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Abstract

It is well-known that temperature gradients can lead to eigenstresses the concrete. With large
temperature differences between the coefficients of thermal expansion of concrete constituents
cement stone and aggregate, the calculated stresses are in the range of the tensile strength of concrete.
So far, it is assumed that the thermal expansions of alkali-sensitive aggregates are largely independent
of the alkaline environment. This paper shows that not only the mechanical properties but also the
coefficient of thermal expansion depends on the alkaline medium. What theoretical damage processes
may arise during an alkali-silica reaction is, among other things, discussed in this paper.
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1 INTRODUCTION

The alkali-silica reaction (ASR) is one of the biggest problems for the durability of concrete [1].
Basically, ASR concerns a chemical reaction in the concrete between the highly alkaline (pH = 13.5)
pore solution (OH-, Na*-, K*-, Ca?*-ions), certain SiO, modifications of aggregates and water. The
SiO; needs a critical amount, variety, and distribution to be present. In this case, alkali-silica gels swell
upon exposure to water, thereby causing strain and eventually cracks in the concrete. An ASR starts
out always by the rock grains, wherein between fast and slow-reacting rocks must be distinguished.
For fast-reacting rocks the ASR always starts from the surface of a grain, while in contrast, the ASR
for slow-reacting rocks always emanates from the interior of a grain.

The examinations of concrete thin sections show often that a pronounced formation of cracks
along grain boundaries inside a grain is presented as characteristic feature. In addition, it can be seen at
the grain boundaries that a partial dissolution of the crystal takes place. The cracks in the grain extend
into cracks in the cement matrix. The ASR gel is usually found in the cracks of the cement matrix, the
adjacent air pores and not in the grain itself [2]. In addition, there seems to be also quartzites, in which
the grain boundaries are dissolved within a rock grain, but the crack in the rock does not cause any
crack formation in the surrounding cement matrix [2].

Numerical studies can outline the possible causes of injury due to different strain. However, in
particular, the input parameters in the numerical calculation are critical. To simulate the crack
formation and propagation in concrete, non-linear elastic fracture mechanics is used. For the damage
process at micro level especially the works [3, 4, 5, 6] are to be named. In all models is not yet
considered that solvents attacks lead to SiO, modifications and to softening of the aggregate [7, 8]. In
aggregates, which often have a very diverse mineral composition differences in the thermal expansion
of individual minerals can lead to stress concentrations at the grain boundaries and contact points.
This would result in cracks that occur prior to the formation of the alkali-silica gel. To what extent the
alkaline medium changes the coefficient of thermal expansion of alkali-sensitive aggregates and which
influence results in damage process at the end of ASR, is one of the open scientific matters.

2 MATERIALS AND METHODS

2.1  Rockused

Quartz porphyry from a quarty in the middle of Germany was selected for the experiments. The
mineral composition has been determined by X-ray diffraction. The results are given in Table 1. The
alkali sensitivity of the rock was assessed with the accelerated mortar test according to [9] which is
derived from [10] and [11]. With the mentioned test quartz porphyry was found to be ASR sensitive
[2]. From a large boulder cores were drilled out for the investigations of mechanical properties
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[2, 7, 8]. From a larger drill core were, to determine the thermal expansion, further cylindrical
specimen (diameter of 9.4 mm and a length of approx. 25 mm) worked out (Fig. 1).

2.2 Exposure conditions

As synthetic pore solutions a 0.1 molar (pH = 13) and a 1.0 molar (pH = 14) potassium
hydroxide solution (KOH solution) were used. With the pore solution used conditions should be
created which correspond in terms of pH and main ion type (K*), determined as K>O, to a Portland
cement pore solution.

Four cylindrical specimens were upright stored in sealed wide mouth bottles with KOH
solution and to the relevant test date in a drying oven at (40.0 = 2.0)°C and (80.0 £ 2.0)°C. On three
test specimens, the thermal expansion should be determined, one specimen should be used for light
microscopic investigations. The KOH solution was filled so that the samples were 10 mm below the
surface and thus fully immersed in the KOH solution. For test date after 30, 60 and 90 days of storage
the samples were removed from the KOH solution, rinsed with distilled water and dried for at least 24
hours in a desiccator. Following the measurement of the thermal expansion, the cylindrical specimens
were given back in the wide-mouth bottles and the KOH solution was renewed. Table 2 gives an
overview of the inspection dates and the storage conditions. (The designation of specimen in the
following is i.e. 30_0.1_80: the first number gives the storage duration, the second number the
concentration of the KOH solution and the third number the exposure temperature).

2.3  Testing method

As a device for electronic measurement of linear thermal expansion, the thermo-mechanical Analyzer
TMA 402 F3 Hyperion Netzsch with an inductive displacement sensor was available. The technology
of the analyzer enables measurements of the smallest length changes in the nanometer range (digital
resolution 0.125 nm). A great advantage when measuring compared to [12] is that the entire measuring
system is thermally stabilized via water-cooling. In this way, influencing the measurement is inhibited
by introduction of heat from the furnace or fluctuating ambient temperatures. All connections are
vacuum-tight designed so that measurements in a highly pure atmosphere or vacuum are possible.

The thermal expansion was determined in the temperature range of +20 to +80°C. Based on
the room temperature was maintained at (20 £ 0.2)°C, this held over 2 h and the off-path length (ls20)
determined the specimen. It was then approached at a rate of 0.5°C/min a temperature of
(80 £ 0.2)°C min, this held over 2 h and determine the final length of the specimen (o). To evaluate
the residual elongation length, the measured values were taken at 20°C and 80°C (o and lgo) at the
end of the hold time points. As calibrated reference sample, an aluminum oxide sample was used with
known thermal expansion in the temperature range from 20°C to 80°C.

2.4  Microscopic examinations

According to the experiences of [2] thin sections were prepared for studies with optical
polarizing microscope. For 30, 60 and 90-day storage, of a cylindrical sample were cut off a slices
taken. From the slices, uncovered polished thin section samples were prepared with pore space
coloring on a glass slide. The pore space coloring was done with a blue colored epoxy resin (colored
with Oracet blue epoxy resin) by vacuum impregnation. By means of polarization microscope
Orthoplan pole of Leitz thin sections were studied.

3 RESULTS
Linear thermal expansion

From three cylindrical specimens of each combination (Tab. 2) the standard deviation and
coefficient of variation of the coefficient of thermal expansion was determined. In Fig. 2 the test
scatter after 30 days of storage of combinations 30_0.1_40, 30_1.0_40 and 30_0.1_80 are within the
test scatter of the zero sample (initial state). The results of the combination 30_1.0_80 is outside the
scatter of the zero sample and the other combinations. The coefficients of variation are in a range of
3.5 to 8.5%.

Comparing with the results after 30 days of storage are the scatter of the first three
combinations after 60 days of storage within the scatter of the zero sample (Fig. 3). Outside the scatter
is just the combination 60_1.0_80. The coefficients of variation are in a range of max. 10%.

Fig. 4 shows that the average values of coefficients of thermal expansion after 90 days of
storage in the sequence 90_0.1_40 — 90_0.1_80 — 90_1.0_40 — 90_1.0_80. The scatter of
combinations 90_1.0_40 and 90_1.0_80 are outside the scatter of the zero sample. The coefficients of
variation are in a range of 0.8 to 7.5%.



In Tab. 3 the length increases are given as mean values, arising after 60 and 90 days storage in
the KOH solutions. The length increases were calculated as the difference of the initial length 1o of
the test specimens after 60 and 30 days storage, as well as the difference between the initial length of
the test specimens lo after 90 and 30 days. It is found in all storage combinations that the specimen
length increases with increasing storage time.

Microscopic examination of thin sections

From each combination a thin section was prepared and analyzed by polarization microscopy
on a cylindrical specimen at the end of each storage. Fig. 5 shows that the degree of dissolution and
disintegration after 90 days of storage at the combination 90_1.0_80 is greatest. The dissolution and
disintegration range up to 2 mm into the specimen. In the center of the specimen was the fine-grained
matrix, as in the zero sample (initial state), completely intact. In contrast 90_1.0_40 dissolution and
disintegration were detected mainly near the surface in the combinations 90_0.1_40, 90_0.1_80. The
dissolution of the typical fine-grained quartz porphyry matrix leads to an increase in the porosity of
the structure, which is confirmed by the presence of blue-tinted impregnating resin in the structure.
The increased porosity in the peripheral region also represents a preferred passage means for further
penetration of the KOH solution.

4 DISCUSSION
General

The determined coefficient of thermal expansion of zero sample is in the range from
customaty quartz porphyties of 4.1E-6 to 8.3E-6 1/K [13]. The scatter achieved are not unusual for
material testing when determining the coefficient of thermal expansion with coefficient of vatiation of
max. 10%.

Effect of beating rates

Heating rates of not more than 2°C/min are necessary to eliminate the formation of cracks
due to stress generated by thermal gradients in samples with a diameter of 6 mm [14] for the precise
measurement of the temperature expansion. It can therefore be assumed that the chosen heating rate
of 0.5°C/min leads to a significant reduction of newly formed cracks by thermally induced stresses.

Effect of microcracks in pristine rocks

The authors [15] and [16] have shown that the average thermal expansion of rocks with a large
number of microcracks is less than the mean thermal expansion of the individual crystals. The
formation of microcracks in a rock by mechanical, external influence leads to reduction of the
coefficient of thermal expansion of same rock without mechanical, external influence. Cracks in the
crystals themselves and along grain boundaries allow for thermal expansion of the existing pore space
without contributing to the overall expansion of the rock [14]. Existing cracks before the heating and
cooling thus do not contribute to a possible residual elongation at room temperature.

In the formation of microcracks can be distinguished, whether they are natural or artificially
induced. Artificially induced microcracks caused by blasting operations, core withdrawals so-as
evidenced by the preparation of aggregates by jaw crusher, ball crusher and others. Recent studies on a
granodiorite showed [17] that a significant influence on the type of process ASR due to the formation
of different micro-cracks or micro crack patterns in the rock grain under external alkali supply is not
detectable. In addition to the external stresses, internal thermal stresses affect the cracking and crack
propagation, which causing structural intergranular tensions due to the different thermal expansion
behavior of-rock-forming minerals. Open in-situ microcracks have a preferred orientation and
therefore a significant influence on physical-mechanical rock properties.

Effect of exposure on physical and mechanical properties of rock

The experiments demonstrate (Table 4) that depending on storage time, alkaline environment
and temperature a reduction of the coefficient of thermal expansion, as a physical rock property,
occurs.

Results from mechanical properties of quartz porphyry are reported by Reinhardt and Mielich
[7]. They measured a reduction of the modulus of elasticity in the range of 10 to 41% after 70 and 140
days storage in a 40°C warm 1.0 molar KOH solution. Table 4 shows that the coefficient of thermal
expansion of identical quartz porphyry after 90 days exposute in the 40°C warm 1.0 molar KOH
solution (90_1.0_40) is reduced by 12%. It is therefore assumed that when stored more than 90 days,
the coefficient of temperature expansion will continue to decline.



Independent from the source, the solubility and mobilization of rock minerals, which depends
strongly on a high concentration of OH-, leads to a reduction of mechanical rock properties [7]. This
is consistent with the work of Copuroglu et al. [18], who studied three types of rock in warm alkaline
solution and found a reduction of the elastic modulus which was supposedly due to silica dissolution.
The work of Ben Haha [19] showed that alkaline solution leads to a reduction of fracture energy and
the brittleness of reactive rocks.

Summarized it can be noted that alkali-sensitive rocks ate unstable in high alkaline
environment and undergo an alteration. This deterioration feature of alkali-sensitive rocks is
irreversible and affects mechanical and physical properties of rock or aggregate and influence
indirectly the integrity of concrete.

Effect of dissolution processes

The determination of the residual strain after cooling is an indicator of the degree of structural
damage in the rock. In contrast, discontinuous measurements of the initial length of one and the same
specimens before heating at room temperature (l20) ate an advantage in capturing the increase in
length by dissolving operations in the rock. The light-microscopic studies (Fig. 5) have shown that the
SiO; dissolution process and other rock-forming minerals originating from the marginal zone of the
surface of the alkali-sensitive quartz porphyry. At least the SiO; dissolution process seems to be
participating in the increase in length of the test specimens (Tab. 3). Transferred to ASR sensitive
concrete, it would mean that increase take place before gel formation. Similar results are reported by
Garcia-Diaz et al. [20]. The authors suppose an increase in volume and a related material pressure
build-up alone as a result of the SiO; dissolution process even before the actual gelation. A
combination with the results of [2, 21] would also explain why is expected a decrease of strength and
deformation properties before a measurable increase in strain appears (Fig. 6).

Effect on concrete tests

In concrete prism or ASR performance tests, prior to any length change measurements prisms
must be cooled down in case of discontinuous measurements, however, without defined cooling rate.
This procedure produces both humidity and temperature gradient, which leads to internal stresses [22]
in the specimen. To make matters worse, the thermal expansion of the aggregate and the formation of
additional cracks inside a grain may be the result of the influence of the SiO; dissolution process and
other rock-forming minerals as mentioned above. Eventually, an additional cracking would have a
remaining, residual strain irreversible consequence that would distort the assessment criterion
elongation as well as the characteristic features of the ASR falsified. This would also explain that
cracks along grain boundaries inside a grain can be found, but not an ASR gel itself. This is usually
found in the cracks of the cement paste and in the adjacent air pores.

5 CONCLUSIONS

The paper has reported on experimental and theoretical investigations with one alkali-sensitive
rock. The alkali-sensitive rock was quartz porphyry. The time-dependent coefficient of thermal
expansion was measured after exposure in pore solutions, which differ in their temperature and
concentration. The main conclusions are:

1) Alkali-sensitive rocks are unstable in high alkaline environment and undergo an alteration. This
deterioration feature of alkali-sensitive rocks is irreversible and affects physical and mechanical
properties of rock or aggregate and influence indirectly the integrity of concrete.

if) The determination of the initial length (I20) after 30, 60, and 90 days exposure appears to be an
indicator for SiO release.

iif) The increase in length after exposure in synthetic pore solution depends only slightly on the
concentration of solution. This requires further investigations.

iv) Transferred to ASR sensitive concrete, it would mean that expansion take place before gel
formation. This could mean that the current test procedures have to be reconsidered.

Y] Further investigations are necessary to better understand the damage and cracking processes in

a rock grain. The choice of temperature, heating and cooling rates and concentration of
external alkali supply in accelerated test procedures and performance tests must be
systematically scrutinized. One has to make sure that the aggregates are not rejected due to
negative testing influences.

vi) A larger data base of physical-mechanical characteristic would help to create a realistic model
of ASR damage processes especially on the micro level.
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TABLE 1: Major mineral composition of the rock used.

rock type

quartz

porphyry

mineral composition

quartz feldspar

plagioclase  [chlorite

carbonate

imica kaolinite

22.0 33.7

34.5 2.6

1.8

4.6 0.6

TABLE 2: Test dates and storage conditions.

storage times in days

KOH solution in mol/1

temperature in °C

30-60-90

0.1 40
0.1 80
1.0 40
1.0 80

TABLE 3: Mean values of increase in length
after 60 days (Algod-30d) and 90 days (Aloa-304) storage at temperature of 20°C.

clongation Al in mm
0.1_40 0.1_80 1.0_40 1.0_80
Aliasoa = 0.065 0.065 0.053 0.069
Als20,60d - Als20,304 ’ ’ T ’
Alood-60a =
1. 1. 1. 1.033
Alg20,904- Als20,60d 044 035 056 03
Algoa 304 =
Aloosos Alonon 1.109 1.100 1.109 1.102
TABLE 4: Mean values of coefficientt of thermal expansion
under the effect of concentration and temperature.
storage time linear coefficient of thermal expansion o in 1/K, (%)
0.1_40 0.1_80 1.0_40 1.0_80

30
60
90

8.07E-06 (100)

7.69E-06 (95)

7.33E-06 (91)

7.46E-06 (92)

6.09E-06 (75)

7.66E-06 (95)

7.41E-06 (92)

7.42E-06 (92)

6.18E-06 (77)

7.38E-06 (91)

7.26E-06 (90)

7.13E-06 (88)

4.94E-06 (61)
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FIGURE 1: Drill core and specimens (left). Cylindrical specimens between push rod
and sample table in the analyzer TMA 402 F3 Hyperion Netzsch (right).
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FIGURE 2: Linear coefficient of thermal expansion, scattering range and coefficient of
variation (COV) after 30 days storage in 0.1 and 1.0 molar KOH solution at 40°C and
80°C.
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FIGURE 3: Linear coefficient of thermal expansion, scattering range and coefficient of
variation (COV) after 60 days of storage in 0.1 and 1.0 molar KOH solution at 40°C
and 80°C.
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FIGURE 4: Linear coefficient of thermal expansion, scattering range and coefficient of
variation (COV) after 90 days of storage in 0.1 and 1.0 molar KOH solution at 40°C
and 80°C.
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FIGURE 5: Structure of quartz porphyry matrix after 90 days of storage of
combinations 90_0.1_40 (top left), 90_0.1_80 (top right), 90_1.0_40 (bottom left) and
90_1.0_80 (bottom right).
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FIGURE 6: Schematic representation of the expansion history and development of the
modulus of elasticity, tensile strength and compressive strength of concrete at the
expiry of an alkali-silica reaction from the results in [2, 21].



