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Abstract

This study aims at simulating rock erosion by slake durability testing under wet and dry conditions. Phra Wihan sandstone and
1 ic and bedded sand from Phu Phan formation are used as rock speci The test p are modified from the
standard to accelerate the erosion process, where 2,000 drum revolutions are used instead of 200 revolutions for up to 80 test cycles
(80 days). Results indicate that fragment roundness and sphericity increase wnh test cycles Bedding planes reduce the roundness of
bedded sandstone as the fragments become smaller. Phra Wihan sand: is phy itive to water. The wat itive and
soft Phu Phan sandstone, however, shows notable increases of pomsny and reduction of density under both wet and dry conditions.
Scrubbing and colliding processes mainly reduce the fragment sizes, under dry condition. Under submerging condition, even though
fra weight is d d by its buoyancy force, intergranular bonding of the two Phu Phan sandstones is weakened by water
penetration, leading to higher percentage of passing materials and lower energy required to disintegrate the rocks than under dry
condition. Water insensitive Phra Wihan sandstone erodes more quickly under dry condition than under wet condition. Even though it
requires longer period to erode under water ion, due to b y force, it less energy than those under dry condition
to reach the same fragment sizes. Larger sandstone fragments use energy more efficiently to reduce their size than the smaller ones.

Keywords: Slake durability, Round Sphericity, Water p g bonding
1. Introduction

Rock degradation or erosion is a process affecting mechanical stability of slope bank and und d ions. It also
involves long-term evolution of earth topography. Prediction of the erosion rate is, th i for d ining the stability of
the above geological Several ional factors for rock have been studied during the pasl decades, where they are generally

classified as exlcmal and internal factors. Sibille et al. [1] and Flore et al. [2] define that external factors involve dynamics energy
induced by water flow, wind blow, rainfall, evaporation, and climatic erosivity. The internal factors involve rock texture, surface
roughness, mineral alteration, density, porosity, and mineral durability [3-7]. As a results different rock types show different

degradation rates controlling by their physical, ch 1, and mechanical properties [8].

Some investigators define that erosion is one of the p that g ing the degradation beh of rock. This process occurs
through various mechani It requires dynamic force within rock itself to cause the detachment (weathering) and the external forces
to transport in an envu'onmenl systems [9, |0] Foye [11] deli two different hani in the process: (1) mechanical erosion

) and (2) chemical erosion ). These hanisms work in a similar way in the weathering process. The mechanical

erosion requires motion of atmospheric action, and chemical erosion occurs to alter the internal components within rocks though action
of chemical agents that present in the transporting environments.

The slake durability index test is one of the techniques for rock durability assessment and indicate the capacity of rock degradation
in laboratory conditions. Nichols [12] reports that the resistance to erosion can be described in terms of durability parameters. One of
the most prevalent method is slake durability index (SDI) testing, as specified by the American Society for Testing and Materials [13].
The determination and classification of SDI have widely been developed to correlate the dcgmes of deterioration arnong dlﬁemm rock
types [5, 14-16]. To predict long-term behavior, number of cycles of heating-drying is d from the d:
which allows correlating rock properties with long-term durability [6, 17, 18]. The lati fficient for their
increases with increasing number of test cycles. Torsangtham et al. [19] find that for sedxmcnlary rocks m Khoral group, the grcalcr
number of test cycles causes the intergranular bonding to become kening and devel i and Kt
[20] and Walsri et al. [21] conclude from their test results that the reduction of SDI under wel testing ns grealcr lhan under dry lcsung
The durability index varies among different rock types, which is influenced by their physical, ch and p
Sedimentary rocks that contain smectite or montmorillonite show the reduction in durability under wet testing, as a result of cxpansxve
forces [22-24]. Experimental results obtained by Sousa et al. [25] indicate that texture is one of the main factors controlling the physical
and chemical alterations within the rock. The results agree with those of Corominas et al. [26] and Heidari et al. [27] who conclude
that rock textures (e.g. fine-grained matrix, clastic fi k, and ing agent), affect degradation process more than do mineral
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compositions. Hawkins and McConnell (28] find that ferruginous cementing in British Isles sandstones is mostly susceptible to water,
and that chlorite also shows more critical role in strength loss than expansive clays. The energy required for rock disintegration has
rarely been investigated.

Wlnle recent smdws have been conoentm(ed on lhe observations of in-situ degradation or weathering and rock durability simulation
in s /3 P by their physical degradation and the required energy has never been
developed.

The objective of this study is to simulate the effect of erosion process under physical degradation on three Thai sandstones. The
main task involves performing slake durability index test under dry and wet conditions. The test parameters are modified beyond the
ASTM standard specifications to obtain mults that can represent long-term durability of rock specuncns Mineralogical and physical
istics of the speci are idered in the analysis. The speci durability is lated with the energy required to induce
degrees of degradation, and hence allows predicting long-term erosion of the rocks.

2. Sample preparation

Three sandstone types have been used in this study, including Phra Wihan sandstone (PWSS), Phu Phan conglomeratic sandstone
(PPCS) and bedded sandstone (PPSS). They are widely exposed in the northeast of Thailand. Munay etal. [29] pvc dcscnpuon and

origin of the two formations. These rock formations host a variety of i e.g. slope emb of y
and roadways, and abutments of dams. The main objective is to test sandstones with a variety of textures and mineral composnuons
The conglomeratic (PPCS) and bedded sandstones (PPSS) are from the lower part of Phu Phan f ion. PWSS sand:

are from the upper part of Phra Wihan formation. They show different petrographic characteristics. Figure 1 (upper row) gives closed-
up images of rock specimens. Their petrographic images are given in Figure 1 (lower row), where PWSS shows no bedding planes,
and has grain sizes ranging from 0.2 to 0.7 mm. PPCS shows an alignment of grain elongation parallel to bedding planes with grain
sizes ranging from 0.1 mm to 2 cm, and the PPSS has grain sizes ranging from 0.1 to 0.5 mm. The rock density is determined in
accordance with ASTM D7263-21 standard [30]. The densities are 2.35 g/cc for PWSS, 2.67 g/cc for PPCS, and 2.53 g/cc for PPSS.
Twenty cubical specimens with nominal dimensions of 28x28x28 mm* have been prepared for each rock type. Ten specimens are used
for dry slake durability index test, and the rest for wet testing (with water in trough). The combined dry weight of the ten specimens is
about 500 g, following ASTM D4644-16 standard [13]. Phu Phan sandstones are prepared such that their bedding planes are parallel
to one of the speci sides. This is primarily to simulate the actual di inuity systems found under in-situ condition where two
joint sets are nearly perpendicular and normal to the bedding planes.

Figure 1 Closed-up images of specimens in upper row and petrographic images under cross polarized light in the row of PWSS, PPCS
and PPSS. Quartz (Qz), Calcite (Cal), Calcrete (Calc), Muscovite (Ms) and Biotite (Bt)

3. Test methods

The slake durability index test procedure and calculation follow ASTM D4644-16 standard [13], except that 2,000 revolutions of
drum are used for each test cycle up to 80 cycles (80 days), instead of 200 revolutions for 2 days, as specified by the standard. This is
pnmanly to enhance the emsmn process under high input energy that would occur in the field for long-period. The number of

the bers that the test can be completed in one day. The rotational speed of each revolution is 20
rpm. Two sets of specimens for all rock types are tested: one under dry condition, the other under wet condition (with water in trough).
‘The rock fragments remaining in the drum are oven-dried and weighted daily. Ph iphs of the remain fi are taken. Particles
passing the drum (with sizes of 2 mm or less) are also oven-dried and weighted. The diagram shown in Figure 2 represents one test
cycle. X-ray diffraction (XRD) analysis is performed on the initial condition of rock specimens and at the end of 80 test cycles. It is
performed based on the Rietveld refinement method as specified by ASTM E3294-22 standard [31]. After 80 test cycles density of the
fragments remaining in the drum is determined in accordance with ASTM D7263-21 standard method [30].
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Slake durability test
for 2 hrs
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remaining in drums

!

Collecting and weighting
particles passing drums

Figure 2 Diagram representing one test cycle (one day)
4. Test results
4.1 Specimen shape

Figure 3a shows rep ive images of the speci prepared before testing and those remaining in the drum after subjecting
to the slake durability tests under dry and wet conditions for 20, 40, 60 and 80 cycles (Figures 3b and 3c). They become rounder and
smaller as the test cycles progress, where the PPSS specimens tend to be less durable than the PPCS and PWSS specimens. The
roundness and sphericity of each rock fragment remaining in the drum are determined and classified based on Hryciw et al. [32]. The
results are given in Figure 4, where the roundness (R) is calculated by:

n [¢))
R= /) Tins
i=

where r; is radius of circles filled to the comers of each fragment, n is number of fragment corners used in the calculation, and 7 is

the largest radius of circle fitted to the entire fra Mean and dard deviations of the d values after subjecting to 20,
40, 60 and 80 test cycles are shown in Figure 4a. For all rock types and test conditions, the increase of fragment roundness from very
angular (R<0.17) to di d values is obtained. After 80 test cycles, PPSS frag under wet condition can be classified
as well rounded (R>0.7), while PPCS fragments under dry and wet diti show only ded ch istics (0.35<R<0.49).

The diagram suggests also that the roundness of all rock types would likely increase if the test is continued beyond 80 cycles.

CTYDON [ 1D
Vwww SfWew
@0cc Qoo -

PWSS

PPCS

N=20 40 60 80 N=20 40 60 80
Initial Dry Wet
(a) (b) (c)
Figure 3 Initial cubical specimens (a) prepared for slake durability index testing and rep ive images of speci after subjected

10 20, 40, 60 and 80 test cycles under dry (b) and wet (c) conditions
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Figure 4 Fragment roundness (a) and sphericity (b) as a function of test cycle d every 20 days, classified in d. with

Hryciw et al. [32]. Open points represent dry testing and solid points represent wet testing

The sphericity () of all fragments are calculated from the initial condition though 80 test cycles with 20 cycle interval, as shown
in Figure 4b:

§=dJd 2)

di of the fi

where d; and d: represent the widest and the

Figure 4b plots the mean and standard deviation of the sphericity values. Except for PPSS fragments under wet testing, all rock
fragments show linear increases of sphericity values from the initial condition with 5§=0.58 to the test cycle 80 with §=0.60-0.65. This
agrees with the shapes of rock fragments shown in Figure 3c. The PPSS fragments under wet testing show a significant reduction of
sphericity values. They become flatten with increasing number of test cycles. Their shape is also shown by the images in Figure 3b,
where their larger dimensions are parallcl to the bedding planes.

Sizes of all fragments remaining in the drum are measured for every 20 cycle interval. They are averaged from three mutually

dicular axes of the fr i.e. longest, i iate, and shortest. Figure 5 gives normalized fragment size for the three
sandstones as a function of test cycle. The fragment size reduction tends to be linear for all test conditions. PPCS and PWSS specimens
are highly durable under both wet and dry conditions, where less than 20% of their volume has been losed after 80 test cycles. Rate of
size reduction for PPSS specimens are highest. Their volumatic losses are over 40% under dry condition and nearly 80% under wet
conditions.

100 premim
80
£ PWSS (D
S 60 (Ory)
a °
3
o
PPSS(Dry) %
§ 40
PPSS (Wet) ]
20
0
] 20 40 60 80
N

Figure 5 N lized sizes of in drum as a function of test cycle (N). Open points represent dry testing and solid

points represent wet testing
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4.2 Passing materials

The passing materials are represented by those smaller than 2 mm (mesh no.10 used for drum openings). To clearly show how the
specimens from the three rock types have passed the drum opemngs Flgure 6 plols accumulatcd weight percent of passing materials
(P») from the initial condition through the end of 80 cycles. E: q is proposed to rep the increase of Pa as a
function of test cycle (N) for each test condition and rock type:

Pa=(aN) + [1-exp(--N)/ff] 3)

where o, B, and § are empirical Their ical values are given in Figure 6. Good correlations are obtained (R%>0.9). The
passing weight percents for PWSS specimens under wet and dry conditions tend to be similar. Both PPCS and PPSS specimens show
slightly di P ges of passing ials between wet and dry conditions. The passing of PPSS fragments are relatively high
within the first 20 cycles (up to 10-20%). They rapidly decrease toward 0.2% near test cycle 80. For PPCS specimens, the dry testing
I:nds to show shghlly less passing materials than the wet testing.

of ion (3) to the condition at which all fragments pass through the drum openings (P4 =100%) can predict the
number of test cycles needed. The results show that dry and wet testing would require N=219 and 391 for PWSS, 454 and 257 for
PPCS, and 135 and 116 for PPSS fragments. These predicted test cycles are later used to d the energy required to di
the rocks.
100 —TT 100 T
a B ] a B ]
80 ’VDry 0.200{0.019/0.038 80 Dry |0.219/0.092|0.046
[Wel_OﬂS 0.019/0.026 Wet|0.3330.045|0.043
— 60 Dry 60
g (R?=0.997) Wet by
o (Re=0998) R 0997
40 40 \
N
20 20 20 [ory[0.164]0.013[0.079
PWSS PPCS | wet|0.158[0.012]0.195
0 0 0 -
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
N N N
(a) (b) (c)

Figure 6 Accumulated weight percent of passing materials (P) as a function of test cycle (N). Dry testing (open points) and wet testing
(solid points). Lines are fitted by Pa = (a&N) + [I-exp(-6:N)/f]

4.3 Mineral compositions
X-ray diffraction (XRD) analysis has been performed on rock speci under initial condition and on those ining in the drum
after 80 cycles. The weight percent of each mineral obtained from the analysis is used to calculate its vol ic percent by following
equations:
= {p(W/100)/ pi}-100 @)

where Viis volumetric percent of each mineral (%),W; is weight percentage of each mineral obtained from XRD analysis (%), i ls
density of each mineral (g/cc), i is number of minerals, and p is density of (g/cc) ple of for

percent of quartz content (p; = 2.65 g/cc) in PWSS (p = 2.35 g/cc) under initial condition, using Equation (4) and mineral composition
obtained from XRD analysis, is shown below:

={2.35- (78.58/100) / 2.65}- 100 = 69.68 %. 5)
Table 1 shows the results. The mineral composmons for PWSS and PPCS speci remain ively unch d from the initial
condition to the end of 80 test cycles. The vol of feldsp mica and clay minerals are observed for the PPSS

specimens, particularly under wet testing.
By calculating the mineral p in terms of vol: ic percent, the porosity (nc) of fragments can be calculated as follows

[33]:

6,
ne = {1 = ’Z" (Wz/10°)/ﬂn“ 100 ()

=1

where n. represents calculated porosity (%) and ive voids. Porosity of PPSS specimens significantly
increases after 80 test cycles, where 15% is obtained under dry testing and 16% under wet testing (Table 1). This is supported by the
comparable amounts of their mineral compositions and passing materials, as shown in Figure 6(a) and 6(b). This is probably due to the
loss of feldspars, mica, and clay minerals, as also reflected by the rapid increase of the passing materials as shown in Figure 6(c). This
makes P, from wet testing higher than that under dry testing. The porosities of PWSS and PPCS specimens remain effectively
unchanged for the initial condition and at the end of 80 test cycles under both wet and dry conditions.
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Table 1 Mineral compositions in terms of volumetric percent, fragment density (p), and calculated porosity (nc) before testing and after
80 test cycles.

PWSS PPCS PPSS
- .'Z'p".?;'u'.',.., N=80 N=80 N=80

Initial _Dry Wet Initial _Dry Wet Initial Dry _Wet
Quartz 6968 7360 7449 1424 1572 1102 5786 5856 5600
Feldspars 453 344 346 986 866 903 640 417 201
Mica 232 151 131 254 250 29 217 171 098
Clay minerals* 625 540 401 828 357 655 315 246 180
Chlorite 374 271 357 198 175 140 859 730 1172
Calcite 020 017 018 5814 6279 6579 1128 959 721
Gypsum 082 023 030 227 237 045 277 000 176
Ferrous oxide 010 005 009 117 041 022 141 154 246
p(gec) 235 231 232 267 263 262 253 230 227
ne 1235 1291 1257 152 222 263 637 1467 1605

*Clay minerals are mainly illite, kaolinite and montmorillonite.

5. Energy

An attempt is made here to determine the energy required to reduce the fragment sizes from the initial condition to be less than 2
mm, i.e., all materials passing through the drum openings. The energy defined in this analysis is related to the kinetic energy used by
the rocks during drum rotation. This induces rolling of each fragment, leading to the scrubbing and colliding processes between the
fr: b Ives and between fr: and the inner drum surface.

The kinetic energy d by one rock frag;

for one can be calculated as [34, 35]:

Ei=(112) Ira?® (W)

where E is rotational kinetic energy, /i is moment of inertia, @ is angular velocity, and i is the number of test cycle (varied from 1 to
80). The moment of inertia is obtained by:

1= (2/5) meri? (8)

where mi is fragment mass during drum rotation and i is equivalent radius of fragment under dry testing. The masses of rock fragment
for each test cycle are different between dry and wet conditions, where the dry fragment mass can be obtained directly from the
measurements at the end of each test cycle. For wet testing, the rock fragment is submerged under water in the trough. Its mass (weight)
can be obtained by subtracting the dry mass by the buoyancy force (mass of water with the same volume):

Miwe =mi- (Vi- pu) ©9)

where Vi is equivalent volume of fragment at test cycle i and pw is density of water.
The equivalent fragment radius, r;, can be ot d from the size shown in Figure 5. For example, at initial condition,
the equivalent radius is represented by ro (i=0) which is equal to 17.37 mm {[(28x28x28) - (3/4)]'*}. The equivalent volume, V, is a
representative spherical volume which can be calculated from r,.

Assuming that there is no sliding between fragment surfaces and inner drum surface, the angular velocity of fragment (e;) is equal
to that of the drum:

wi=valre (10)

where vq is linear velocity of drum and r4 is inner drum radius. For one drum revolution, the number of fragment revolutions (Ri) at
test cycle i can be calculated by:

Ri=raln (11)
where rq is inner drum radius which is constant equal to 0.07 m. As a result, the energy used by a fragment for one drum revolution
becomes:

Ei=[(12) r»?]- Ri 12)

And for one test cycle (2,000 drum revolutions):
Ei=[(112) I »] - Ri- 2000 (13)
The accumerated energy from test cycles 1 to 80 is

(14)
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The energy results are plotted as a function of test cycle in Figure 7. The diagrams show that rock fragments tested under wet
condition consume energy less than those under dry condition. This is primarily because their submerged weight is about 40% less
than their dry weight, and results in a reduction of the moment of inertia. The highest energy is used by dry PPCS specimens (Figure
7b) as they have higher density (fragment mass) than the other two sandstones.

Even though the input energy from drum rotation is constant from test cycles 1 to 80, the energy consumed by rock fragments
decrease with their sizes, as d by li curves of lated energy (E) as a function of test cycle (V) in Figure 7. Their
relation can be best described by a power equation:

E=AN® (15)

where A and B are empirical constants whose numerical values are given in the figure. Very good correlations are obtained (R*>0.9).
Equation (15) allows predicting the energy that rock fragments consume to become 2 mm or less. By substituting the numbers of test
cycles required to obtain 100% passing glven in sccnon 4.2, the energy required for each sandstone type and test condition can be
calculated. The results are given in Table 2. Di g of dry more kinetic energy than lhal of water submerged

fragments. PPCS specimen shows the highest energy consumption than the othcr two Water p d its kinetic
energy used to reduce the size. The d ies of the lated energy magnitud between dry and wet testing reflecl
the role of water penetration. This explams why l.he PPCS and PPSS specimens show significant di in energy p
between wet and dry, while the water- e PWSS speci show comparable energy.
8 8 8 . 1
PWSS PPCS AW | B | PPSs
Dry 0.383 0 41 3
6 1 Wet| 0.124 | 0.679 6 6 4 [wet| 0219 0290
Dry
s (R?=0.996)
w 4 4 L 4 Wet
- Dry (R?=0.975)
- (R?=0.973) P
2 2 o, 2 ?
L7 < Wet 2
e fr= (R?=0.999) S
0 4 . o Faam .
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
N N N

Figure 7 Accumulated energy (E) as a function of test cycle (N). Dry and wet testing shown as solid lines and dash lines. They are
fitted by E=A-N®

Table 2 Prediction of accumulated energy (E) and test cycle (N) required to obtain 100% passing materials with 2 mm or less using
empirical equation in Figure 7.

Rock types Conditions N EQJ)

Phra Wihan sandstone (PWSS) Dry 219 9.08
Wet 391 7.14

Phu Phan conglomeratic sandstone (PPCS) Dry 454 3402
Wet 257 9.64

Phu Phan bedded sandstone (PPSS) Dry 135 290
Wet 116 0.87

6. Discussions

Modifications of the slake durability index test parameters of ASTM D4644-16 [13] by increasing the drum revolutions from 200
to 2,000 per test cycle and from 2 to 80 cycles provide a clear trend of deterioration for the three sandstones used in this study. The
results not only show di istics among d: types, but also allow deriving mathematical
representations to predict the number of test cycles required to completely reduce the rock fragment sizes from 28x28x28 mm® (gravel
[36]) to 2 mm (medium sand) or less. Such extreme modifications have never been attempted elsewhere.

As the test cycles progress, Phu Phan bedded sandstone (PPSS) shows higher roundness values and smaller fragment sizes, as
compared to those of PPCS 1 ic and PWSS sand suggesting that it is more susceptible to erosion than the other two
sandstones. All sandstone types and test conditions show the increase of sphericity values, except for the PPSS under wet condition.
The reduction of PPSS sphericity is probably due to the separation of bedding planes, which occurs more easily when the fragments
are in contact with water. This is supported by the fragment images given in Figure 3(b), where the larger dimensions are parallel to
the bedding planes, and by the fragment size reductions shown in Figure 5.

Slaking test induces slightly more deterioration to the PWSS sandstone under dry condition than under wet condition, and results
in a higher percentage of passing malemls (Figure 6a). This is because scrubbing and colliding effects between fragments are more

severe under dry of the under water in the trough makes them lighter due to their buoyancy forces

and reduces fictional resistance belween their surfaces. These processes also occur for the PPCS and PPSS sandstones under both test

conditions. For these two sand , water may | into their i boundaries and cementing materials more
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easily, and subsequently reduce bonding between the grains. The effect of water penetration for PPCS and PPSS sandstones are
predominant over the scrubbing and colliding effects, and hence leading to a higher percentage of passing materials even under wet
condition (Figures 6b and 6¢). This agrees with the conclusions drawn by Torsangtham et al. [19] who perform a slake durability testing
on the same sandstones in Khorat group.

No distinctive change of mineral compositions of the PWSS and PPCS specimens has been observed from their initial condition to
the end of 80 test cycles. This is due to the fact that the slaking test performed here is relatively short-term, and hence chemical
alterations are unlikely. Small differences of mineral compositions between their initial and test conditions may be due to the intrinsic
variability of the rocks. The water-sensitive and soft PPSS sandstone, however, shows notable increases of porosity and reduction of
density under both wet and dry conditions (Table 1). This is caused by dislodging of feldspar grains and the initiation of micro-cracks
and fissures, particularly along bedding planes during slaking test. The easy separation of bedding planes results in relatively flat
fragments with lower sphericity values (Figure 4).

It is recognized that a variety of sandstone types and textures exists in the northeast of Thailand, only three sandstones have been
selected for this study. This is limited by h d and i The p d test series require nearly 500 days (3
sandstones x 2 test conditions x 80 test cycles). The test results, nevertheless, provide a clear trend of erosion behavior for each
sandstone type and test condition.

It should be noted that the test results obtained here for the Phu Phan and Phra Wihan formations do not represent the erosion
behavior of the entire formauons As reported by Murray et al. [29], sandstone formations in Khorat group contain a variety of textures,
densities, and d ding upon the depth and location.

The porosity det:rrmned here is called “calculated porosity” to uvold confusing with the effective porosity as measured by water

saturation method specified by ASTM D7263-21 [30]. The calculated porosity bined ive and non ive voids in the
rock matrix, while the effective porosity rep only ive voids where they can be penetrated and filled by water.

Even though rock fragments are oven-dried at 105°C for 20 hours for each test cycle, the el d temp is excluded from
the energy calculation. This is based on the experi results d by several hers who Tude that temp of
less than 200°C have little effect on rock deterioration and mineral alterations, particularly for sand: [37-39].T¢ induces
thermal expansion to the mineral ing rocks. Sand contain mostly quartz and feldspar whose thermal expansion

coefficients are smular [40]. For mcks contammg minerals with different thermal properties, such as igneous rocks, the effect of

1 q

Under m-sn(u condition the apphed kinetic energy to rock fragments can come under different forms, for examples, falling down
from hillside, rolling on stream bed by water flow or on desen floor by wind blow, colliding and scrubbing between fragments, and
blasting by water or wind-carried particles. For long-t ion (e.g. decades or centuries) chemical energy due to weathering,
and mineral alteration and lhcnnal energy by repeating heating and cooling cycles would become more significant. Even though the
law of energy conservation is valid, the magnitudes and rates of energy consumption to reduce sandstone fragment sizes under in-situ
condition would be difficult to predict. In addition, the site-specific environment where the rock fragments are situated, can change
from one period to another. The results obtained here, nevenheless reveal significant findings that the magnitude and rate of kinetic

energy by sand: fi depend on fi size, density, pomsny and rock texture. Large fragments can utilize
the applied encrgy more efficiently than smaller ones, as evid d by the d passing ials in Figure 6, and by the energy
diagrams in Figure 7. Water p ion into fr matrix helps reducing kinetic energy ption by weakening the bonding

between grains (PPCS spccimen) or between bedding planes (PPSS specimen).

7. Conclusions
Conclusions drawn from this experimental and analytical i igation can be ized as follows.
e  Water i itive Phra Wihan sand: erodes more quickly under dry condition than under wet condition. Even though it

requires longer period to erode under water
condition to reach the same fragment sizes.
e Sandstone with coarser grains and higher density (e.g. Phu Phan conglomeratic sandstone) tends to be more durable than that

due to buoyancy force, it less energy than those under dry

with finer grains and lower density (e.g. Phra Wihan sand: ), providing that water ion has i ifi effect during
erosion process.

e For sand with nparable mineral positions as tested here, their erosion ch istics are mainly g d by
textures, grain sizes, densities, and (bedding planes).

* Sandstone fragment roundness and sphericity increase as fi size d The d of fr phericity can
occur during erosion if bonding along bedding planes is weaker than across the beds, p larly when water p

occurs.

e Larger sandstone fragments use energy more efficiently to reduce their size than the smaller ones.

e The main mechanisms of sandstone erosion under kinetic energy are scrubbing and colliding processes. These physical
p can, h , be predominated by water penetration, depending upon the rock porosity, density, and bonding
between grains.

e The correlation between erosion ralc of sandsloncs and their energy has been proposed. This has never been

d by other h here. Even though the results are limited to relauvely ﬁne grauwd sandslones.

| and

the fu;dmgs clearly show that the erosion rate of the rocks involves not only their p
but also their hanical and physical bondings, and water p i
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