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ABSTRACT

Blast furnace slag cement (BFSC) has been used to build reinforced concrete structures in marine and
road environment in The Netherlands for nearly a century. The experience is good and structures with
long service lives can be obtained, as has been shown by several field studies. This is caused by a high
resistance against chloride penetration and a high electrical resistivity, demonstrated both in the field
and in the laboratory. Due to the high slag content, related CO, emission and embedded energy are
lower than for Portland cement.

In many countries including Norway, BFSC is a novelty and long term experience is lacking. In order
to study the potential for use of BFSC in Norway, a desk study was carried out, reporting on many
aspects. The resistance against chloride induced corrosion stands out positively, whereas neither
carbonation nor frost are problems in practice. However, the Dutch experience is mainly based on
CEM III/B with 65-75% of slag by mass of binder. Such a cement is not available on the Norwegian
market. The introduction of CEM III/A with c. 48% slag in Norway is anticipated. Consequently, an
experimental program was drawn up to study the properties of concrete made with CEM III/B and
CEM III/A (with 48% slag), with and without addition of silica fume. The ultimate goal is to provide a
basis for evaluation of use of slag cement in Norway for durable coastal and marine structures.

This paper describes the history and performance of slag in concrete in The Netherlands, the outline of
the experimental program and expected results from the study.
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INTRODUCTION

In many countries including Norway, BFSC is a novelty and long term experience is lacking. In The
Netherlands, however, blast furnace slag cement (BFSC), nowadays called CEM III/B with at least
65% slag, has been used to build reinforced concrete structures in marine and road environments for
nearly a century. The experience is good and structures with long service lives can be obtained, as has
been shown by several field studies [1,2,3,4,5]. Particularly coastal bridges could benefit from using a
cement type with an inherent high chloride penetration resistance. In order to study the potential for use
of BFSC in Norway, a desk study was carried out, reporting on many aspects [1]. The resistance
against chloride induced corrosion stands out positively. This is caused by a high resistance against
chloride penetration and a high electrical resistivity, demonstrated both in the field and in the



laboratory [6,7]. Under exposure conditions relevant to The Netherlands, neither carbonation nor frost-
thaw damage are problems in practice, whereas the use of CEM III/B has, also in practice proven to be
an effective preventive measure against deleterious alkali-silica reaction [1 and references therein]. Due
to the high slag content, related CO, emission and embedded energy are lower than for Portland
cement.

However, Dutch experience is mainly based on CEM III/B with 65-75% of slag by mass of binder.
Such a cement is not available on the Norwegian market, but the introduction of CEM III/A with c.
48% slag is anticipated in Norway. In order to compare performance of this cement with that of CEM
III/B and binders currently used in Norway, an experimental program was drawn up to study the
properties of concrete made with classical Dutch CEM III/B; CEM III/A (with 48% slag), CEM 1
(Portland cement) and CEM II/A-V (fly ash cement), the latter three with addition of 5% silica fume.
This program is aimed at determining basic chloride transport properties of mortars prepared with the
binders, from early age up to several years. The ultimate goal is to provide a basis for evaluation of use
of slag cement in Norway for durable marine structures. This program will start in 2014 and will run
for three years.

This paper will report on the desk study to set a baseline for properties that can be obtained with slag
cement concrete and will present expectations for the results of the experimental program. The
expected results will be discussed.

HISTORY AND PERFORMANCE OF SLAG IN CONCRETE

This brief historical overview is based on [1,2,8]. The regulations issued between 1912 and 1962 reflect
the changing attitude towards slag use in concrete. In Dutch Reinforced Concrete Regulations (GBV)
1912, slag was prohibited in concrete; in the GBV 1918, the use of slag cement comparable to current
CEM II/B-S or blast furnace slag cement, comparable to CEM III/A and CEM III/B, was explicitly
forbidden for reinforced concrete. In the 1920's, slag cement imported from Germany was nevertheless
used for building the North Sea canal locks at [Jmuiden after testing had shown the good resistance to
sea water. In 1931 slag cement production started at IJmuiden in collaboration between steel and
cement producers. Since 1930, using BFSC was only allowed if client and contractor agreed so in
advance; this remained the position in the 1930, 1940 and 1952 regulations. In the 1962 code, the
choice of cement type was free; it was explicitly stated that BFSC has better characteristics in
aggressive environments than ordinary Portland cement. In 1984, blast furnace slag cement was
recommended and Portland cement was discouraged for use in aggressive environments. The 1986
concrete technology standard, in which environmental (exposure) classes were introduced,
recommended using BFSC with high sulphate resistance, i.e. with at least 65% slag, for marine
environment. What is now called CEM III/B 42.5 LH HS (or most recently: SR), with typically about
70% slag, became the dominant cement type in the 1970s with a market share of more than 50%. In
The Netherlands, about 10 million cubic metres of slag cement concrete are produced annually, in
particular for concrete cast in situ. The low heat of hydration is seen as a big advantage with regard to
early age cracking. Fly ash has been used since the 1980s in CEM II/B-V with typically 27%
replacement level of clinker or mixtures of CEM I and fly ash with comparable replacement levels.
Addition of silica fume is rare in The Netherlands.

Traditionally, slag and fly ash were intermixed with clinker in the cement plant and the combined
product was sold as “cement”. The manufacturer would carefully compose these products to have
similar 28 day strength as Portland cement, typically with 32.5 or 42.5 MPa of (mortar) compressive



strength. In the 1990s, CEM III/A 52.5R with increased early strength was introduced, with 52-57%
slag, aimed at the precast industry. BFSC contain typically 0.6% of Na,O,y. Recently, separate slag for
addition to Portland cement in the concrete mixing plant has become available, but its use is not
common.

Since the 1980s, Ministry of Infrastructure regulations require concrete based on cements with at least
50% slag or 25% fly ash (the latter for precast concrete only), among others for preventing deleterious
ASR [9]. For reference to concrete technology practice in other countries, Dutch traditional concrete
compositions for aggressive environments (XD, XS) involve about 340 kg cement per cubic meter, a
target w/c of 0.43 and rounded siliceous aggregate of 32 mm maximum size; typical slump would be
125 mm and 28 day compressive strength c¢. 50 MPa [10].

Field studies of concrete in marine environment on structures up to 60 years of age and several decades
of laboratory work have shown that concrete made with cement that contains about 70% of blast
furnace slag (nowadays termed CEM III/B LH SR) shows excellent behaviour with respect to chloride
penetration and reinforcement corrosion [5]. This was supported by exposure and laboratory studies
[3,10,11]. In comparative studies, it was observed that chloride penetration in Portland cement concrete
was deeper and faster than in BFSC concrete. Chloride profile analysis revealed that chloride surface
contents were similar, but diffusion coefficients were consistently lower for slag cement than for
Portland cement. The decrease over time of apparent diffusion coefficients in slag cement is stronger
than in Portland cement concrete. In addition, slag cement concrete has a higher electrical resistivity
and lower corrosion rate after depassivation [6,7,12,13]. Slag cement hydration is slower than Portland
clinker hydration, but from about seven days age on, chloride migration is slower in the former than in
the latter [14]. Similarly, cement with moderate fly ash replacement of Portland clinker shows lower
diffusion coefficients and higher resistivities than Portland cement, in particular from a few months of
hydration on [7,15]. Composite cements with slag and fly ash at about 50% clinker replacement behave
similarly to fly ash cements. Critical (corrosion initiating) chloride contents appear comparable for all
cement types mentioned [16]. Summarising, replacement of clinker by slag at high levels (50 — 70%)
and fly ash at intermediate levels (20 — 30%) produces high chloride penetration resistance and high
electrical resistivity, overall decreasing the risk of corrosion in chloride contaminated environments.

Carbonation of CEM III/B concrete is faster (in particular in accelerated laboratory experiments) than
CEM I concrete and results in a more open microstructure. In practice, however, carbonation depths are
shallow en pose no problem with respect to reinforcement corrosion for cover depths in the usual range
for civil engineering structures [1]. Freeze-thaw + de-icing salt resistance of CEM III/B concrete is
slightly lower than that of CEM I concrete. Under Dutch climate conditions, any freeze-thaw + de-icing
salt damage of concrete is very small and the performance of CEM III/B and CEM 1 concrete are
considered to be similar with regard to this aspect. However, freeze-thaw + de-icing salt damage is
expected to be worse in Norway due to harsher winter climate, and is one of the main concerns related
to the use of slag cements. Bad curing (resulting in higher carbonation and a more open microstructure
of the cover concrete) increases the susceptibility for freeze-thaw + de-icing salt damage of CEM I1I/B,
especially in the form of scaling, at young age. The need for sufficiently long wet curing is therefore
the main concern with slag and in particular fly ash based blended binders.



EXPERIMENTAL PROGRAM

The program includes the following:

- Binders CEM III/B (no silica fume), CEM III/A (48% slag, with 5% silica fume), CEM II/V-A
(with 5% silica fume), CEM I (with 5% silica fume)

- Testing mortar with w/b 0.40

- Testing for rapid chloride migration (RCM [17]) at ages 2, 7, 28, 90, 180 and 360 days, and at
two and three years

- Testing for electrical concrete resistivity (using 120 Hz AC) at ages 2, 7, 14, 28, 56, 90, 180,
270 and 360 days, and then every three months up to three years.

- Carbonation depths at one, two and three years age.

EXPECTED RESULTS

At the moment of writing this paper, no results are available of the intended testing program. However,
it is thought interesting to predict expected results based on previous data and supposed effects of
binder compositions. Data are available of the development of chloride migration coefficients of CEM
I and CEM III/B mortars with w/c 0.50, from ages of one until 28 days [14]; and data on concrete with
w/c 0.35, 0.45 and 0.55 from 28 days until three years [18]. Concrete and mortar may have different
migration coefficients, even for the same w/c and at the same age. Nevertheless, it is possible to match
the values at 28 days, correct concrete values at later ages and compare the results over time. Figure 1
shows the results.

Also shown in Figure 1 are simple power models for both cement types. These were obtained by
fitting the equation y = A x™ with A a constant representing the (modelled) one day value, x time in
days and n an exponent as typically used in time dependent diffusion coefficient modelling [19,20].
Early age development deviated significantly from a simple power model, so data for one and two days
were neglected for CEM I and data for 1 — 7 days were neglected for CEM III/B. The resulting fits are
quite acceptable from either 3 or 7 days up to three years; exponent and one day values were n=0.23
and A=37 for CEM I and n=0.38 and A=10 for CEM III/B. Consequently, we have a reasonable
prediction for RCM values for the mortar made with CEM III/B in the program. However, CEM I is
not used pure but with 5% silica fume added; and the other binders contain either less slag than CEM
III/B or no slag but fly ash; and both contain silica fume. So the next step in predicting results should
address the effect of silica fume, and those of the other binders.

Silica fume is expected to accelerate the hydration, thus producing lower early values; whether it
produces low values at higher age in the mixes to be investigated remains to be seen, although exposure
testing has suggested so, possibly depending on silica fume dosage [15]. Slag produces lower values
than CEM I at about 28 days, that continue to decrease. Fly ash produces higher values at early age and
at 28 days, but lower values on the long term. Fly ash and silica fume combined can produce rather low
diffusion coefficients [10]. Consequently, the predictions for RCM at 28 days would have the following
order with values decreasing from 17 to about 3*102 m?/s:

CEM I = CEM II/A-V + 5% silica fume > CEM 1 + 5% silica fume > CEM III/A + 5% silica fume =
CEM I1I/B.

Predicting early age values and/or time dependency for the mixes to be tested is considered too
speculative at this moment. However, correcting for w/c ratio would be possible. As analysis of large
numbers of RCM values for different binders and w/c ratios has shown, the RCM = f(w/b) depends on



the binder type [1,21,22,23], with a much stronger dependency (at 28 days) for Portland cement than
for slag cement. The ranking order remains the same. Predictions have been collected in Table 1.
Previous testing of various concrete composition in Norway up to ten years generally would suggest
similar values at 28 days as predicted here [15].
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Figure I - Development of chloride migration coefficient for CEM I and CEM I1I/B mortars over time.

Table I - Predictions for RCM values at 28 days age for mortars with different binders

Mortar w/c 0.50 Mortar w/c 0.40

A n RCM @ 28 day RCM @ 28 day
binder (10" m%/s) (-) (10" m%/s) (10" m%/s)
CEM 1 37 0.23 17 6.8
CEM III/B 10 0.38 3.1 2.1
CEM I+ 5% silica fume ? ? 10 5
CEM III/A + 5% silica fume ? ? 3 2
CEM II-V/A + 5% silica fume ? ? 17 10

CONCLUSIONS

Reinforced concrete structures made with blast furnace slag cement with a high percentage of slag,
CEM III/B, have shown consistently good durability in aggressive environments under marine and de-
icing salt exposure in The Netherlands. This is related to a high chloride diffusion resistance and high
electrical resistance for slag cement. The Norwegian Public Roads Administration have expressed their
interest in slag cement for their project Durable Structures. Using BFSC in Norway would be
innovative. Improved durability of coastal bridges would be expected. However, Dutch CEM I1I/B
experience cannot be transferred directly, as no such cement is available on the Norwegian market.
Presently, CEM III/A with about 48% slag is being considered for the Norwegian market. Moreover,
Norwegian concrete technology for aggressive environment includes addition of silica fume at c. 5%
and using low water-to-binder ratios of 0.40 or lower. In order to study the potential of slag cements an
experimental program was set up. The program concentrates on determining chloride diffusion



coefficients and electrical resistivity between two days and three years of age. At the moment of
writing this paper, no results are available yet. However, previous experience allows prediction of the
behavior of mortars made with the investigated binders. The first results of the program will be
presented.
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