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ABSTRACT: The potential of ASR in concrete can be assessed by the concrete prism test. However, the transferability of the
results obtained with accelerated tests to concrete behavior under field conditions has to be validated. Such a validation was
performed ten years ago for concrete produced with Portland cement and various Swiss aggregates. In recent years, the use of
supplementary cementitious materials (SCM) has increased. So far, no validation for such types of concrete has been conducted in
Switzerland. The goal of the current project is to fill this gap and provide the missing validation. Eight structures where chosen for
the investigation. In all of them concrete containing SCM was used and the results of the concrete prism test at time of construction
were available. In general, the results of the concrete prism test correlate with the degree of damage in the structures assessed by
the analysis of the microstructure.
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RESUMEN: Eficiencia a largo plazo del humo de silice y de las cenizas volantes para evitar la reaccion dlcali-silice en estructuras
reales. La reactividad potencial alcali-silice (RAS) en el hormigén puede evaluarse mediante ensayos de prismas de hormigén.
Sin embargo, debe validarse la transferencia de los resultados obtenidos mediante ensayos acelerados con el comportamiento del
hormigén en condiciones reales. El ensayo acelerado de prismas de hormigdn se realiz6 hace diez afios para distintos hormigones
fabricados con cemento Portland y diferentes aridos suizos. En los ultimos afios se ha incrementado el uso de adiciones. Hasta ahora,
no se habia realizado ninguna validacion de estos hormigones en Suiza. El objetivo de este trabajo es llenar este vacio y proporcionar
la validacion que falta. Se eligieron ocho estructuras para la investigacion. En todos los casos se habia utilizado hormigén con
adiciones y se disponia del ensayo de prismas de hormigoén en el momento de la construccion. En general, los resultados de estos
ensayos se correlacionan con el grado de dafio en las estructuras, evaluandolas mediante analisis microestructural.

PALABRAS CLAVE: Reaccion arido-alcali; Ensayo de prismas de hormigoén; Exposicion real; Validacion; Microestructura.
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1. INTRODUCTION

The concrete prism test (CPT) is one approach used to
assess the potential for an alkali-silica reaction (ASR) of
a given mix design. As such, it is an important tool in de-
signing concrete resistant to ASR. However, the transfer-
ability of the results obtained with accelerated tests to con-
crete behaviour under field conditions has to be validated.
A validation of the Swiss CPT and the transferability of
its results to concrete structures have been established in
(1). However, only concrete produced with Portland ce-
ment (CEM I) was used in this validation. Supplementary
cementitious materials (SCM) are increasingly used for
concrete production either to reduce cement clinker con-
tent and with it CO, emissions or as a way to mitigate
ASR. Nowadays, blended cements dominate the Swiss
cement market. So far, the transferability of the results of
the CPT to concrete in field conditions has not been val-
idated for mix designs containing SCM in Switzerland.
Internationally, some information is provided by current
field exposure sites where concrete blocks produced in
the laboratory are stored outdoors. Their expansion is sur-
veyed and compared to results of the CPT (2-6). Howev-
er, these studies cover only the behaviour of the specific
aggregate-binder combinations used. As every reactive
aggregate exhibits a characteristic behaviour in regard to
expansion and as the cement composition and its effect on
ASR can vary substantially, a validation of the CPT with
Swiss materials is mandatory for a validation. Therefore,
a project using a similar approach as in (1) was started.
Structures were identified where two prerequisites were
present. Firstly, the concrete mix design had to include
reactive aggregates, fly ash (FA), silica fume (SF) or a
combination of both SCM. Secondly, results of the CPT
conducted at the time of construction had to be available.
Eight structures fulfilling the criteria described above
were identified. The goal of the project was to verify:

» whether FA and SF have the same effect on
ASR in the CPT on the short term and on the
structures on the long term;

» whether the expansion reached in the CPT
shows a relation to eventual damages observed
in the structures.

The selected structures were inspected, coring
sites were defined and several cores were extracted.
The concrete was analyzed using optical microscopy
(OM) and scanning electron microscopy (SEM) with
energy-dispersive X-ray spectroscopy (EDX). Then
the determined degree of damage was compared to
the expansion obtained in the CPT. More detailed re-
sults than presented here are available in (7).

2. MATERIALS AND METHODS

2.1. Materials

All investigated structures were built between 1999
and 2007, translating to an age of 11 to 17 years when

this analysis was performed. Information about the
structure type, age and location, the used concrete
mix design, the alkali content of the concrete, the re-
sults of the CPT and reactivity of the aggregates are
given in Table 1. All accelerated ASR tests were con-
ducted once for each structure before construction.
Consequently, cement, SCM and aggregates for the
CPT were not from the same batch as used for the
structures but from the same plants and quarries, re-
spectively. Additionally, the mix designs in the CPT
and the corresponding structures were identical.

The aggregates were tested with the ultra-acceler-
ated microbar test according to AFNOR XP 18-594
(four prisms: 10 x 10 x 40 mm?® (8)). The limit value
of expansion to identify potentially reactive aggre-
gates is 0.11 %. Consequently, all aggregates used
for the investigated structures were classified as po-
tentially reactive (Table 1).

The CPT as used nowadays in Switzerland (9) was
not standardized before 2012. Therefore, there were
some variations in the CPT protocol used for the con-
crete mixtures in the early 2000’s. All the concrete
mixtures except one (the viaduct in Dangelstutz BE)
were boosted with NaOH corresponding to 25 mass-%
of the total alkali content of the concrete. The speci-
mens (three prisms: 70 x 70 x 280 mm?) were stored in
a reactor at a temperature of 60 °C and close to 100 %
relative humidity. Test duration varied between 5 and
18 months. In the early 2000’s, a general limit value
of 0.2 %o was applied to distinguish between ASR re-
sistant concrete mixtures and non ASR-resistant con-
crete mixtures. In spite of the fact that two concrete
mixtures expanded more than 0.2 %o, they were still
used for construction. In the current standard (1), the
limit values of expansion after 5 months and after 12
months are 0.2 and 0.3 %o, respectively.

After defining coring sites, cores with a diameter
of 50 mm and varying length were extracted. Sam-
ples for the production of thin sections were select-
ed, cut, dried in the oven at 50 °C for three days and
epoxy impregnated. Then thin section measuring 50
x 90 mm? were produced. The samples to be studied
in the SEM were prepared in the same way as the
samples for thin sections. After epoxy impregnation,
disc-shaped, polished samples with a diameter of
50 mm were produced and carbon coated for SEM
analysis.

2.2. Methods

The state of the structures was assessed by visual in-
spection. Narrow cracks (< 0.5 mm) were usually pres-
ent on the concrete surface of the investigated struc-
tures. However, the extent of cracking was too low for
the determination of a meaningful crack-index.

2-4 thin sections (50 x 90 mm?) per structure were
studied using a Zeiss Axioplan polarisation micro-
scope. The crack-index was determined using the ap-
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TasLE 1. Investigated structures with concrete mix design, alkali content (without boosting) determined on the materials used for the CPT
and expansion determined using the Swiss CPT and the microbar test. All concrete mixtures tested with the CPT were boosted with an
amount of NaOH representing 25 mass-% of the total alkali content of the concrete (third row) except in the case of the viaduct. w/c_

uses K-factor for FA of 0.4 and for MS of 1.0.

Type of structure

Concrete mix design

Alkali-content of concrete

Expansion CPT  Origin of aggregate

Year of construction [kg Na,Oeq/m’] Expansion microbar test
CEM I 340 kg/m* . .
All 1 1 Mid-
River dam (Wettingen (AG), ~ FA 50 kg/m’ 31 ki -0.003 %o after 8 dleg}‘g gravel Mid
1930-1933, repair 2005-2007) SF 20 kg/m? e month
2.35 %o
w/cc_q =0.45
Viaduct CEM II/A-LL 305
kg/m? s 0.049 %o after 5 Gravel of Bernese Alps
glgggsgelstutz (BE), 1999- FA 20 kg/m’® 2.3 kg/m month? 1.97 %,
w/c,_=0.49
eq
s .
Bridge 1 (Fully (VS), 2004- gfl\ﬁ)z 31((;(31111<3g/ o 2.6 kgl 0.122 %o after 5 ﬁg;‘l’e‘ai EZ;"] of
2006) wle, = 0.42 month 2.50 %o
CEM I (with 4 mass- Alluvial gravel of
Oil-water basin (Vevey (VD), % SF) 350 kg/m? s 0.161 %o after 12 &
2005) FA 50 ke/m’ 3.0 kg/m month Rhone valley
0,
wic, = 0.46 189 %o
Various components of Sub- ~ CEM I 350 kg/m? 0.171 %o after 5 Alluvial gravel of Mid-
way (Lausanne (VD), 2004- FA 25 kg/m? 3.2 kg/m? rrionth dleland
2007) wic, =0.46 0.95 und 1.61 %o
EM I 325 kg/m?
Bridge 2 (Visp (VS), 2004- (S:F 20 k3 /;3 g/m 2.6 ke/m? 0.259 %o after 18  Alluvial gravel of Vispa
2006) e - § s OXE month No data
eq :
s .
Train station (Salgesch (VS), gflg/lolkgr(;i(g/m 2.6 ke/m? 0.265 %o after 5 ﬁ:;l;;a‘llagﬁzzel of
2004 ’ th
00 wle, = 0.48 men 1.79 %o
5 .
Tunnel entrance (Collombey g}}i 1_\:[1: Aci 2(5)01(1;/%;1? 3.1 ke/m® 0.300 %o after 5 ﬁggg;a\l,ii;el of
(VS), 2003 wic, ca. 0.4 month 2.04 %o

proach described in (10), taking into account micro
cracks > 5 um. 2-8 thin sections were studied per struc-
ture by optical microscopy.

The polished samples were studied using a FEI Quan-
ta 650 applying a pressure between 3.0 and 4.0x10°°
Torr. Chemical analysis was performed by EDS with
a Thermo Noran Ultra Dry 60 mm? detector and Path-
finder X-Ray Microanalysis Software. An acceleration
voltage of 12.0 kV and a spot size of 4.5 was used for
imaging and EDS analysis. The images were acquired in
the backscattering mode. Two disc-shaped polished sec-
tions with a diameter of 50 mm were studied per coring
site. Element ratios are given based on atomic-%.

3. RESULTS

3.1 River dam

The presence of FA and SF and the type of ce-
ment used are confirmed (nominal binder composi-

tion: cement (CEM I (340 kg/m?®), FA (50 kg/m?) and
SF (20 kg/m?). The aggregates represent the typical
material used in the Swiss Middleland, consisting of
alluvial deposits of well-rounded carbonate and sili-
cate rocks originating from the Alps.

The FA particles are easily identified. SF was
poorly dispersed and forms a lot of agglomerates up
to a diameter of 0.4 mm, displaying crack formation
(Figure 1A). The high Ca/Si-ratio in the interior of
the aggregate indicates that it has fully reacted and
has no expansion potential left (Figure 1B).

Some of the cracks display the typical character-
istics of early age shrinkage, propagating around ag-
gregate particles instead of through them. At a depth
> 4 cm, the cracks start to run through the aggre-
gates. Some of them display ettringite. Ettringite is
present as well in many air voids.

The total crack-index is 0.53 mm/m; without tak-
ing into account cracks <5 pm it is 0.15 mm/m.

ASR products in the aggregates are nearly absent.
Only in one aggregate, a thin crack lining, albeit too
narrow for accurate EDS analysis, was present.
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Ficure 1. (A) SF agglomerate. The white arrow indicates location and direction of the EDS line scan shown in (B). Horizontal field
width (HFW) = 414 um. (B) Ca/Si- and (Na+K)/Si-ratio close to the edge of a SF agglomerate displaying a zone with decreased
Ca/Si-ratio and high Na/K-ratio close to the surface. River dam.

FIGURE 2. Relatively large iron-bearing (dottedr;vhite arrows)
and small FA particles without iron (white arrows) in the ce-
ment paste. Thin section in polarized light. Bridge 1.

3.2. Viaduct

The type of cement used and the presence of
a minor amount of FA are confirmed (nominal
binder composition: CEM II/A-LL 305 kg/m?, FA
20 kg/m?®). The well-rounded aggregates are com-
posed of granite and siliceous sandstone with mi-
nor amounts of limestone and gneiss. There are
numerous microcracks in the aggregates, mainly
concentrating on granite and gneiss. Usually, these
microcracks do not extend into the cement paste
and it is likely that these cracks were already pres-
ent before the aggregates were used for concrete
production However, in a few cases cracks extend
from sandstone aggregates into the cement paste.
In some of these cracks, crystalline ASR products
are present as partial fillings. Only in one case, a
completely filled crack is observed. The crack-in-
dex is 0.46 mm/m.

3.3. Bridge 1

The presence of a major amount of FA (Figure 2) and
the use of CEM I are confirmed (nominal binder com-
position: CEM T 300 kg/m?®, FA 100 kg/m?®). Gneiss and
schists are the major components of the aggregates with
about 30 % carbonates. Microcrystalline quartz as a typ-
ical reactive mineral is present both in gneiss and schist.

Typical ASR-related cracks extending from the
aggregates into the cement paste are only marginal-
ly present. No ASR products in the aggregates are
detectable in the thin sections. In the SEM, minor
amounts of crystalline ASR products can be observed.

3.4. Oil-water basin

Cement type and FA as mineral addition are con-
firmed (nominal binder composition: CEM I contain-
ing 4 mass-% of SF as minor constituent 350 kg/m?,
FA 50 kg/m*). Some silica agglomerates with a di-
ameter of up to 30 um are present. The aggregates
contain limestone, limestone with detritic silicates,
quartzite, sandstone, gneiss and schist. The particles
range from well-rounded to crushed.

The aggregates display numerous microcracks
that often extend into the cement paste. No ASR can
optically be identified in the thin sections.

In the majority of the aggregates, ASR products are
observed in the SEM. They mostly occur as isolat-
ed bundles but can fill cracks entirely in a few cases
(Figure 3).

The determination of the crack-index resulted in a
value of 0.30 mm/m.

3.5. Subway

Cores from three structures, all part of the sub-
way line, were studied. The same concrete mix
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‘L 12.( 4.
Ficure 3. Crack in gneiss particle filled with crystalline ASR
products (white arrows). Oil-water basin. HFW = 52 pm.

design was used in all three of them. The minor
amount of FA and the cement type are confirmed
(nominal binder composition: CEM I 350 kg/m?, FA
25 kg/m?). Limestone (70 %) with a minor amount of
siliceous inclusions and sandstone (30 %) with mi-
nor amounts of silicates compose the well-rounded
aggregate. A relatively alkali-reactive filler (crushed
siliceous sandstones) was added to the concrete.

Two of the three structures do not show any signs of
ASR. Both of them are not exposed to the weather and
are not in contact with bedrock. However, in the third
one, a supporting wall exposed to precipitation, clear
signs of ASR are present. They manifest as microcracks
extending from the aggregates into the cement paste.
While the resolution of the optical microscope does not
allow the identification of ASR products, they are iden-
tifiable in the SEM as partial crack fillings in limestones
containing siliceous inclusions and in silicates.

The crack-index is 0.52 mm/m in the ASR-affect-
ed supporting wall.

2.00

4.5

Ficure 4. Crack in gneiss particle partially filled with crystalline ASR products (white arrows). Railway

3.6. Bridge 2

The cement type and SF occasionally forming ag-
glomerates < 20 um are confirmed (nominal binder
composition: CEM I 325 kg/m?®, SF 20 kg/m®). The
well-rounded aggregates mainly consist of gneiss
and schist with traces of carbonate particles (~ 5 %).

There are numerous aggregates displaying mi-
crocracks extending into the cement paste. No ASR
products can be observed in the thin sections. SEM
reveals that crystalline ASR products are present as
partial crack fillings.

A value of 0.42 mm/m was determined for the
crack-index.

3.7. Railway station

The use of a substantial amount of FA and the ce-
ment type are confirmed (nominal binder composi-
tion: CEM I 270 kg/m?, FA 80 kg/m?®). The crushed
aggregate consist of gneiss and schist with some car-
bonates corresponding to about 20 %.

Numerous aggregate particles exhibit ASR-typi-
cal cracks running from the aggregates into the ce-
ment paste. The cracks form an interconnected net-
work comprising the entire concrete. However, no
ASR products are recognizable by optical microsco-
py. In the majority of the affected aggregates, ASR
products are identifiable with SEM as partial crack
fillings (Figure 4). The crack-index is 0.43 mm/m.

3.8. Tunnel entrance

The cement type and minor amounts of FA and
SF, the latter with some agglomerates < 30 pm,
are confirmed (nominal binder composition: CEM

30um

station. HFW = 424 um (left) and 83 pm (right).
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I 300-350 kg/m?, FA 20-40 kg/m?® SF 10 kg/m?).
A mixture of silicate and carbonate rocks (~30 %)
were used as aggregates.

Only about 5% of the aggregates display cracks
running from the aggregates into the cement paste.
In a few of these aggregates, ASR products can be
observed by optical microscopy. Additionally, there
are ASR products in air voids located in the cement
paste. With the SEM, all crack-affected aggregates
show partial or complete crack fillings.

The determination of the crack-index reveals a
value of 0.48 mm/m.

3.9. Composition of ASR products

The crystalline ASR products present in aggre-
gates consist of silicon as the main components and
additionally potassium, sodium and calcium show-
ing only little variation in the different structures
(Figure 5). Only the products formed in aggregates
of bridge 1 contain slightly less alkalis and calcium
compared to the other ones. The Na/K-ratio ranges
from 0.20 to 0.48. These values may be influenced
by releasable alkalis of some aggregates or the alka-
lis present in the used FA, both potentially affecting
the Na/K-ratio. These values are in agreement with
results reported in (1, 11-13).

4. DISCUSSION

At the time of the investigation, the structures
were still relatively recent for the development of
ASR, since Swiss aggregates are known for their
slow reaction. Still, the microstructural features
present permit to assess the state of damage, the
stage of ASR and with it an approximate assessment
of its future development.

ASR present in the River dam is not caused by the
aggregates, but by the poorly dispersed SF forming

B 0.6
0.5 - X

Na/K [-]

A
0.3 -
1 —
@ 02 @ Viaduct ¥
&z X Bridge 1
pe A Basin
é 0.1 1 XMetro
Bridge 2
W Railway station
X Tunnel entrance
0.0 . T
0.0 0.1 0.2 0.3

Ca/Si[-]

large agglomerates. The microstructure clearly indi-
cates that these agglomerates have been expanding,
leading to ASR-typical cracks. In the CPT the con-
crete showed no expansion at all. It can be assumed
that the SF used to produce the concrete prism for
the accelerated test was well dispersed, mitigating
ASR instead of triggering it.

The expansion in the CPT in case of the viaduct
was very low with a value of 0.05 %o. This seems to
be in contrast to the clear signs of ASR present in the
structure. However, it has to be taken into account
that no alkali boosting was used for the CPT in this
particular case. With alkali boosting the expansion
in the CPT might have been higher. This would have
placed the expansion value more in line with the
damage observed in the structure.

The few signs of ASR in bridge 1 go well togeth-
er with the expansion in the CPT that is clearly be-
low the limit value of 0.2 %o. The used dosage of FA
(100 kg/m?) was probably effective to suppress ASR
in spite of the highly reactive aggregate.

The expansion potential of the concrete used for
the oil-water basin is indicated as low by the CPT
with a value of 0.13 %o after five months. On the
other hand, the microstructural analysis indicates a
moderate damage. In this case, the CPT somewhat
underestimates the ASR potential.

The three studied structures of the subway clearly
show the effect of exposure. Only the structure ex-
posed to rain showed ASR in spite of the identical
mix design in all three structures. The expansion in
the CPT that is slightly below the limit value seems
to go along with the ASR status of the affected struc-
ture.

The CPT of the concrete used in bridge 2 resulted
in an expansion just below the limit value. There-
fore, the assessed damage and damage potential as-
sessed by the microstructural investigation fit well.

The microstructure of the concrete used in the
Railway station shows that the majority of the ag-
gregates is affected by ASR leading to a connected

0.4 -
!
0.3 7 ¢ Viadukt -
X Bridge 1
02 - ABrldge 2 —_
X Metro ]
0.1 - Ba_sin _
: M Railway station
X Tunnel entrance
0.0 T T
0.0 0.1 02 0.3
Ca/Si []

FiGure 5. (Na+K)/Si-ratio (A) and Na/K-ratio (B) as a function of the Ca/Si-ratio of the crystalline ASR products formed in the aggre-
gates of the different structures.
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network of microcracks. This seems to be no sur-
prise because the structure is exposed to the weather
and the CPT clearly indicated a potentially reactive
concrete with an expansion above the limit value.

The tunnel entrance showed the most developed
ASR of the studied structures, with relatively few
affected aggregates but the formation of ASR prod-
ucts already easily observable with the optical mi-
croscope. Here again, this was to be expected as the
CPT indicated a potentially reactive concrete with
an expansion of 0.3 %o.

The comparison between the expansion potential
in the CPT and the observed damage in the micro-
structural analysis are summarized in Figure 6. As
the structures are relatively recent and ASR is in its
early stage, the values for the crack-index are low.
Still, there is a trend for an increased crack-index
with increasing expansion in the CPT. The only out-
lier is the viaduct. As already explained above, this
is likely the result of the missing alkali boosting in
the CPT. With alkali boosting, the expansion of the
CPT in case of the viaduct would have moved into
the direction of the arrow in Figure 6. The viaduct
is not taken into account in the calculation of the
regression line. Additionally, the value of the river
dam is not shown, because SF agglomerates were
responsible for expansion and not the aggregates.
A qualitative assessment in regard to the expansion
potential of the structures in the future based on age
and crack index is shown in Table 2.

The used dosages of SCM were only able to sup-
press ASR nearly completely in the case of bridge 1.
In the other cases, ASR was only slowed down. The
observed damages were clearly lower than in oth-
er structures produced with concrete containing the
same or similar aggregates and no SCM. However, it
seems to be advisable to use at least 100 kg/m* of FA
to suppress ASR with the type of aggregates used. In
the case of bridge 2 even a dosage of 20 kg/m* of SF
was not sufficient to eliminate ASR. Additionally,
the combination of relatively low doses of FA and
SF has not been shown to be fully effective.

In regard to the microstructural analysis, thin sec-
tions are well suited to identify expanding aggregate

0.35
;: Tynnel entrance
g 0 Railway stati ©
.E, 025 ailway station |~
s _ . Bridge 2| .
FE 02 weeno)
b E 0.15
‘-;— ) ok ORBasin | Metro A
g 01 ?
z Bridge 1 :
Z 005 O—
.,:5 Viaduct

0
0 0.2 0.4 0.6

Crack-index [mm/m]
FIGURE 6. Expansion in the CPT as a function of crack-index.

particles based on the crack patterns, to determine
a crack-index and to identify larger deposits of ASR
products formed in aggregates and extrusions thereof
into the cement paste. However, often the small amount
of crystalline ASR products present in aggregates at an
early stage of the reaction are below the resolution lim-
it of optical microscopy. Therefore, the combination
of optical microscopy with SEM/EDX is beneficial to
verify the presence of ASR without ambiguity.

TaBLE 2. Qualitative assessment of the expansion potential de-
termined with the CPT and degree/damage potential of ASR in
the different structures based on their current state.

Structure AAR expansion Assessed ASR
potential based on damage potential
CPT in the future of
structure
River dam very low very low
Viaduct low low to medium
Bridge 1 low low
Oil-water low medium
basin
Subway low to medium, below medium
limit value
Bridge 2 low to medium, below medium

limit value

Train station medium to high medium to high

Tunnel medium to high high
entrance
5. CONCLUSIONS

The expansion of the CPT was compared with the
condition of concrete structures in which the same
mix design used in the CPT was applied. The dif-
ferent concrete mix design contained both reactive
aggregates and SCM. Based on the results, the fol-
lowing conclusions can be drawn:

— The CPT seems to be suitable to asses the ex-
pansion potential of concrete containing SCM
used in structures. However, the database has
to be enlarged for further verification.

— Alkali boosting of the concrete used for the
CPT seems to be necessary to better reflect
the behaviour of the concrete in the structure.

— Using different batches of SF and likely FA
for the CPT and the structure may lead to a
change in the expansion potential of one or
the other.

— Low amounts of SCM (FA < 80 kg/m?3, SF <
20 kg/m?), even when used in combination,
are not able to prevent ASR and seem only
successful in slowing down the reaction.

— The analysis of thin sections is a suitable tool
to determine the crack-index and identify
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expanding aggregate particles. However, it
has to be complemented by SEM with EDX
to identify ASR products in an early stage of
reaction.
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