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To minimize the potential risk of concrete damage due to alkali-silica reaction (ASR) when using ordinary
Portland cement in concrete mixtures, the alkali threshold level must be established for specific aggregate
combinations. Since deicing salts used in the winter maintenance of highway structures can serve as an external
source of alkalis, their impact on alkali threshold determination should be evaluated. An experimental investi-
gation was conducted on concrete specimens subjected to a 60°C performance test, both with and without an
external alkali supply. Concrete mixtures were prepared using Portland cements with alkali contents ranging
from 0.45 % to 1.2 % NayOeq. Mineral aggregates consisted of blends of potentially reactive coarse granite and
natural siliceous sand, characterized by varying degrees of reactivity. The development of concrete expansion
over time and associated changes in its dynamic elastic modulus, as well as the characteristics of ASR products in
concrete is reported. The chemical reactivity index was determined based on the concentrations of Si, Ca, and Al
in test suspensions containing aggregate, CaO, and NaOH. At simulated pavement environmental conditions
variations in temperature and relative humidity in concrete were monitored. The effects of exposure conditions
on expansion behavior and the composition of ASR products are discussed. The alkali threshold levels derived for
such different exposure conditions are compared and analyzed in relation to the varying potential reactivity of

fine aggregates.

1. Introduction

A sufficient alkalinity of the pore water solution (hydroxyl ion con-
centration) in concrete is considered as one of the principal conditions
for chemical reactions with certain mineral constituents in rock aggre-
gates. Alkali metal oxides (NaO, K20) in Portland cement clinker are
the sources of the majority of Na* and K™ ions and hydroxyl ions present
in pore solution; some minor contribution may come from other con-
stituents like supplementary cementitious materials, chemical admix-
tures or even some alkali-releasing aggregates [1-4]. A simplified
relationship between the alkali content in cement, expressed in the so-
dium equivalent NayOeq, the cement content in concrete mix and the
hydroxyl ion concentration [OH] is described by a well known formula
empirically developed by Helmuth et al. [5]. Taylor in [6] described a
method for predicting the Na*, K* and OH ions concentrations in the
hydrated Portland cement pore solution based on minimum knowledge
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of the total NayO and K30 content in cement. The experimental results
confirmed reasonable agreement with the calculations. More recent
measurements of alkalinity of pore solution in concrete performed by
Hooton et al. [7] revealed that pore solution analysis can support
fundamental research, contribute to the calibration of thermodynamic
models, and assist in predicting long-term durability performance.

The term ,,alkali threshold level” [8] has been introduced to specify
the nominal content of alkali in concrete which is sufficiently high to
trigger the alkali-silica reaction (ASR). Such an alkali level should be
determined for fine and coarse aggregate combination to minimise the
potential risk of concrete damage due to ASR. The need and means to
determine the alkali threshold (AT) (often called the maximum alkali
loading) for aggregates have been discussed in the industry over many
years [9-13]. In current technical standards a conservative approach is
commonly adopted to specify a global alkali limit of 3.5 kg/m® or
3.0kg/m® NayOeq, using declared mean values of alkali content based on
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cement mill certificates, regardless of the aggregate. When using at least
8 % silica fume this threshold level additionally increases by a further
0.5 kg/m? NayOeq. Following the approach adopted in ASTM C1778
[13] standard guide the specified AT level varies from 1.8 to 3.0 kg/m°
NayOeq depending not only on the aggregate reactivity level but also on
the level of reliability required, related to the class of structure and its
aggressive exposure conditions. The later factors include an expected
contribution of external alkali sources, like seawater acting on marine
structures or deicing salts sprayed on pavements for winter maintenance
of roads and bridges, to increase the total alkali concentration in pore
solution of concrete. Therefore the specified alkali threshold limit is
lowered for such exposure conditions. However, the safety margin
resulting from such an approach is not known.

A direct application of standard prism expansion test for determi-
nation of the alkali threshold for a concrete mix with ordinary Portland
cement (CEM I according to EN 197-1 [14]) was proposed by Rgnning
et al. [15]. When expansion test results are plotted against the alkali
content the intersection with a pre-determined expansion limit value
(the test criterion, usually defined at 52 weeks of storage at 38°C) de-
termines the critical alkali content level to trigger the deleterious
alkali-silica reaction for the selected aggregate. A different, recently
developed Alkali Threshold Test (ATT) to be completed in 21 days is
supposed to allow for a determination whether the level of alkali in
concrete is sufficient to trigger the ASR in the aggregates used [16]. This
test method based on the T-FAST procedure specified in AASHTO
TP144-23 [17] relies on the evaluation of a Reactivity Index (RI)
determined using the concentration of Si, Ca and Al in the test suspen-
sions of aggregate, CaO and NaOH. Coppens [18] critically reviewed the
criteria for establishing the alkali threshold level aiming for a model
calculation of critical level below which no ASR expansion may occur.
The alternative threshold value was derived on the basis of an alkali
concentration in the pore water of concrete of no more than 350 mM,
especially aiming for concrete exposure conditions in waste disposal
facilities protected from weather conditions. However, for concrete
pavement engineering the environmental conditions and external alkali
supply during the service life should be directly incorporated into the
threshold evaluation procedure.

When sodium chloride is directly incorporated in concrete mix or
when using sea water or sea sand [19], higher expansion and larger
crack widths are observed with the increase of sodium ion concentra-
tion. Neither ATT nor the established concrete prism testing approach
allow for evaluation of the influence of external alkali sources on the AT
level. For such a purpose the RILEM AAR-12 performance test method
with external alkali supply is proposed [20]. It is rather new test method
and its significance still calls for a better understanding. In contrast to
simple NaCl immersion tests this test method involves a cyclic envi-
ronmental exposure to deicing salt solution and temperature variations
to simulate traffic-environmental interaction. Such testing methodology
is based on previous German field experience to detect and mitigate
premature ASR-induced damages of concrete highway pavements, [21].
Using such a performance approach Giebson et al. [22] concluded that
low alkali cements can delay ASR, but they cannot fully prevent it in
concrete exposed to external sources of NaCl. They found that NaCl does
not change pH of the pore solution, however it promotes direct disso-
lution of silica regardless of pH. Moreover, Przondziono et al. [23]
demonstrated that cyclic mechanical loadings significantly affect the
concrete microstructure. These degradation processes make it easier for
liquids to penetrate the porous concrete, greatly increasing the likeli-
hood of a more severe ASR development. In [24] the influence of con-
crete mix design on the ASR performance at cyclic exposure mimicking
the fatigue traffic load, temperature variations and external NaCl solu-
tion exposure was studied. The effects of increased NaCl concentration
and blended cement type (CEM I, CEM II/A-V and CEM II/B-S) on the
ASR performance of concrete with certain aggregate combinations were
revealed. However, the thermal and moisture conditions inside concrete
specimens subjected to such a complex exposure were not studied. No
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Table 1
The density, water absorption and potential reactivity of mineral aggregate.
Aggregate description, Crushed Natural Natural Natural
notation granite fossil sand river sand fossil sand
NR MR HR
Density™® Prd 2.57 2.62 2.66 2.65
[Mg/m?] Pssd 2.59 2.63 2.65 2.64
WAS) [%] 0.9 0.3 0.4 0.4
AMBT® 14 0.19 0.09 0.3 0.36
expansion days
[%] 28 0.31 0.23 0.46 0.57
days

M «—oven-dried particle density; ps,q—saturated and surface-dried particle
density;

@ water absorption as per EN 1097-6 [28];® accelerated mortar bar test as per
ASTM C 1260 [25]

published data is available on the influence of external NaCl solution
exposure on the alkali threshold level relevant to concrete mix design for
highway structures.

The objective of this investigation is to establish the influence of
external NaCl solution and simulated road pavement environments on
the alkali threshold level for combined mineral aggregate in concrete.
Aggregate combinations cover the blends of potentially reactive coarse
granite and natural sands characterized by a range of reactivity degrees.
The significance of RILEM AAR-12 test procedure is aimed to be better
understood by monitoring the environmental conditions inside concrete
specimens.

2. Experimental
2.1. Materials and specimens

Coarse aggregates, produced from crushed granite rocks of Polish
origin were selected, with a maximum particle size of 16 mm. Three
different natural sands (NR, MR, HR) with a maximum grain size of
2 mm were also utilized. Table 1 displays the characteristics of these
aggregates, including expansion data obtained via the ASTM C1260
procedure [25]. An enlarged spectrum of fine aggregates was applied in
order to explore the effects of employing local sands with varying levels
of potential alkaline reactivity, ranging from non-reactive to highly
reactive, as classified according to ASTM C 1778 [13].

Non-reactive sand (NR), predominantly consisting of quartz and
feldspar, was collected from natural deposits in northeastern Poland,
that have a long-term reputation of insensitivity to ASR. Petrographic
analysis of quartz sand (MR) identified the presence of strained quartz,
microcrystalline, and cryptocrystalline quartz, all indicative of reac-
tivity potential. Reactive sand (HR), extracted from natural deposits in
southern Poland, is primarily composed of quartzite fragments, with up
to 20 % sandstone and 1 % granite. The degree of reactivity of sands was
established in preliminary testing by accelerated mortar bar test
(Table 1). Granite aggregate predominantly comprises quartz and feld-
spar, including alkali-feldspar and plagioclase. Petrographic analysis of
coarse granite grains also revealed the presence of microcrystalline,
cryptocrystalline, and strained quartz (Fig. 1), indicating potential
reactivity. However, the AMBT expansion data in Table 1 is considered
insufficient for definitive classification and also insufficient for classifi-
cation of blends of such aggregate.

To encompass a range of alkali contents—from 0.45 % to 1.2 %
NaOeq—four types of Portland cement (CEM I, as per EN 197-1) were
selected. Table 2 outlines the basic differences in cement properties and
composition.

Air-entrained concrete mixtures were designed using the selected
cements and aggregates, alongside other basic constituents listed in
Table 3. No alkali boosting was applied. The target slump was set in the
range from 100 to 160 mm, the fresh air content was set at 4-5 %. The
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Fig. 1. Reactive forms of quartz in granite aggregate (a) and HR fine aggregate (b), M-Qz — micro-crystalline quartz, C-Qz — cryptocrystalline quartz, S-Qz —

strained quartz.

Table 2
Portland cement properties and its alkali content (EN 196-2 [29], water-soluble
— ASTM C114 [30]).

Properties Cement identification
LA MA EA HA
Alkali content NazOeq [%] 0.36 0.68 0.88 1.2
Compressive strength [MPa] at 20.4 25.8 28.5 28.6
2 days 53.0 57.5 57.8 61.5
28 days
Initial setting time [min] 195 174 220 238
Soundness [mm] 1 0.3 0.9 0.2
Specific surface area [cm?/g] 3416 3749 3381 3895
Loss on ignition [%] 2.45 2.95 3.4 2.81
SOj3 content [%] 2.38 2.56 3.1 3.35

Water soluble alkali content NayO.q [%] as per 0.20 0.43 0.69 1.05
ASTM C114

Table 3
Concrete mixture design [kg/m°].

Constituents and
their contents

Performance testing on concrete prisms using:

60 °C test method with alkali
supply - RILEM AAR-12 [20]

60 °C test method -
RILEM AAR-11 [31]

Portland cement 360" 360"
Water 162 162
Quartz sand 0/2 mm 659° 659°¢
Crushed granite 2/ 445 445
8 mm
Crushed granite 8/ 676 676
16 mm
Air entraining 0.18 to 0.6 0.18 to 0.6°
admixture
Water reducing 0.67 to 3.33¢ 0.67 to 3.33¢
admixture

2 quartz sand NR or HR -Table 1

b CEM I cements of different alkali content NayOgq - according to Table 2

¢ quartz sand NR, MR or HR -Table 1

4 the content adjusted for target fresh air content of 5 & 1 % and slump of 130
+ 30 mm

fine (0-4 mm) and coarse (4-16 mm) aggregate contents constituted
45 % and 55 % of the total aggregate in the concrete mixture, respec-
tively. The proportions of these constituents were selected to comply
with standard specifications for road infrastructure construction in wet-
freeze climate conditions [26]. Considering the exposure to deicing salts
used in winter maintenance or lack thereof, the concrete mixtures were
prepared for ASR performance testing with or without external alkali

supply.

Concrete mixes were prepared in a laboratory mixer with a 50-liter
capacity. The properties of the mixture, including slump, air content
determined by the pressure method, and volumetric density, were
determined according to EN 206 [27] standard procedures. Prismatic
specimens (75x75x285 mm, three per series), equipped with stainless
steel reference studs at the ends for length change measurement, were
produced in laboratory conditions (the temperature of 20-22°C and RH
65 + 5 %) using a vibration table for mixture compaction. Cubic spec-
imens (100 mm sides) were cast for compressive strength tests.
Following mold removal, the specimens were cured under moist con-
ditions, adhering to relevant standards.

2.2. Test methods

The ASR performance of air-entrained concrete containing coarse
granite aggregate was evaluated without and with alkali supply using a
60 °C concrete prism test as per RILEM AAR-11 [31] and RILEM AAR-12
[20] procedures, respectively. Using the reference procedure without
alkali supply the concrete specimens were exposed to high humidity
environmental conditions at the temperature of 60 °C with the use of
dedicated stainless-steel containers and condensate reactor allowing for
environmental humidity to be close to 100 % RH, for at least 20 weeks.
Periodically the length of specimen, its mass and the elastic resonance
frequency were measured over a 20-week exposure time. GrindoSonic
MKS5 device was used to determine the resonant frequency of flexural
vibrations and the dynamic elastic modulus of concrete as per ASTM
C215 [32].

RILEM AAR-12 test method simulates the de-icing salt exposure
along with fatigue effects on road pavements by exposing concrete
specimens to cyclic temperature and moisture variations. Initially,
concrete specimens undergo a 28-day curing and conditioning period.
Subsequently, they are subjected to at least 10 test cycles, each lasting 2
weeks, which include the following steps: 5 days in a laboratory heating
chamber with forced ventilation at 60 + 5°C, 2 days of saturation in a
3 % NacCl solution at 20 + 2°C, 6 days in a sealed steel container in a
thermostatic water condensate chamber at 60 4 2°C and RH > 98 %,
followed by 1 day of stabilization in a closed container at 20 + 2°C and
RH > 98 %. At the end of each cycle, the length and mass of the speci-
mens, as well as the elastic resonance frequency, are measured. Addi-
tionally, using extra concrete specimens prepared with the same
procedure (cement LA, sand NR), the internal temperature and humidity
conditions were monitored during AAR-12 exposure cycles. For this
purpose the holes of 20 mm in diameter were drilled in hardened
specimens and subsequently two measuring devices were applied -
iButon sensors and Vaisala probe (Appendix 1). The temperature/RH
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Fig. 2. Expansion of concrete specimens during RILEM AAR-12 test exposure using 3 % NacCl solution: a) NR sand, b) MR sand, c¢) HR sand.

monitoring method was based on previously gained experience reported
in [33,34].

From the measurements obtained without and with alkali supply, the
expansion (g), mass increase (AM), and the change of dynamic elastic
modulus (AEgy,) of concrete were calculated in respect to the initial
values. Upon termination of standard exposure period, the microstruc-
ture of concrete was examined using a scanning electron microscope
(SEM) with energy-dispersive spectroscopy (EDS) for micro-area anal-
ysis. Concrete prisms were cut into 25 x 40 x 10 mm specimens, dried
for 3 days at 50°C, and impregnated with epoxy resin. The specimens
were then ground on diamond discs and polished using diamond pastes.
After surface preparation specimens were sputtered with a 20 nm car-
bon layer. Microstructural observations were conducted using a JEOL
JSM6460LV microscope equipped with an energy-dispersive X-ray
spectral analysis (EDS) detector. The SEM operated with an acceleration
voltage of 20 kV and a working distance of 10 mm.

For the residual flexural strength determination the standard EN 206
test procedures were used. For the alkali threshold determination using
the reactivity index in the system under varying alkali loadings the
AASHTO TP 416 [35] procedure was applied. The concentrations of
silicon, calcium, and aluminium ions were analyzed using an ICP-OES
PerkinElmer Optima 5300 DV spectrometer, calibrated with standards
specific to each element. Before analysis, the specimens were acidified
with 2 % HNOs and each measurement was performed in triplicate to
ensure accuracy.

3. Results
3.1. Expansion and elastic properties

The results of concrete expansion, dynamic elastic modulus and
change of mass of specimens as per RILEM AAR-12 test procedure are
shown in Figs. 2 and 3 and in Table 4. The initial average values of
dynamic modulus of elasticity, calculated from the measured resonance
frequencies, were within the range from 35.6 to 41.9 GPa. The disper-
sion of elastic properties data was low — the coefficient of variation for
each series of specimens was less than 2.5 %.

The results of the expansion and change in the elastic modulus of
concrete were strongly dependent on the alkali content in the cement
used. The highest expansion and strongest decrease in elastic modulus
were observed in concrete with high alkali content cement (HA), with
expansion ranging from 0.83 % to 1.16 % and a decrease in elastic
modulus from 13.0 % to 26.8 % after 10 cycles. The use of low alkali
cement (LA) significantly impeded the expansion development in time,
causing the reduction of final expansion by about a range of magnitude:
down to the range from 0.06 % to 0.19 %. Additionally, in most cases, a
slight increase in elastic modulus of up to 2.5 % was observed. Concrete
with medium (MA) and elevated (EA) alkali content cement exhibited
elevated expansions ranging from 0.31 % to 0.35 % and from 0.45 % to
0.58 %, respectively. Extending the test duration by another 2 cycles (4
weeks) did not slow the expansion development nor reduction of elastic
modulus rate, it progressed at a similar rate.

For each type of fine aggregate used in concrete an increase of alkali
loading resulted in increased expansion rate and reduced deterioration
rate of elastic modulus. Concrete specimens with reactive sand HR
exhibited higher expansion than concrete specimens with NR and MR
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Fig. 3. Change of dynamic elastic modulus of concrete during RILEM AAR-12 test exposure using 3 % NaCl solution: a) NR sand, b) MR sand, c¢) HR sand.

Table 4

Final expansion, dynamic elastic modulus, change of mass (average value
+ standard deviation) according to RILEM AAR-12 test procedure after 10 cycles
(20 weeks of exposure).

Concrete mix e [%] AEgy, [%] Eqyn [GPa] Am [%]
Cement Sand
type type
LA NR 0.006 1.55 + 2.32 39.49 1.13
+ 0.001 +0.14 + 0.09
MA 0.035 -9.5+0.56 33.01 1.61
+0.002 +0.42 +0.15
EA 0.048 —-17.33 31.38 1.51
+0.003 +0.85 +0.24 +0.00
HA 0.083 —18.16 31.69 1.26
+ 0.006 +1.33 +0.73 + 0.07
LA MR 0.009 1.82 +0.74 39.24 1.18
+0.002 + 0.94 +0.12
MA 0.031 -7.31 35.21 1.29
+ 0.002 + 0.63 +0.28 + 0.09
EA 0.045 —13.81 32.56 1.32
+0.003 +1.07 +0.24 +0.05
HA 0.116 —26.80 26.52 1.50
+0.009 +1.21 +0.32 +0.05
LA HR 0.019 —2.73 34.62 1.47
=+ 0.001 +1.27 +0.67 +0.06
EA 0.058 —13.98 33.90 1.13
+0.001 +1.63 +0.81 +0.14
HA 0.085 —12.95 34.20 1.13
+ 0.001 + 0.32 +0.24 + 0.03

sands, except the case of high alkali cement HA when the highest
expansion was noted for MR sand. In most cases the relative expansion
differences induced by NR and MR sands were small. As seen from
Table 4 the cyclic exposure of specimens to temperature/moisture
environmental changes and NaCl solution soaking resulted in rather
consistent mass increase, finally reaching 1.1-1.6 %. No clear effects of
sand reactivity nor the type of cement on the mass changes were
observed.

The development of the internal temperature and relative humidity
in concrete during AAR-12 exposure is presented in Fig. 4 (in the center
of the specimen) and in more details in Appendix 1. The temperature
measurements obtained with iButton sensors and Vaisala probes
demonstrated the expected changes during the four stages of exposure.
Recorded temperature history at the depth of 1/2 of the specimen
thickness is well fitting the specified temperature limits. The RH mea-
surements with iButton at the depth of 37 mm demonstrate a gradual RH
decrease during drying phase. During the transition from NaCl solution
the RH is reduced to about 90 % and later it very slowly increases up to
98 %. The prevailing RH during the specimen storage in the container in
condensate reactor is within the range 94-97 %. The closed container
transition from the 60 °C reactor to 22°C laboratory environment
resulted in data out of the range of measurements. In measurements
taken by Vaisala probes during the drying stage the RH reduces from
95 % to about 65-69 %, during the soaking stage goes up to 95 % and
the end of the cycle stays at the level of 97 %. Based on the conducted
humidity measurement experiment, it was found that the humidity in-
side the sample was maintained at a high level throughout the entire
process, despite the drying stage.

In Fig. 5 and Table 5 the results of expansion measurements, dynamic
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Fig. 5. Expansion of concrete during RILEM AAR-11 test exposure: a) NR sand, b) HR sand.

Table 5

Final expansion, dynamic elastic modulus, change of mass (average value
+ standard deviation) according to RILEM AAR-11 test procedure after 20 weeks
of exposure.

Concrete mix e [%] AEgyn [%] Eqyn [GPa] Am [%]
Cement Sand
type type
LA NR 0.008 —3.45 40.49 -0.07
+0.002 +0.34 +0.21 + 0.04
MA 0.017 —3.58 32.43 —0.04
+ 0.001 + 0.34 + 0.25 + 0.03
EA 0.021 -1.23 36.58 0.16
+ 0.001 + 0.64 +0.51 +0.02
HA 0.051 —0.04 37.94 0.51
+ 0.004 +0.99 +0.89 +0.03
LA HR 0.010 291 42.99 0.01
+ 0.001 +0.36 +0.57 +0.07
MA 0.019 —0.06 35.05 -0.17
+0.001 +0.30 +0.49 + 0.04
EA 0.023 0.58 39.30 0.18
+ 0.001 +0.73 +0.22 +0.02
HA 0.042 3.72 36.02 0.46
+0.003 +1.05 +0.71 +0.03

elastic modulus and mass change obtained for concrete specimens in
RILEM AAR-11 exposure are presented. The applied environmental
exposure conditions (the temperature of 60 °C, close to 100 % RH) serve
here as the reference environment for comparison with the external
alkali supply environment.

The kinetics of expansion observed for concrete specimens made
with HA cement was high regardless the reactivity of sand used in
aggregate mixture. The shape of expansion-time curves was typical for
reactive aggregate concrete prism tests without alkali supply. The
decreasing content of alkalis in cement was consistently reflected by a
decrease of expansion. For LA and MA cements the average final
expansion of concrete was below 0.02 %, while for higher alkali con-
tents in cement the expansion reached the range up to 0.05 %.

The observed changes in dynamic elastic modulus were negligible, in
average within the range from —3.4 % to + 3.7 %. For HR sand concrete
series even a little increasing tendency during the test exposure was
observed. The relative mass changes brought by AAR-11 exposure
conditions were also negligible - in average within the range from
—0.1 % to + 0.5 %.

Apart from expansion differences, the AAR-11 and AAR-12 test
exposure resulted in distinct differences in the residual flexural strength
of concrete. The flexural strength of concrete prisms post-AAR-11 testing
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ranged from 4 to 5.8 MPa, while for AAR-12 tested specimens, it ranged
from 2.7 to 5.7 MPa. Unlike AAR-12, AAR-11 test results showed no
correlation between specimen expansion, dynamic elastic modulus, and
flexural strength. However, for specimens exposed to AAR-12 test con-
ditions the changes in dynamic elastic modulus and the residual flexural
strength were observed to increase for increased expansion of speci-
mens. The best empirical description of the observed trend is shown in
Fig. 6. This finding aligned with surface crack observations on external
surfaces of samples, as the AAR-12 samples exhibited abundant cracks
linked to high expansion levels. The comparison of AE4y, and Am data in
Tables 4 and 5 revealed that the AAR-12 test conditions led to signifi-
cantly greater concrete damage than in AAR-11. These effects were
clearly reflected in the residual strength of specimens, emphasizing the
increased impact of simulated pavement environments on ASR-induced
damage.

3.2. SEM-EDS observations of reaction products

In the cross sections of specimens subjected to SEM examination after
termination of RILEM AAR-12 exposure (with alkali supply) the prod-
ucts of alkali-silica reaction were abundantly present. ASR products
were predominantly detected in the cracks within coarse granite
aggregate, Figs. 7 and 8. The extent of concrete expansion due to ASR
was associated with increased structural damage, as ASR products were
also found in the interfacial transition zone (ITZ) between the aggregate
and the cement matrix, as well as within the cement matrix and air
voids, Fig. 9. The abundance of ASR products was influenced by the

.
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alkali content in cement used; the highest abundance was observed in
concrete made with HA cement. Conversely, concrete prepared with LA
cement showed only a few instances of ASR products within coarse
aggregate, with notably thinner cracks. Both crystalline and amorphous
ASR products were found in the coarse aggregate, with the amorphous
form (characterized by a higher Na/K ratio) being more prevalent.
Furthermore, in concrete with nonreactive sand NR, no ASR signs were
present in the sand grains. However, in concrete with reactive fine
aggregate, numerous sand grains were partially or fully converted into
ASR products, Fig. 10. Both Friedel’s salts and ettringite were found in
the cement matrix. However, the presence of Friedel’s salts was very
small and therefore considered negligible, Fig. 11.

The composition of ASR products was evaluated by EDS in micro-
areas using the atomic ratios Ca/Si, (Na+K)/Si and Na/K. The results
presented in Table 6 show, after taking into account the standard de-
viation, similar alkali contents (Na+K)/Si in ASR products in granite
grains 0.22-028 in average, regardless of the exposure type. In amor-
phous ASR products in aggregate grains Ca/Si ratios were mostly in the
respective ranges 0.29-0.37 and 0.26-0.30, suggesting higher calcium
content under AAR-12 than AAR-11. It was noted that in the AAR-12
exposure specimens with high-alkaline cement HA, a higher content of
potassium ions was found compared to sodium in ASR products. In the
samples made using the other cements, a higher content of sodium than
potassium was found. Na/K ratios under AAR-11 exposure conditions
were much lower, i.e. within the range from 0.12 to 0.23 in average. The
HA-NR sample showed the presence of a crystalline gel which showed a
slightly higher alkali content compared to the amorphous gel.

Results of similar examination of cross sections of specimens after
termination of RILEM AAR-11 exposure (without alkali supply) are
shown in Figs. 12-14 as well as in Table 6.

The alkali-silica reaction products observed in the specimens
exposed to RILEM AAR-11 test conditions were entirely amorphous.
Notably, in the specimens with the highest expansion following the
AAR-11 test, cracks filled with ASR gel were observed, with widths
reaching up to 15 um. In concrete specimens containing reactive HR
sand, no sand grains were partially or fully converted into ASR products.
Furthermore, there was no significant presence of ASR products in the
cement matrix, with only a few isolated cases. The chemical composition
of ASR products after AAR-11 test exposure was similar to these after
AAR-12 test (Table 6).

Surface cracking observations aided with digital handheld micro-
scope on specimens after AAR-12 and AAR-11 test exposure showed a
significant influence of cyclic changes in temperature, humidity and
external access of NaCl on the presence and width of surface cracks.
Cracks observed in the AAR-12 specimens were abundant and up to
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Fig. 7. ASR products in cracked granite grain in LA-HR concrete, (1) ASR product.
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Fig. 8. Crystalline (1) and amorphous (4) ASR products in cracked granite grain in HA-NR concrete, (2) potassium feldspar, (3) sodium feldspar, (5) quartz.

ASR product$
. ’ B Lx | 3 \ < » .
in air void ] 4 S (Y in cement
‘ matrix—

1.0 4 Si 18 « si 17 4 Si
08 - 1.5 13
06 10
KCnt KCnt!
Ca
04 0.7
02 + 0.3
o ™ X
00 -~ 0.0 -
100 200 300 400 100 200 300 400

Fig. 9. ASR products in air void (1), interfacial transition zone (2) and cement matrix (3) in HA-NR concrete.
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Fig. 11. SEM image of cement matrix in HA-HR concrete, (1) Friedel’s salt, (2) ettringite.

Table 6
Chemical composition of ASR products in concrete after RILEM AAR-12 and AAR-11 exposure.
Reaction products Concrete specimens designation
Location Composition indicator MA-NR EA-NR HA-NR LA-HR EA-HR HA-HR
RILEM AAR-12 exposure (with alkali supply)
Amorphous ASR products in granite grains Ca/Si 0.26 + 0.08 0.37 + 0.08 0.29 + 0.09 0.33 + 0.09 0.37 £0.11 0.37 £0.11
(Na+K)/Si 0.26 + 0.08 0.22 + 0.06 0.28 +0.04 0.23 £ 0.02 0.25 + 0.06 0.25 £+ 0.06
Na/K 1.14+0.6 1.37 £ 0.46 0.91 £0.38 2.64 £1.33 1.38 +0.52 0.41 £0.22
Crystalline ASR products in granite grains Ca/Si nt nt 0.27 £+ 0.02 nt nt nt
(Na+K)/Si nt nt 0.34 + 0.02 nt nt nt
Na/K nt nt 0.20 £+ 0.05 nt nt nt
Fully or partially reacted sand grain Ca/Si nt nt nt nt nt 0.27 + 0.08
(Na+K)/Si nt nt nt nt nt 0.32 + 0.04
Na/K nt nt nt nt nt 0.59 + 0.10
RILEM AAR-11 exposure (without alkali supply)
Amorphous ASR products in granite grains Ca/Si nt nt 0.30 & 0.04 nt 0.30 + 0.04 0.26 + 0.04
(Na+K)/Si nt nt 0.24 £ 0.07 nt 0.27 £0.03 0.24 £ 0.05
Na/K nt nt 0.12 £+ 0.6 nt 0.23 +£0.08 0.16 £ 0.08

nt-not tested

250 pm wide, while in the AAR-11 specimens very few cracks were 3.3. Reactivity index measurements
observed, mainly with a width of up to 20 pm, Fig. 15.
The measured concentration of the silicon, calcium and aluminium
in each solution from different alkali loading levels was used to calculate
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Fig. 12. Amorphous ASR products in granite grain (1) and cement matrix (2) in concrete HA-NR after AAR-11 test exposure, (3) quartz.

the reactivity index RI according to the formula [35]:

RI = [Si] / ([Ca] + [Al])

where

Si — concentration of silicon in milimoles per liter,

Ca - concentration of calcium in milimoles per liter,

Al - concentration of aluminum in milimoles per liter.

The resulting reactivity index (Table 7, Fig. 16) is seen increasing for
increasing the alkali content in solution. The dispersion of data from the
average values was not more than 23 %, except the measurements for
the lowest alkali content exhibiting elevated dispersion. According to
[35] all reactive aggregates are classified into two types: Type A and
Type B based on the aluminum concentrations in the liquid phase. If the
average concentration of silicon measured in the three filtered solutions
is > 1 mM and the aluminum concentration is > 0.2 mM, the aggregate
is designated as a Type A aggregate. Following this classification the
tested granite aggregate was type A, therefore for the determination of
the alkali threshold the criterion of RI= 0.45 (the dashed line) should be
relevant. However, the resulting alkali threshold cannot be determined
because the results of all tested solutions showed RI above the suggested
limit of 0.45.

4. Analysis and discussion

The expansion data evaluation is based on the relationship between
the alkali loading in concrete mix and final expansion of specimens, as
shown in Figs. 16 and 17. Following the French and Swiss specifications
([31] Annex C, [36]) the limiting expansion value for deleterious reac-
tion in concrete is assumed as 0.02 % after 20 weeks of exposure in
RILEM AAR-11 environment. An analogous expansion limit of 0.03 %
after 10 cycles (20 weeks of exposure) is assumed for RILEM AAR-12
exposure [21,26]. With these expansion criteria the AT limits are
established for two considered environmental exposure conditions. For

no alkali supply conditions (Fig. 17) the AT is 2.7 or 2.9 kg/m> NazOeq
for concrete containing HR or NR sand, respectively. The difference in
the alkali threshold limit brought by such a change of sand reactivity is
quite small. With alkali supply conditions (Fig. 18) the AT limit is 1.8 or
2.25 kg/m® NayOeq for concrete containing HR or NR sand, respectively.
Such a limit for MR sand concrete (2.35 kg/m> NapOeg) is slightly higher
than for HR. The comparison of established alkali thresholds shows their
much larger sensitivity to sand reactivity when concrete is exposed to
alkali supply conditions. Moreover, the AT is significantly lowered for
alkali supply conditions when reactive HR sand is used as a constituent
of concrete mix. This is not the case when nonreactive sand is used.

If the water-soluble alkalis are considered instead of total alkalis in
cement (Table 2), the AT might be expressed in terms of water soluble
alkali content. Accordingly, such water soluble AT levels are lower than
those shown in Figs. 17-18, i.e. 2.0-2.2 kg/m> NayOeq for no alkali
supply, from 1.4 to 2.1 kg/m®> Na3Ocq for alkali supply conditions. The
water-soluble alkalis are more readily available to react with other
components in the cement mixture [37]. Thus such an approach could
enhance the accuracy of AT determination and adequate cement selec-
tion, however, concrete prism tests suffer from some uncontrolled alkali
leaching, so the advantage gained might be lost. According to Borchers
[38] Portland cements should continue to be selected based on the total
NapO equivalent, because of a strong linear correlation with the hy-
droxide ion concentration in pore solution.

Considering the significance of the actual alkali concentration in the
pore solution [4], particularly under alkali supply, the authors attemp-
ted to use in-situ leaching test method [39]. Unfortunately, due to
extensive cracking in concrete subjected to AAR-12 exposure the satu-
ration conditions could not be met and the test was unsuccessful.
Possible leaching of portlandite during immersion of concrete in NaCl
solution could diminish its availability for ASR products formation.
However, this has not been confirmed by the current results on reaction
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Fig. 13. Amorphous ASR products in granite grain (1) in concrete EA-HR after AAR-11 test exposure, (2) quartz, (3) potassium feldspar, (4) sodium-calcium feldspar.

products composition. The expansion of concrete prisms exposed to 60
°C is known to be influenced by the rate and amount of alkali leaching
[40]. Some alkali leaching is also expected in the surface layer of con-
crete pavements exposed to moist environments. The 60°C test evalua-
tion criteria applied in several European countries, eventually taking
into account a potential variability of alkali content due to leaching,
were verified in long term practice in respect to existing structures.
Therefore the current test evaluation is based on these criteria. However,
the problem of alkali leaching remains challenging for evaluation of
accelerated ASR laboratory tests.

A desired comparison of the alkali threshold determined on the
expansion data (Figs. 17 and 18) with the alkali threshold determined
using the reactivity index (Fig. 16) is not available. RI consistently
exceeded the critical value of 0.45 for all alkali loadings, however the
increased data scatter should be noted. The reactivity of analyzed
granite aggregate fails to meet the North American criteria for estab-
lishing AT [35]. Consequently, the AT determination for such aggregate
combination must be based on concrete expansion data, as proposed in
this investigation.

The observed reduction of AT for simulated pavement environments
with alkali supply conditions could not be supported with the alkali
penetration data. Detection of small changes of sodium concentration in
cement paste in concrete cross-sections is usually beyond a detection
range EDS analysis systems [41]. Only few published experiments with
alkali supply could provide the sodium penetration profiles obtained
with LIBS technique [42,43]. Moreover, the LIBS results were found to
be highly influenced by the alkali metal presence in certain mineral
aggregates. Therefore the meaningful determination of Na penetration
profile in concrete exposed to external NaCl solution still remains
challenging.

The influence of environmental conditions on the alkali threshold
limit for air entrained concrete containing a particular blend of mineral

11

aggregate cannot be confronted with literature data since they are not
available. The observed sensitivity to sand reactivity when concrete is
exposed to alkali supply is confirmed by substantially larger abundance
of ASR reaction products present in concrete. The interaction of reac-
tivity of HR sand with reactivity of granite aggregate displayed by the
expansion increase is associated with the occurrence of ASR products
also in sand grains. Some sand grains were fully converted into ASR
products, as shown in Fig. 10. Moreover, in contrast to merely amor-
phous reaction products observed without alkali supply, both crystalline
and amorphous products were present at alkali supply conditions. The
composition of reaction products characterized by two atomic ratios
(Na+K)/Si and Ca/Si is illustrated in Fig. 19. Such characteristics of ASR
products generally fits well to the range of composition reported in the
literature [44-48]. According to Gholizadeh-Vayghan and Rajabipour
[46] free swelling and water absorption of ASR products are increased at
Ca/Si values of 0.23-0.37. ASR products presented in this paper are in
this range. The type of alkali in ASR products: sodium or potassium, is
probably influenced by the external access of sodium chloride solution,
therefore an increased content of sodium ions is observed compared to
potassium in specimens exposed to AAR-12 test conditions. This is not
observed in the specimens after AAR-11 exposure. A similar dependence
of the chemical composition of ASR products on the external access of
alkali was found in [47]. In most currently studied specimens, mainly
amorphous reaction products were found. According to Leemann [49],
the amorphous gel may have much greater expansion capacity than the
crystalline gel. And it is the amorphous products that are responsible for
the initial cracking of the aggregate.

In comparison to concrete specimens subjected to RILEM AAR-11
test conditions, those tested with alkali supply exhibited not only
abundant presence of ASR products but also larger cracks in granite
grains and in cement paste, with ASR products filling cracks up to 80 um
wide. Observed differences in crack system development were
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Fig. 14. Amorphous ASR products in granite grain (1) in concrete HA-HR after AAR-11 test exposure, (2) sodium-calcium feldspar.

Fig. 15. Surface cracking on concrete prisms after AAR-11 (a) and AAR-12 (b) tests, specimens with the highest final expansion.

Table 7
Reactivity Index (RI) determined according to ATT method.
Alkali content 1.30 2.45 3.17 4.32 5.25
NayOeq [kg/m°]
RI 0.73 1.18 1.43 1.79 1.58
+ 0.48 +0.18 + 0.33 + 0.04 + 0.01

associated with changes in elastic properties of concrete. As shown in
Fig. 20a the influence of alkali loading on the relative change of dynamic
elastic modulus of concrete was found negligible for the standard 60°C
exposure without alkali supply, i.e. the relative changes were less than
5 %. With alkali supply conditions (Fig. 20b) the Egy, reduction is

12

clearly enhanced with the increase of alkali loading in concrete. Such a
trend is close to a linear trend within a major part of alkali loading
range. The rate of Eqy, reduction is not significantly influenced by the
degree of reactivity of sand. A lack of correlation of expansion devel-
opment with Egy, changes was previously noted by Reinhardt and
Mielich [50] for fog chamber exposure of concrete specimens, i.e. with
no alkali supply. However, during RILEM AAR-12 testing reported in
[51] such a correlation was found and beneficial effects of ground
granulated blastfurnace slag or fly ash used as components of cement
were consistently demonstrated as reduced changes in resonance elastic
modulus with exposure time. Eqy, determination seems meaningful only
for an elevated degree of cracking observed during alkali supply
conditions.
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Fig. 16. Reactivity index for coarse granite aggregate vs alkali content for
determining the AT according to the AASHTO standard procedure [35].
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Fig. 18. Influence of alkali loading on the final expansion of concrete speci-
mens exposed to cyclic variation of temperature (from 20 to 60 °C), moisture
(drying or 100 % RH) and soaking in 3 % NaCl solution (RILEM AAR-12
test exposure).

The temperature and relative humidity conditions inside concrete
specimens subjected to AAR-12 test procedure have not been previously
investigated. Moisture is a critical factor for the development of the ASR.
The moisture needed for the ASR development has been prominently
measured by numerous researchers using the RH. A context for obtained
RH data evaluation can be found in [52] that revealed the influence of
different external relative humidity conditions on the expansion ki-
netics. So called RH threshold was found decreasing with the

13

Construction and Building Materials 487 (2025) 142023

0.4
035 | B} s B AAR-12
n | |
AAR-11
03 |} g culy e g " .
_ f .- ) _| F = LI |
@025 ¢ o g J 0
—_ ] [ ]
¥ 02 f =! oflm .' [, =
S " o ] l' L I
Z 015 | o
n
01 f u
0.05 | =
o , , , , ,
0 0.1 0.2 03 0.4 0.5 0.6
Ca/Si
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11 exposure.
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Fig. 20. Influence of alkali loading on the relative change of dynamic elastic
modulus of concrete specimens exposed to: a) 60 °C temperature and 100 % RH
environmental conditions (RILEM AAR-11 procedure); b) cyclic variation of
temperature (from 20 to 60 °C), moisture (drying, 100 % RH) and soaking in
3 % NaCl solution (RILEM AAR-12 test conditions).

temperature increase, i.e. between 80 % and 85 % for a 20°C, about
75 % at 38°C and below 59 % at 60°C. However, the pore water satu-
ration in concrete in known to change non-linearly with relative hu-
midity in concrete and small variation in saturation can lead to
important differences in ASR expansion [53]. RH is a useful indicator of
moisture content in concrete, although doesn’t directly measure the
moisture content. Therefore some researchers [40] have argued that the
degree of water saturation is a better means of moisture threshold
evaluation.

The limitations of this study are related mainly to the significance of
reactivity criteria, that have been established for laboratory test speci-
mens using the derived correlations with either field observations of test



A. Brachaczek et al.

blocks or cores taken from structural elements subjected to service
conditions. The performance of concrete exposed to service conditions is
influenced by a combination of local atmospheric conditions, service
loads (e.g. road traffic) and maintenance treatments, like deicing salts
sprinkled onto the surface in winter seasons. Sodium chloride is being
used either as rock salt for de-icing or as salt brine for anti-icing, but its
effective use is limited to the temperature of —9.4 °C [54]. Although
possible alkali silica-reaction will rather take place during warm
months, sodium and chloride ions from NaCl solutions might penetrate
into concrete and remain in its pore solution. According to [55-57], such
a combination of aggressive factors, including thermal gradients and
mechanical fatigue action results in microcracking build-up, enhances
the penetration of alkaline solutions from the surface into concrete skin.
The microcracking associated with the dynamic E-modulus decreased by
about 10-15 % was found sufficient [55] to promote the transport of
moisture and harmful ions inside specimens. A pH increase in concrete
pore solution resulting from the dissolution of Ca(OH); in the presence
of sodium chloride is considered as the cause for the exacerbation of ASR
[38]. With a multitude of possible combinations environmental/service
loads, types of deicers and frequency of their use the applied criterion for
ASR development and AT determination cannot be universal. This is in
contrast with just atmospheric exposure to alkaline media, like seawater
aerosols, that did not indicate exacerbating ASR in concrete [58]. There
is a need for elaborating the ASR trigger criteria for various climate and
road service conditions, preferably via modelling considering the alkali
concentration in pore solution and correlation with outdoor exposure
monitoring [59].

5. Conclusions

Performed experimental tests on Portland cement concrete with
granite coarse aggregate containing both microcrystalline quartz and
strained quartz, combined with natural siliceous sand as fine aggregate,
resulted in the following conclusions.

1. At simulated pavement environments with external alkali supply the
alkali threshold for ASR expansion of concrete containing moder-
ately reactive granite aggregate is from 1.8 to 2.3 kg/m° NagOeq. AT
is found sensitive to potential reactivity of sand in the aggregate
blends- it is reduced by about 0.5 kg/m3 NayOcq when reactive sand
is used instead of nonreactive sand.

2. At high humidity exposure conditions without alkali supply AT is
2.7-2.9 kg/m? NayOcq and it is found insensitive to the potential

Appendix 1

Construction and Building Materials 487 (2025) 142023

reactivity level of sand. The change of exposure conditions to
simulated pavement environments results in the relative reduction of
AT by 0.5 or 1 kg/m3 NayOeq depending on the sand reactivity level.

3. In contrast to merely amorphous alkali-silica reaction products
observed in concrete at high humidity exposure without alkali sup-
ply, both crystalline and amorphous products were present at
simulated pavement environments with external alkali supply. The
composition of alkali-silica reaction products characterized by
(Na+K)/Si ratio was not significantly influenced by the environ-
mental exposure conditions. For amorphous ASR products higher
Ca/Si ratios were observed under AAR-12 than AAR-11, mostly in
the range 0.29-0.37 and 0.26-0.30, respectively.

4. The change of dynamic elastic modulus of concrete subjected to
simulated pavement environments is found sensitive to the alkali
loading in concrete and is associated with higher expansion, more
extensive and wider cracking in both aggregate and cement paste.
Therefore AEqy, could be a practical indicator of ASR-induced
damage development in unreinforced pavement slabs, potentially
useful for the pavement service life evaluation.
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Monitoring of internal hydrothermal conditions in concrete specimens during RILEM AAR-12 exposure

Al.1. Test set-up

To enable the temperature and humidity measurements inside concrete, four holes of 20 mm in diameter at were drilled into prismatic specimens
to the designed depth (1/4 and 1/2 of the specimen thickness) as shown schematically in Fig. Al. Rigid plastic tubes were inserted into the holes and
sealed with flexible adhesive. Two chambers were used for iButton miniature data loggers placement [34], two other chambers for Vaisala probes
placement [33]. The Vaisala Humidity and Temperature Probe HMP44 with a measurement range of 0 ... 100 %RH; —40 ... + 80°C and + 1.5 %RH
accuracy was used. For data acquisition the Vaisala Handheld Humidity and Temperature Meter HM40 was applied. The iButton DS1923 Hygrochron
Temperature/Humidity Data Loggers (the operating range: —20°C to +85°C; 0-100 %RH) were used. Data was stored in the internal memory until the
sensor removal and then was transferred to a computer through the serial 1-Wire protocol.

The principal assumption for the setup design was the identical air volume inside the measurement chambers for both types of measuring devices,
thus the length of tubes was adjusted accordingly. The iButton sensors were placed in tightly sealed copper fittings, securely connected to the installed
tubes. Continuous measurements of temperature and relative humidity of air inside the measurement chambers were conducted at 15 minutes in-
tervals during the full test cycle lasting two weeks.

Measurements with the Vaisala probe were not conducted continuously but only at selected time slots within the AAR-12 timeline (otherwise the
chambers were sealed with rubber stoppers). These time slots were selected mostly at specimen transfer stages when an easy access to the specimen
was available without significantly affecting the prevailing hydrothermal conditions (Fig. A2):
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- on day “0”: at laboratory room temperature prior to placing the specimen in the drying cabinet,

- on day “1”: after the first day in the drying cabinet,

- on day “5”: after five days in the drying cabinet,

- on day "5.125": just before immersion in the 3 % NacCl solution,

- on day “7”: after removal from the NaCl solution following two days of immersion,

- on day “14”: at the end of test cycle - after six days in condensate reactor, followed
conditions.

by one day of temperature stabilization at laboratory room

Each reading was preceded by a 30-minute stabilization period inside the measurement tube after inserting the Vaisala sensor. External mea-
surements were conducted with the Vaisala probe in a tube of the same diameter and length, firmly attached to the concrete surface on Day "0" - before

placing the sample in the dryer.

VisV2
Visva

sen | [T ]

- T

a)

Fig. Al. Test set up for monitoring the temperature and humidity inside concrete: a) the location and depth of drilled holes, location of glued measurement
chambers, b) an actual view of a specimen two Vaisala probes in measurement chambers, iButtons inside closed measurement chambers not visible, c) iButton sensor
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Fig. A2. Selected time slots for measurements using Vaisala probe during the full specimen exposure cycle as per RILEM AAR-12

A1.2. Results of measurements

The recorded internal temperature and relative humidity in concrete during two weeks period at the depth of 18 mm and 37 mm is shown in
Fig. A3 and in Fig. 4 in main text, respectively. The temperature measurements obtained with iButton sensors demonstrate the expected changes
during the four stages of exposure. Recorded temperature history at the depth of 1/4 and 1/2 of the specimen thickness is well fitting the specified

temperature limits.
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Fig. A3. Temperature and relative humidity in concrete at the depth of 18 mm recorded during the first test cycle of RILEM AAR-12 procedure (VP-Vaisala probe,
iB-iButton)

The RH measurements at the depth of 37 mm (Fig. 4 in main text) demonstrate a gradual RH decrease during drying phase, from 90 % to 95 %
down to about 80 %, subsequent rapid increase during the immersion phase and levelling off in the range 90-98 %. During the transition from NaCl
solution the RH is reduced to about 90 % and later it very slowly increases up to 98 %. The prevailing RH during the specimen storage in the container
in condensate reactor is within the range 94-97 %. The closed container transition from the 60 °C reactor to 22°C laboratory environment resulted in
data out of the range of measurements. Similar observations were made in respect to measurements performed at the depth closer to the specimen
surface (Fig.A3), but the changes induced by drying and soaking were relatively stronger. That resulted in RH data out of the range of measurements
during soaking stage and final stage of container storage at laboratory conditions.

The sensors failed to provide the full humidity history but RH data acquired during the first test cycle can be partly accepted. The sensors failed to
register accurately the RH levels when exposed to water vapor saturation exceeding the dew point, until the sensor had dried. Due to sensor defects
under conditions of full air saturation with water vapor their use for measurements during subsequent exposure cycles was compromised.

In measurements taken by Vaisala probes during the drying stage the RH reduces from 95 % to about 65-69 %, during the soaking stage goes up to
95 % and the end of the cycle stays at the level of 97 %. No significant influence of the depth of measurements were found. The Vaisala probe
measurements provide an accurate assessment of rate of internal humidity changes in concrete throughout test cycle. Temperature measurements by

Vaisala probes are well in accordance with iButton records. No doubts are raised in respect to obtained temperature data.
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