen [26] of 0.1 — 0.3 mm. However, due to the wide size distribution seen even at early
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cycling we cannot say that a specific range of thickness predominates. We will therefore have a

look at size distributions in Figure 7.

Relative thickness

Figure 6 shows relative thickness calculated as 27/(L+W) based on all the data in figure 5. Size
has now been plotted as actual square grid opening sieve size.
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Figure 6 —Relative thickness = 2T/(L+W) based on all data in Figure 5 and plotted for actual
sieve size, a) and b) Salt frost test 040-33A (air) and 040-330 (no air), c) -f) Rapid freeze/thaw
in water on c) 040-334 and d) 040-330 (Air, no air), e) 293-334 and f) 293-330 (Air,no air)

From Figures 6 a) and b) there is a tendency in the first cycles of the salt frost test that relative
thickness reduces at increasing size and that the particles become relatively thicker at higher
number of cycles. Particularly Figure 6b) shows that the non-air entrained 040-330 with very high
damage after 56 cycles has the least flaky shape of all the large aggregate particles that came off,
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again see also Figure 1, centre and lower right corner. Figures 6 c) and d) show that the two
concretes with the same binder (040-33 A and 040-330) have similar development of shape during
freeze/thaw whether air entrained or not. Figures 6 e) and f) show higher relative thickness for the
high strength concrete at larger sizes but also partly higher scatter than the other measurements.
Possibly all the results of the two 040-33 concretes can be interpreted as less volumetric damage
and a situation with a sort of “pure surface attack” at early cycling. As pointed to already, it is
interesting that the features of the plots in Figure 6 are so similar despite the different types of
concrete, specimens, surfaces and freeze/thaw exposure and more research work on this is needed.

3.2 Particle size distribution

Figures 7 a) — ¢) show particle size distributions of the scaled-off particles. Figure 7 a) shows that
for the salt scaling test there is a clear peak in the distribution with =55-85 % of particles in the
size range 0.5-4 mm and =10-30 % < 0.5mm and > 4mm for both tested material qualities and
number of cycles. There is a peak frequency of two of the four fractions 1-2 mm whereas 040-
330 56 cy peaks for 0.5-1 mm and 040-330 5 cy peaks for 2-4 mm. Figures 7 b) and c), on the
other hand, show that in the freeze/thaw test in pure water there is a much more even distribution
of the different sizes for all four concrete qualities.
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Figure 7 — Particle size distributions a) Salt Scaling 040-33, b) Freeze/thaw in water 040-33,
¢) Freeze/thaw in water 0293-33, individual specimens

Figure 7 is pointing to at least two clear differences between the two types of test. Firstly, the high
amount of fine material in freeze/thaw in water seen in Figures 7 b) and c) from the paste rich
moulded surfaces in the rapid freeze/thaw test. Plotting the individual specimens of 0293-33 both
with and without air voids as seen in Figure 7 c) shows the same tendency as the average values
of the 040-33 specimens in Figure 7 b). Compared to the discussion about similar shape vs size
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relations of Figure 5a) vs 5d) and 5b) vs 5c vs 5f) above one often also gets more large particles
at higher cycles. The registration of fraction of aggregate in the scaled material showed that there
was higher aggregate content in the scaled material from the salt scaling test than in the
freeze/thaw in water, particularly at high number of cycles, which is expected due to the sawn
surfaces. The number of coarse particles was hence moderate remembering that the volume and
hence mass of the particles increases approximately as function of their size to the third power.
Figure 7 gives however no reason to think that the material was more fragmented into smaller
pieces after high number of cycles (56 or 160) as compared to after low number of cycles (7 or
30). That is: subdivision of particles did not increase neither by cracking before they scaled off,
nor by subdivision after scaling off during the prolonged freeze/thaw in the two methods.

Secondly, the peak in the distribution of Figure 7 a) at 1-2 mm or 0.5-4 mm and the thickness
ratio from Figure 6 mostly in the range 0.15 — 0.5 shows larger and flakier particles from the sawn
surfaces in the salt scaling test. Further studies of the Thickness (absolute and ratio) and particle
size distribution of scaled particles should therefore be done after freeze/thaw exposure with water
and salt and with different thickness of the liquid-/ice layers. This may clarify the reason for
scaling compared to Valenza and Scherers prediction of a maximum thickness of % of the ice
layer vs Fagerlunds prediction of a material dependant critical scaled particle thickness depending
on the critical air void spacing of the material.

33 IMA vs Digital microscope

Figure 8 shows the correlation between measurements by image analysis and manually with
digital microscope and digital calliper. The figure shows satisfactory correlation, particularly
since training sessions were few due to limited number of free downloading of the software.
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Figure 8 — Correlation between L, W and T measured by Image Analysis (IMA) and manually by
Digital Microscope and digital calliper, T calculated from area measured in L-W plane on IMA,
mass and assumed density

The very good correlation and correct size prediction for Length and Width are encouraging
whereas the good precision but systematic calculation of too low Thickness is not surprising. The
peak Thickness measured on the profile seen in the lower part of Figure 4 has in the calculated
Thickness been replaced with an average thickness that will of course always be lower than the
peak Thickness, varying somewhat depending on their topography (and density). Both the area in
the L-W plane and the particle mass are determined accurately by image analysis and the precise
balance. Still variable profiles will always have higher peak Thickness. In addition, aggregate
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content, and relative densities (around 2 for paste and around 2.7 for aggregate) will vary
somewhat.

4. CONCLUSIONS

Measurements of particle shape (Thickness 7, Length L, Width ) and particle size distribution
on scaled material from four different concrete qualities (w/b = 0.40 and 0.29 with and without
air entrainment) exposed to two different freeze thaw tests (salt frost and rapid freeze thaw in
water) showed:

Absolute 7' (mm) is an increasing function of particle size rather than dominated by one size.

In general, the size-dependant Thicknesses are similar for very different concrete qualities and
frost test methods.

2T/(L+W) is reducing as function of particle size and is lowest for the largest particles of the salt
scaling test, = 0.1 — 0.15 before aggregate particles start to come off in the non-air entrained
concrete which scaled the most. If large aggregate particles come off, they dominate the shape
with larger Thickness of larger scaled material.

For freeze/thaw in water amount of scaling is not so efficiently reduced by air voids despite
protecting efficiently against internal damage in fresh water and scaling in salt frost testing.

Particle size distributions in the salt scaling test have a clear peak for particles of 1-2 mm size for
all 4 concretes, whereas in rapid freeze/thaw in water a rather even distribution of particle sizes is
created without any peak size.

The particles from the freeze/thaw in water are more variable both in size and shape no matter
type of concrete or degree of damage.

Comparison with the theoretical concrete flake Thicknesses predicted by the glue spall model
(=3/4 x ice thickness) and the air void dependent concrete flake thickness (=3x critical air void
spacing factor) are difficult due to the observed size dependency of concrete flake Thickness.
Further studies of concrete flake Thickness at varying thickness of ice layers are proposed.

Image Analysis of Length and Width with a commercial software on selected series (> 100
particles) showed good correlation to measurements with digital microscope and -calipers and
also gave correct prediction. Calculated average Thickness from scanned particle area, mass and
density also correlated well to measured Thickness but was systematically too low as expected
due to the variable topography of the particle surfaces.
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