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ABSTRACT

Weathering simulations have been performed on four sandstone types by subjecting them up to 300 heating-cooling cycles. Three
cooling conditions are imposed on three separate sets of specimens prepared from each sandstone type: air-cooling, submerging
in distilled water and in sulfuric acid (pH = 5.6). Results indicate that all sandstones are insensitive to heating-dry cooling cycles.
They are however highly sensitive to water and particularly to acid. Such rapid cooling in liquid induces micro-cracks in the
cementing materials, which become preferential paths allowing liquid to penetrate deeper into the specimens. As the cementing
materials are dissolved by the liquids, the sandstone density, strength and stiffness decrease as the simulation cycles increase. The
findings can be useful for the selection criteria and application of these sandstones in the construction and decoration industry.

KEYWORDS: Weathering; Sandstone; Strength; Elastic Modulus; Density

1. Introduction
Sandstone is used in heritage buildings due to the high degree of cementation and its local availability [1]. Seasonal changes
in groundwater level and humidity can lead to cyclic actions of wetting and drying and accelerate the weathering process of the

rocks, which over the years would eventually result in deterioration and even damage [2]. Even though the influence of weathering
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processes on the physical and mechanical properties of rocks has been studied by many researchers [3-6], an attempt at investigating
their long-term durability has rarely been addressed. Such relatively short-term testing above may not be sufficient to distinguish
some rocks with similar strengths and compositions, and in particularly to determine their long-term durability under different
environmental conditions.

The objective of this study is to simulate the effect of weathering on the physical, mechanical and mineralogical properties
of four sandstones commonly used in construction and decorating industry in southeast Asia. The simulation is made under 300
heating and cooling cycles. Three separate sets of specimens are cooled under three different conditions: dry, wet and acidic

conditions. For every 100 cycles, the physical, mechanical and mineralogical properties of the specimens are determined.

2. Sample preparation and test methods

Rock samples belong to Phu Kradung, Phra Wihan, Sao Khua and Phu Phan sandstone formations. The collected sandstone
blocks are cut and ground to obtain prismatic specimens with nominal dimensions of 35x35x152 mm’. Ten specimens are prepared
for each sandstone type.

Figure 1 shows the heating-cooling cycles to simulate the weathering environment for the sandstones. The specimens for
each sandstone type are separated into three sets. Nine specimens are used for each set. They are subjected to oven-heating at
1055 °C for 12 hrs. Then, three specimens are air-cooled at 2512 °C for 12 hrs. Three specimens are cooled by submerging in
distilled water for 12 hrs. And the last three are submerged in sulfuric acid (with pH = 5.6) for 12 hrs. This acidic condition follows
the annual precipitation in southeast Asia monitored by EANET [7] from 2010 to 2014. The entire process is repeated for 300
cycles (300 days). Every 100 cycles, one specimen of each set is taken out of the test cycles. The rest of the specimens continues

to subject to test cycles.

Heating in oven (1055 °C)

for12 hrs
+—I

YVYvvY

Dry Coolir_‘ng Cooling by Cooling byl
under ambient A submerging in
submerging in iy
temperature distilled water sulfuric acid
(2542 °C) for (pH=5.6) for 12
for 12 hrs
12 hrs hrs
I

Figure 1 Heating-cooling cycles for three sets of specimens under 300 cycles

The specimens that have been taken out every 100 cycles are subjected to physical, mechanical and mineralogical testing and
compared with those of the initial condition (without subjecting to test cycle), of which test methods can be summarized below.
The density of the prismatic sandstone specimens is first determined based on the ASTM C127-15 [8] standard practice. The

method involves weighting the specimen in the air and in distilled water.
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Then, the specimens are subjected to three-point-bending test (ASTM C293-16 [9]) to determine their bending tensile
strength. A strain gage is installed at the incipient crack initiation point. Its readings can provide tensile strains which can be later
used to determine tensile deformation (elastic) modulus before failure occurs.

After the specimens are spitted into 2 pieces, one is cut to obtain flat ends with nominal dimensions of 35x35x70 mm’. They
are subjected to uniaxial loading to obtain their unconfined compressive strength and elastic modulus. The test procedure and
calculation are in accordance with the ASTM D7012-14 [10] standard practice. High-precision dial gages are used to measure
axial and lateral deformations, and hence the Poisson’s ratios can also be determined.

The other half of the prismatic specimens after subjecting to the three-point bending test, is ground to obtain powder with

particle sizes of less than 0.25 mm (mesh #60). The powder specimen is used to determine mineral compositions by X-ray

diffraction (XRD) analysis.

3. Testresults

Figure 2 shows the rock densities for all cooling conditions up to 300 test cycles. All sandstone types tend to be durable under
heating-air cooling cycles. Water and acid can notably reduce the rock density. This may be due to that these liquids can dissolve
the cementing materials of the sandstones, and hence increases their pore spaces (porosity). Rock specimens that are cooled by
submerging in acid show lower densities than those in distilled water. All sandstone types pose similar reduction of the density as
the number of test cycles (N) increases.

The effects of water and acid clearly show on the compressive and tensile strengths of the four sandstones, as shown in Figure
3. After 300 test cycles, the strength reduction is about 30-50% of the initial values. Under air-cooled (dry) conditions, the
compressive and tensile strengths for the four sandstones tend to be unchanged.

Submerging in acid can reduce the rock strengths more than submerging in water. Sao Khua sandstone is highly sensitive to
water and acid. After 100 cycles under acid cooling and 200 cycles under water cooling the specimens disintegrated along the
bedding planes, and hence the compression testing can not be performed.

Similar to the strength reduction above, the effects of cooling by water and acid on the compressive and tensile elastic moduli
of the sandstones can be clearly seen (Figure 4). The reduction of rock elastic moduli as the number of test cycles increase is more
significant for the specimens that are cooled in acid than those in water. No significant change of the compressive and tensile
elastic moduli has been observed for the specimens that subject to air-cooled (dry) condition.

Submerging in liquids to cool the specimens also increases their Poisson’s ratios, as indicated in Figure 5. The Poisson’s
ratio is determined by the ratio of lateral expansion-to-axial contraction during axial loading of the uniaxial compression test. For
all sandstone types, the Poisson’s ratio increases with the test cycles. Slight increase is observed when the specimens are air-cooled

(dry condition). Specimens that are submerged in acid laterally dilate more than those in water.
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Figure 2 Density as a function of number of cycles (N) for Phu Phan (a), Phu Kradung (b), Sao Khua (c), and Phra Wihan (d)
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Figure 3 Compressive and tensile strengths as a function of number of cycles (N) for Phu Phan (a), Phu Kradung (b), Sao Khua

(c), and Phra Wihan (d) sandstones
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Figure 4 Elastic moduli as a function of number of cycles (N) for Phu Phan (a), Phu Kradung (b), Sao Khua (c), and Phra Wihan

(d) sandstones

Forty specimens have been prepared and analyzed by XRD to determine their mineral compositions in weight percent. Table
1 gives the results. Quartz represents the largest percentages for all sandstone types under all test cycles and conditions. The rest
of the minerals represent cementing materials of the rocks. Direct comparison of the mineral contents among different test
conditions and cycles is difficult. The ratios of quartz-to-cementing material (called here as equivalent quartz content) are, therefore,
proposed. They are plotted as a function of test cycles in Figure 6. For all sandstone types, the equivalent quartz content (Q,)
increases with the test cycles, particularly those that are submerged in acid. Slight increase has been observed for those that are
cooled under dry condition. This supports the previous postulation that cooling the sandstone specimens in liquid can dissolve

their cementing materials which results in an increase of their porosity (density decrease).

4. Discussions and conclusions
Admittedly the number of test specimens used here tend to be limited: one for each sandstone type and cooling condition.
This is primarily due to the limited oven space and project duration (10 months). The test results, nevertheless, tend to show

clear trends of rock deterioration in the forms of the reduction of physical and mechanical properties. The designed test cycles
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Figure 5 Poisson’s ratio as a function of number of test cycles (N) for Phu Phan (a), Phu Kradung (b), Sao Khua (c), and Phra

Wihan (d) sandstones

are aimed at accelerating and enhancing the weathering process, and hence reveals the long-term responses of the test sandstones
in terms of density, strength, elastic modulus and mineral compositions.

Correlation between the test duration (300 days) with those of the actual duration under in-situ condition may not be
possible at this point. This is due to the fact that the sandstone specimens are subjected to the temperature up to 105 °C (during
12 hrs. of heating) and immediately (2-3 minutes) cooled by submerging in the water or acid. This temperature is significantly
higher than those occur naturally in southeast Asia. It is postulated that the rapid cooling by submerging in liquid may induce
micro-cracks in the rock matrix. These cracks can propagate deeper and eventually becomes preferential flow paths allowing
the liquid, particularly acid, to further dissolve the cementing materials. This could explain why the rock density becomes
lower as the test cycles increase. The increase of the sandstone porosity and micro-cracks with the test cycles cause the decrease
of strength and stiffness of the sandstones. Under dry condition, all sandstones tend to be insensitive to heating (up to 105 °C)
and slow cooling under ambient temperature. The results obtained here agree reasonably with those of Sun and Zhang [1] and

Zhou et al. [2] who investigate the physical and mechanical properties of sandstones under wetting and drying cycles.

60 | Pratabjai Prasujan’, Thanittha Thongpraphaz, Kiattisak Ar’ckhonghan2 and Kittitep Fuenkajorn”



AAINTTUAITAVUIFYBASTWRIUN

Engineering Journal of Research and Development

Table1 Mineral compositions of sandstone specimens

4 32 atiuft 1 unsrau-Tuau 2564

Volume 32 Issue 1 January-March 2021

Mineral compositions (%)
Number of © e 8 2 Q °
Rock type | Conditions «;: ‘E B 2 = § f‘:_: L :g
¥; = < = ) ©
Initial 0 84.94 | 294 | 389 | 155 | 000 | 120 | 0.03 | 0.00 | 545
100 8518 | 1.68 | 337 | 025 | 127 | 062 | 0.04 | 0.89 | 6.70
Dry 200 85.66 | 894 | 1.89 | 021 | 072 | 146 | 0.04 | 0.00 | 1.08
300 85.75 | 645 | 092 | 223 | 004 | 000 | 007 | 000 | 4.16
Phu Phan 100 86.75 | 6.02 | 137 | 040 | 0.82 | 191 | 0.00 | 0.00 | 2.66
Wet 200 86.93 | 256 | 412 | 009 | 010 | 124 | 041 | 0.00 | 496
300 8732 | 512 | 227 | 147 | 023 | 076 | 0.07 | 0.00 | 2.42
100 8832 | 341 | 266 | 002 | 1.92 | 009 | 0.00 | 0.00 | 137
Acid 200 8877 | 434 | 235 | 121 | 0.3 | 055 | 005 | 006 | 2.12
300 88.95 | 1.1 | 374 | 065 | 011 | 007 | 0.16 | 0.00 | 434
Initial 0 3515 | 2.94 | 936 | 2217 | 2.89 | 469 | 026 | 13.03 | 951
Dry 100 3534 | 1.00 | 659 | 546 | 570 | 250 | 1.60 | 27.35 | 14.46
200 3620 | 550 | 2.13 | 20.63 | 1043 | 6.05 | 130 | 333 | 1443
300 3723 | 392 | 745 | 2352 | 556 | 1051 | 0.00 | 2.61 | 920
PhuKradung|  Wet 100 37.65 | 38 | 633 | 2520 | 681 | 721 | 076 | 133 | 10.89
200 4016 | 111 | 447 | 2910 | 265 | 458 | 087 | 1.05 | 16.01
300 4037 | 669 | 245 | 2111 | 1.03 | 875 | 0.15 | 482 | 14.63
100 4095 | 125 | 125 | 3380 | 1.07 | 570 | 032 | 2,60 | 1.77
Acid 200 4097 | 711 | 7.11 | 23.08 | 092 | 1059 | 0.06 | 246 | 13.73
300 4571 | 3.03 | 303 | 1867 | 746 | 10.14 | 0.71 | 0.78 | 12.77
Initial 0 34.17 | 3.07 | 11.01 | 3326 | 352 | 456 | 017 | 2.66 | 7.58
Dry 100 3723 | 392 | 745 | 2352 | 556 | 1051 | 0.00 | 2.62 | 9.19
200 3729 | 045 | 7.84 | 3052 | 365 | 9.60 | 0.10 | 526 | 529
300 37.63 | 048 | 843 | 3043 | 472 | 1142 | 049 | 221 | 4.19
Sao Khua Wet 100 3834 | 026 | 10.84 | 2505 | 884 | 813 | 000 | 2.73 | 581
200 3847 | 052 | 11.64 | 2674 | 423 | 872 | 0.00 | 4.09 | 559
300 38.69 | 070 | 10.57 | 2991 | 1.86 | 925 | 0.03 | 432 | 467
100 38.76 | 058 | 10.17 | 30.89 | 2.08 | 6.88 | 030 | 456 | 578
Acid 200 4219 | 206 | 577 | 3580 | 1.62 | 356 | 0.00 | 353 | 547
300 4240 | 259 | 894 | 2706 | 343 | 939 | 020 | 2.04 | 395
Initial 0 82.84 | 341 | 344 | 079 | 1.07 | 331 | 031 | 0.00 | 4.83
Dry 100 8448 | 1132 | 024 | 225 | 028 | 073 | 005 | 0.00 | 0.65
200 84.93 | 319 | 154 | 000 | 247 | 281 | 010 | 0.00 | 496
300 8530 | 262 | 394 | 040 | 094 | 153 | 0.05 | 0.00 | 522
Phra Wihan Wet 100 86.88 | 297 | 284 | 002 | 202 | 151 | 0.04 | 0.00 | 3.72
200 8734 | 277 | 192 | 085 | 230 | 1.66 | 054 | 0.00 | 2.62
300 88.98 | 220 | 281 | 068 | 1.78 | 0.69 | 0.06 | 0.00 | 2.80
100 89.01 | 874 | 020 | 128 | 015 | 018 | 005 | 0.04 | 035
Acid 200 90.57 | 145 | 1.60 | 000 | 338 | 1.08 | 0.11 | 0.00 | 181
300 91.49 | 1.86 | 249 | 036 | 124 | 032 | 006 | 002 | 2.16
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Figure 6 Equivalent quartz content (Q,) as a function of number of test cycles (N) for Phu Phan (a), Phu Kradung (b), Sao Khua.

(c), and Phra Wihan (d) sandstones

It is recognized that the sandstone formations from which the specimens are obtained show significant variations in terms of

their mineral compositions from varying locations (DMR [11]). The mineral compositions of the test specimens determined here

however can be useful to understand or compare the sandstone properties and durability under different environments.

Results from this study can be used for the selection criteria of sandstone type and the application of these sandstones under

appropriate environments and locations. The conclusions from our study can be drawn as follows:

62 |

All sandstones tend to be durable under dry condition even they are cyclically subjected to heating up to 105 °C for 300
cycles.
Water and particularly acid can cause significant increase of sandstone porosity, and hence reduces their density. Sao

Khua sandstone is highly sensitive to liquids, compared to the other three sandstones.
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*  Micro-cracks induced by heating and relatively rapid cooling can propagate deeper in to the rock matrix as the test cycles
increase. They become preferential paths allowing the liquid to penetrate farther.

« As evidenced by the increase of equivalent quartz content (Figure 6), the sandstones lose more cementing materials than
quartz gains as the test cycles increase. The cementing materials can be dissolved more easily than quartz grains.

» The loss of cementing materials means that the sandstones lose cohesive bonding which leads to the reductions of
compressive and tensile strengths and of the compressive and tensile elastic moduli. When the rocks become more porous,

they can laterally dilate more under axial loading, and hence their Poisson’s ratio increases with the test cycles.
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