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Summary

A Nordic round robin test project was carried out on the prEN 1367-1 frost test for
aggregates. The objective was to clearify the effect of deicer salt (which is not normative in
EN 1367-1, but considered very relevant for Nordic exposure conditions) and predrying
procedure on test results for recycled and porous aggregates. Four laboratories participated
(NBI (coord.), RB, VTT, SP) in the round robin test with 4 different aggregates (1 recycled
concrete, 1 porous artificial expanded clay and 2 Icelandic volcanic rocks). The materials ‘
were freeze/thaw tested in deionized water and 1% NaCl-solution after 3 different predrying
procedures (105°C, 40°C and “no” predrying). The results show that severe predrying and salt
solution may increase or reduce frost damage depending on the type of aggregate. RCA
appears to be most susceptible to both severe predrying and deicer salt. Salt may also be
negative for natural LWA, whereas predrying appears to have no negative effect on frost
damage of artificial and natural LWA. Several experimental details varied between the
laboratories, espec1ally on predrying procedure, affecting the results. This is partly due to
deviations from test procedures, and partly due to variations allowed within the test
procedures. Because of the latter and the very negative effect that severe predrying has on test
results for recycled aggregate, recommendations for drying procedure, saturation and
calculation of damage are given for the application of prEN1367-1 to porous and recycled
aggregate.




1 Introduction

Aggregate is the main building material in the building and construction industry measured in
bulk volume or mass. As a rough figure we estimate the annual aggregate consumption in the
Nordic countries to be 300 million tons. Porous aggregates such as artificial lightweight
aggregates (LWA) and various waste materials such as recycled aggregates (RCA) are
increasingly used on behalf of natural aggregates. LWA for example, is used in unbound
applications in the Nordic countries due to beneficial properties such as their low weight and
- insulating properties.

In the work of CEN TC 154 Aggregates, LWA, RCA and natural porous aggregates are
handled in several sub committees. One basic principle of TC 154 is that common test
methods apply to all kinds of aggregates, whether natural, artificial, or based on various waste
materials. Freeze/thaw resistance, which is one very important durability property for
aggregates in the Nordic countries exposed to freezing in saturated condition, can be tested
according to prEN-1367 [1]. In [1] freeze/thaw testing of aggregate is performed on a defined
size fraction submerged in water for 10 consecutive daily cycles. Measuring the amount of
material passing a sieve with a nominal opening size half of the initial minimum size (4 mm
when testing the 8 - 16 mm fraction) after 10 freeze/thaw cycles assesses the frost damage.
Prior to freeze/thaw the test portion is dried at 105 °C and saturated for 24 hours with the
actual test liquid.

The proposed test method for freeze/thaw [1] has been criticised in the CEN work, initially by
Iceland, not to reflect the severe climatic conditions of the Nordic countries since deicer salt
solution is not a normative test liquid. The use of 1 % NaCl as test liquid instead of water is
given only as an informative annex in [1].

A Nordtest project co-ordinated by Iceland (RB) was carried out to investigate this further [2].
The Nordtest method proposed in [2] accounts for the more severe climate in the Nordic
countries by using 1 % NaCl, in contrast to the European test [1].

New research [3,4] has also shown that the drying procedure prior to freezing in the proposed
European aggregate frost test [1] can influence the frost damage of recycled concrete
aggregate. Freezing and thawing after natural drying was found to give lower damage than
when dried according to [1], i.e. at 105°C.

In order to investigate the influence of salt solution and elevated pre-drying procedures on the
frost damage of porous and recycled aggregates, a research program was established
involving four Nordic research laboratories carrying out a round robin test (RB — Iceland, SP
—Sweden, VTT - Finland and NBI — Norway (coordinator) . The test results will be used to
evaluate the present Nordtest (and European) test method and to give recommendations for
revisions to [1].




2 Research program
2.1 Testing and materials

Four different porous aggregates were tested according to three different predrying procedures
before resaturation and frost exposure in water or 1% NaCl:

D1: 105°C in ventilated oven for 24h

D2: 40°C in ventilated oven for 24h

D3: no predrying (saturation and testing “as received”)

The test program can be seen in appendix 1.

The materials tested were:

- Leca-LWA |

- Recycled aggregate — RCA
- Natl

- Nat2

Leca is an expanded clay aggregate produced in a rotating kiln. The recycled aggregate was
taken in Norway from the recycling plant of BA Gjenvinning in Oslo, and was a mix of
crushed concrete, tile and asphalt. These were collected prepared and distributed by NBIL.

Nat 1 and Nat 2 are two types of natural Icelandic aggregate (normal). Natl is a fresh, porous,
pillow lava from the Reykjavik district. Nat2 is an acidic, light weight, pumice originated
from Mt. Hekla. Both Natl and Nat2 were collected, prepared and distributed by RB.

A test procedure was sent by NBI to the participating laboratories, see appendix 2. Also
worksheets with the appropriate formulae (density, absorption and F - see section 2.2 and
3.3.) adjusted to the individual test programme of each laboratory were made at NBI and sent
out before start of testing.

2.2 How to determine frost damage

Frost damage is in [1] expressed by the percentage mass loss (F) after freeze / thaw exposure:

F=1- M, -100%
1
Where, M, : initial dry (105°C) mass of the test specimen before cycling (g).
M, : final dry mass (105°C) after cycling that is retained on the specified sieve,

(8)-

Here we have to calculate the corresponding 105°C dry mass (before cycling) of the undried
(D3) and 40 °C dried samples (D2). This is done by taking into account the water absorption
at 105°C (abs.105) and 40°C (abs.4p) measured on parallel samples. Frost damage is thereby
expressed by the following equations:




M,

Fopi=1-—-100%
1
M,
Fo' D2= 1- = -100%
, JL+abs.
M 2o
1+abs.
Fop3=1- le -100%
M} (——
1+ abs. 4
where, Fo,p1 : percentage loss in mass of aggregate pre dried at 105 °C

Fo,pz : percentage loss in mass of aggregate pre dried at 40 °C
Fops : percentage loss in mass of aggregate without any pre drying

M : mass of test specimen dried at 105 °C before cycling (g)
M ’: mass of test specimen dried at 40 °C before cycling (g)

M ' mass of test specimen without any predrying before cycling (g)

M, : final dry mass (105 °C) after cycling that is retained on a 4 mm sieve (g)
abs.4o: water absorption of aggregate dried at 40 °Cabs. ;s : water absorption of
aggregate dried at 105 °C

m —m
abs.40 it B
My
m, —m
abS.105 =1 103
M5
where, my : mass of surface dried aggregates after 24 h soaked in test liquid (g)

mao : mass of aggregates dried at 40°C for 24 h after soaking (g)
myos : mass of aggregates dried at 105°C for 24 h after soaking (g)

As an alternative way to determine F it was suggested to collect, dry and weigh both
deteriorated material (<4mm) and material retained on the 4mm sieve. This however was by
most laboratories found to be difficult in practice (difficulties by collecting aggregates less
than 4mm during sieving/washing operations), and therefore left out. Frost deterioration
determined this way was denominated F,:

m

Fipi-p2-p3= (l-—=22).100%
Fn>4mm + }n<4mm
where, M.ymm - Mass of aggregates larger than 4 mm after freeze /thaw dried at 105°C,

in grams
Me4mm : Mass of aggregates smaller than 4 mm after freeze /thaw dried at
105°C, in grams




3 Results

3.1 Frost damage

All test-results can be found in appendix 3. In table 1 a-d the frost damage is expressed as the
average of three parallel boxes. In some cases the test procedure used deviated so much
compared to the scope of the project, that the results have been taken out of the tables, see
evaluation in section 4.3 and 4.4.

e e e Y ot ey

rga";Eie—ml-J&mmf!E[%] SamPle R Froecare | o] i
| (S NBI VTT

D1-W 3.9 04V(68) DI-S Ll 03
D2-W 3.5 3.4 D2-S 17 )
D3-W 87 8.5 D3-S 2.0 ]

Tab.la — LWA specimens (Leca)

D Stdv = 4,76! 6,8% represent the average of the two specimens with the lowest degree of damage, still with a
standard deviation of 1,5.

Z)Devmnon from dr m rocedure all matenal dned at 105°C (Dl) before freeze / thaw Ft values used.

Sample : £ Fayveraze [ o;] : Sample L, F favernge [ %
VTT L

D1-W T2 7.2 D1-S 254 26,8

D2-W 4,2 4,2 D2-S 23,5 -

D3-W 2.4 3,7 D3-S 18,2 -

Tab.1b — RCA specimens

’Devnatlon from drying procedure, all matenal dried at 105°C before soaking and freeze / thaw. F, values used.

average[ %] S‘"”Ples LR
D1- 04 0.2 D1-S 21 34
D2-W 0 : D2-S 2.5 5.3
D3-W « % . D3-S w2 4,7

Tab.lc — Nat 1 specimens

l)F, values used

? Did not perform freeze / thaw in a wet condition

» Deviation from dr ing rocedure alI matenal dried at 105°C before soaking and freeze / thaw.

e e e

D1-W 7.1 6,8 D1-S 13 0,3
D2-W 32,6 - D2-S 2.1 54
D3-W 2 . D3-S 4 11,0

Tab.1d — Nat 2 specimens

DF, values used

* Did not perform freeze / thaw in a wet condition

 Deviation from drying procedure, all material dried at 105°C before soaking and freeze / thaw.




In several cases F was negative when using the formulas in section 2.2. We could not find the
cause for these negative values (probably related to drying procedure). In these cases we used

F, as defined above.

3.2 Walter absorption and dry particle density

Water absorption values were determined on two test specimens. The results are presented in

- table 2a-b.
Test Water absorption - Abs.105 (g/g dry)
material NBI RB VTT SP
\i S w S W S W S
LWA]| 0,096 | 0,094 - - 0,123 - - 0,11
RCA - - - - 0,076 - - 0,064
NATI1 - - 0,067 |0,060 - 0,065 0,03 -
NAT?2 - - 1,154 | 1,154 - 1,187 ] 0,68 -
Table 2a — Absjos
Test Water absorption - Abs.40 (g/g dry)
material NBI RB VTT SP
W 5 W S W S N S
LWA| 0,096 | 0,095 - - 0,123 - - 0,099
RCA - - - - 0,027 - - 0,032
NATI1 - - 0,053 {0,050 - 0,062 | 0,03 -
NAT?2 - - 0,201 {0,200 - 0,216 | 0,68 -

Table 2b — Absyg

The dry particle density (Dgry) was determined on one specimen. The results are given in table

3,
m
Ddl—y — sar
where, myq is the mass of the aggregates soaked for 24h in water (surface dried) (Kg)
V is the volume of the aggregates (m°)
Test Dry (105°C) particle density - Kg/m3
material NBI RB VTT SP
LWA 559,3 - 4773 | 495,0
RCA 21480 - 1621,0 (22240
NATI1 - 2884,0 | 2437,0 | 2415,0
NAT?2 - 476,0 | 518,1 | 541,4

Table 3 — Dry particle density




4 Discussion
4.1 Effect of predrying

The effect of the predrying procedure described in EN 1367-1 on the frost performance is not
quite clear. In some cases (cement based aggregates — RCA) the predrying severely reduced
the test performance. However, for other materials (artificial, porous aggregate — LWA and
some natural, porous aggregate — Natl and Nat2), it may have improved the test performance.

4.2 Effect of 1% NaCl

The effect of salt can be either positive (LWA and Nat2) or negative (cement based and Nat1)
for the frost performance when tested according to EN1367-1. The degree of saturation
obtained during testing is probably the main factor and this needs further investigation. Some
additional measurements of the water content at start (after absorption) and at the end of the
frost test will be advisable.

For LWA it is probable that a reduced degree of saturation is the reason for reduced frost
damage after drying.

4.3 Density and water absorption

These values show a very large scatter as a clear proof that either the test procedures were not
equal (see section 4.4 and 4.5) or that calculation errors occurred that we have not been able
to detect in this test.

4.4 Deviations from test procedure

Even though the test procedure was described and distributed to all participating laboratories,
some deviations occurred, partly due to misunderstandings and sickness of key personell:

- NBI did not determine water absorption on RCA specimens, and therefore used the
absorption values measured at VTT to calculate the initial dry mass (105°C) of the D2 and
D3 specimens. NBI did not specify the correct figures in tab. 1 in appendix 2 — test
procedure. The correct values should be 1000 g Nat 1 and 300 g Nat 2.

- RB: The D3 specimens were not soaked in a wet condition during freeze/thaw. The mass
of the test-specimens was not in accordance with that described in test procedure (table 1).
After freeze/thaw, the aggregates were dried for 24 hours and not too constant mass.

- SP dried all material at 105°C prior to freeze / thaw. In some specimens the mass of the
aggregates was not in accordance with that described in test procedure. After freeze/thaw,
D1 and “D2”-specimens were dried for only 24 hours. The D3-specimens where dried
during one weekend.
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- VTT: In some specimens the mass of the aggregates was not in accordance with that
described in test procedure (prior to freeze / thaw). All specimens were dried for 24 hours
after freeze/thaw.

4.5 Differences in test procedures

The test procedure did unfortunately not specify all actions sufficiently detailed. Thereby

some differences in procedures were made: ‘

- NBI dried all specimens in metal boxes. After freeze / thaw only aggregates larger than 4
mm were collected and weighed. It was not possible to have an accurate measure of
aggregates smaller than 4 mm. This is the normal procedure. See LA-test.

- RB dried all specimens in "heaps” in rather small trays. RB used 1000 g Nat 1 in the test.

- SP dried all specimens in thin layers. After freeze / thaw both aggregates smaller than 4
mm and aggregates larger than 4 mm were collected and weighed. SP used 2000 g Nat 1
in the test.

- VTT dried all specimens in metal boxes. After freeze / thaw both aggregates smaller than
4 mm and aggregates larger than 4 mm were collected and weighed, but the latter was just
performed on Nat2 specimens. VIT used 2000 g Nat 1 in the test.

To sum up 4.4 and 4.5 it can be stated that part of the deviations between the different
laboratories are due to deviations in test procedures and partly due to differences in test
procedures that are allowed within the specification. The latter point needs improvement, and
recommendations are given later in this report for the use of the test for porous aggregate.

4.6 Scatter

A statistical evaluation of the repeatability and reproducibility according to ISO 5725 was not
performed due to the above mentioned deviations in laboratory procedures. However, a plot
of mean frost damage vs. coefficient of variation (3 parallel specimens) was made. The result
is shown in figure 1 below and indicates that the common relationship between mean value
and standard deviation exists, and at a similar level as observed in other frost test methods.

160,0
140,0
120,0
¢
~ 100,0
=
S 00—
800 T
e
400 =g et :
20.0E:0'—’¢“ oo :
0,0 — — A &0

0,0 5,0 10,0 15,0 20,0 25,0 30,0 35,0

F(% - mean of three parallel boxes)

Figure 1 ~ Frost damage vs. coefficient of variation (3 parallel specimens).
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5 Conclusions

The predrying procedure described in prEN 1367-1, before the aggregate sample is soaked
and exposed to freeze/thaw, has quite different effects on the frost deterioration of various
aggregate materials. For recycled aggregates (RCA) with cement based material the predrying
severely reduces their test performance. Artificial porous aggregate and some natural porous
aggregates, however, may in fact have improved test performance when frost testing after
predrying. Also, the drying obtained during 24 h for porous materials may vary within wide
ranges depending on whether the aggregate is dried in the cans, in thin layers or in heaps, and
also on their porosity and moisture content before drying.

Also the effect of 1% NaCl solution on frost damage compared to damage with pure water
depends on the type of porous aggregate tested. For RCA and one natural porous aggregate
(Icelandic acidic pumice) 1 % salt increased the damage, whereas for LWA (Norwegian
expanded clay) and another natural porous aggregate (Icelandic fresh pillow lava) the damage
was reduced with salt.

Therefore, measuring the frost durability of porous aggregates with EN1367-1 needs a better
description. Furthermore, the negative effect of drying for cementbased materials may
exclude materials that may work well under natural conditions were they are not exposed to
very severe drying before frost exposure.

6 Recommendations

The results of this study indicate that when frost testing porous aggregate with water or 1%
NaCl, more precise descriptions are needed on drying and saturation before test and
calculation of damage after test. Based on this project the following recommendations are
given for design of test before it is used for various porous aggregates:

e Drying procedure. We do not recommend oven-drying of porous aggregates before test.
However, if the 24 hour drying that is used today is to be maintained for porous
aggregates, it is very important to dry in thin layers. In this case we recommend that
drying of porous aggregates prior to resaturation and freeze/thaw should be carried out by
spreading the aggregates in a thin layer (max 20 mm thickness) in the drying oven. Drying
is then performed for 24 hours or to constant mass. Since the drying capacity of ventilated
ovens may vary largely, it is better to dry to constant weight.

e Saturation. It is recommended that presaturation is done beyond the capillary nick point of
the aggregate/material, simply by submersion in the cans until constant mass is reached.
Constant mass can be defined as mass when weight increase during 24 hours is less than
0,1 % of dry mass. Then, 10 freeze/thaw cycles are carried out as in prEN1367-1.

e Calculation of damage. It was found that the way damage is measured and calculated is
important, particularly for materials with unknown dry mass at start, i.e. materials that are
not dried to constant mass at 105 °C before saturation and freeze/thaw. We recommend
that both scaled (< 4 mm) and retained material (> 4 mm) must be collected after
freeze/thaw. These are then dried to constant mass at 105 °C and Frost damage expressed
as F = 100 % x (material < 4 mm)/(material < 4mm + material > 4mm).

12
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APPENDIX 1

TEST PROGRAM




Aggregate Laboratory and test procedure

NBI RB VIT SP
LWA DIW DI W D1S
D18 D2 W D2 S
D2W D3W D3 S
D2 S
D3W
D3 S
RCAl DIW DIW D18
D1S D2W D238
D2 W D3W D3 S
D2S
D3 W
D3 S
NATI D1W D1S D1W

DIS | D2S | D2W
D2W | D3S | D3W
D2 S
D3 W
D3 S

NAT2 D1IW D1 S DIW
D1 S D2S D2W
D2W D3 S D3 W
D28
D3I W
D3 S

D1 — Aggregates predryed at 105°C before saturation and freeze / thaw cycling
D2 — Aggregates predryed at 40°C before saturation and freeze / thaw cycling
D3 — Aggregates without predrying before saturation and freeze / thaw cycling

W — Deionized water
S - 1% Na(Cl




APPENDIX 2

TEST PROCEDURE




1)

2)

3)

Nordtest 1440-99 Freeze/thaw test procedure

The test material <8 mm and >16 mm is removed by sieving. Adherent particles are

removed by washing.

Test specimens are portioned sufficiently according to table 1 below. For each test
variable (aggregate, test liquid and pre-drying) 3 parallel specimens are made.

Aggregate size Mass of aggregate in specimen (+ 0,2 g)
[mm] (D1: 24h 105 °C, D2: 24h 40 °C, D3: not
(sieve away dried, soaked 24 h, surface dry)
over/undersize if LWA RCA NATI1 NAT2
necessary)
8-16 300 g 2000 g 2000 g 1000 g

Table 1: Portioning of test specimens

D1 — procedure:

3.1.1 Soak all specimens in demineralized water for 24 h

3.1.2 Determine soaked, surface dry weight (m; soaked) and volume (V) for one
specimen (see enclosed worksheet) using wire basket (dry material by hand and
paper towel until colour changes from dark to light)

3.1.3 Dry all specimens at 105 °C for24 h

3.1.4 Measure dry weight (m)os ary) for each specimen (the mass should correspond to
that described in table 1 + 0,2 g) and determine water absorption (abs.jos) and
dry density (Dary) for one specimen (use worksheet)

3.1.5 Soak all specimens for 24 h in demineralized water (D1 W-specimens) and 1 %
NaCl (D1S-specimens)

D2 — procedure:

3.1.1 Soak all specimens in water for 24 h

3.1.2 Determine soaked, surface dry weight (m; soakea) for one specimen (see enclosed
worksheet) using wire basket (dry material by hand and paper towel until colour
changes from dark to light and)

3.1.3 Dry all specimens at 40 °C for 24 h )

3.1.4 Measure dry weight (myg 4ry) for each specimen (the mass should correspond to
that described in table | + 0,2 g) and determine water absorption (abs.s0) for one
specimen (use worksheet)

3.1.5 Soak all specimens for 24 h in demineralized water (D2W-specimens) and 1 %
NaCl (D2S-specimens)

D3 — procedure:

3.3.1 Soak all specimens in demineralized water (D3W-specimens) or 1 % NaCl
(D3S-specimens) for 24 h (without any pre-drying).

3.3.2 Dry all specimens by hand and paper towel until colour changes from dark to
light

3.3.3 Measure soaked surface dry mass of all specimens (Mgoaked,sufacedry) (£he mass
should correspond to that described in table 1 £ 0,2 g)




4) Perform 10 freeze-thaw cycles according to the freeze/thaw curve given in prEN 1367-
1:1997. However, freezing and thawing is performed in the air-cooled cabinet as
described in NT 1214-95. To prevent the LWA aggregate from floating during
freeze/thawing, a wire-lid (wire width<8 mm) with a lead (metal, stone, etc.) on top of
the aggregate can be used.

5) After completing the 10th cycle, pour the contents of each can into a test sieve of
4 mm aperture size. Wash and sieve the test portion on the specified sieve by hand.

6) Dry all material at 105 °C to constant mass, cool to ambient temperature and weigh
both the aggregates larger than 4 mm (mMy>4mm) immediately after. Determine all
necessary results by filling the obtained data into the attached worksheet.

Formulas used in worksheet:
e Dry deﬁsity:

_ Mygs
- D, =
¥ 14

o Water absorption:

L NIsoaked.?.-ih - nzlGS

- abs. =

Myos

- nlmakcd.%h - rndﬂ
- abs., =

Ny,

o Frost deterioration F:

n.,.
. FD[ — (1 _ residue,103dry ) . 100%

LT
M osidue, 105 dry
- =(1- : -100%
Fp2 = (1 ( 1+abs.,, ) ’
m , . f —
0+ abs.gos
m_ . '
_ FD3 — (1 _ residue, 105dry 1 ) .100%

msaaked,surﬁzred:y ' (1 N abs
105

H/mk/sja/nordtes/prEN1367-nordtest 1440-99.doc ver 11.5.99




APPENDIX 3

TEST RESULTS

Symbols:

I, soaked = Mass of aggregates after soaking, surface dried

Mo &y = Mass of aggregates dried at 40° for 24h

mjos ary = mass of aggregates dried at 105° for 24h

m;, 105 = mass of aggregates dried at 105° for 24h (D1-two times, D2-both 105° and 40°, D3-
one time 105°)

V = volume of aggregates

Dyry = dry particle density

Abs.40= water absorption of aggregates after 24h soaking and 40°C drying

Abs.105 = water absorption of aggregates after 24h soaking and 105°C drying

Mas4mm = mass of aggregates larger than 4 mm

Macsmm = Mass of aggregates smaller than 4 mm

Fo= frost damage (calculation, see section 2.2)

F, = frost damage (calculation, see section 2.2)

Stdv, = standard deviation

Var,= varians
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