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MECHANISM AND ANN MODELING OF SULFATE-
INDUCED HEAVE IN NON-SWELLING SOIL IN AN
ACIDIC ENVIRONMENT

Abstract Author

Red earth (aluminosilicate) is mainlyGuru Prasad. B
comprised of kaolinite mineral, which is oField Engineer
non-swelling in nature. The iron oxide§Vater Resources Department
present in the soil impart red colour to th@overnment of Andhra Pradesh
earth, hence it is named red earth. In tMgayawada, India.
case of natural 1:1 minerals, no significabgurubpch@gmail.com
volume changes are observed due to strong
hydrogen bonding between their interlayers.

Sulfate in an acidic environment can cause
abnormal volume changes in natural red
earth, owing to mineralogical alterations.
Sulfuric acid solutions of varying
concentrations are used to induce sulfate
content in an acidic environment, which is a
very common cause of acid sulfate soil
contamination. When sulfuric acid starts
interaction with red earth, the hydrated
hydrogen ion starts attacking (due to smaller
in size and/or ionic potential) on the red
earth leading to a reduction in H-bonding
between successive basic units of kaolinite
and releasing the iron from iron oxides,
results in the formation of new mineral
rozenite  (iron sulfate  hydrate) in
combination with sulfates. During this
process, the heave reported in the red earth
at nominal surcharge continued for a long
period indicating that the formation of
minerals was a rather slow process. The
observed heave after considerable time lag,
unlike the swell that occurs due to the
adsorption of water by clay particles. The
formation of new minerals is responsible for
the observed non-hyperbolic nature of time
swell relationships and the mineralogical
and morphological changes are confirmed
by scanning electron microscopy and energy
dispersive analysis of X-ray studies.
Besides, the sulfate-induced time-dependent
swell percent in red earth in an acidic
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environment is studied by employing the
Artificial Neural Network model with
Levenberg—Marquardt (LM) algorithm. The
network was programmed using
MATLAB® code to process the information
and predict the percent swell at any time,
knowing the variable involved. Eight basic
soil and fluid parameters were used as input
feed to predict the percent swell to the
proposed network. The study demonstrates
that it is possible to develop a general ANN
model that can predict time-dependent swell
in sulfate-induced red earth with relatively
high accuracy with observed data?(R
0.9986). The investigation results
demonstrate reference to the engineering
behaviour of acid sulfate soils, distributed
worldwide under acidic environments.

Keywords: Acid Sulfate Contaminated
Clays; Non-Swelling Soil; Rozenite
Mineral; ANN Swell Modeling; Oedometer
Consolidation; Morphology.

Copyright © 2024 Authors

Pags |



Futuristic Trends in Construction Materials & Citahgineering
e-ISBN: 978-93-5747-992-9
IIP Series, Volume 3, Book 5, Part 2, Chapter 1
MECHANISM AND ANN MODELING OSULFATE-
INDUCED HKKEE IN NON-SWELLING SOIL IN AN ACIDIC ENVIRONMENT

. BACKGROUND

The escalating pollution of the environment hasnbene of the greatest concerns of
engineering in recent years owing to industrial saches in agriculture, expansion of
chemical industries, and a general change in Jilesall over the world have led to the
release of a variety of pollutants into the envinemt, thus contaminating the atmosphere,
water bodies, and many soil environments. Soil isagae for construction works, which
requires profound study in modern-day constructativities, as soil contamination may
cause unexpected issues for engineers. Realigtasflessing the engineering properties of
the contaminated soil is challenging as contamdhatal usage as a foundation material is
pronounced in densely populated countries.

The main types of contaminants include inorganicisacalkalis, sulfates, organic
contaminants, toxic or phytotoxic metals, and costible substances. In general, other than
some natural processes, soils are increasinglygbmintaminated by anthropogenic sources
such as leakages from waste containment faciliteesiidental spills, and industrial
operations. Apart from affecting biotic componeotshe ecosystem, these pollutants greatly
affect the performance, behaviour, and stabilitytled soil system, thus causing severe
damage to structures found on them. The hydraumliZoa chemical alterations which allow
these polluting substances to move within soil potead to the physico-chemical
decomposition process, chemical alterations, legchand ion exchange reactions. Such
reactions could also result from natural processed as weathering, but the effects caused
by pollutants occur at faster rates. Soils are amag of clays, silts, and sands. Due to
charged nature of the particles and their largeifpesurface, the engineering properties of
expansive soils are greatly affected by pollutants.

Red soil is mainly comprised of kaolinite minesahich is of non-swelling in nature.

The high percentage of iron oxides present in thiereparts red colour to the earth, hence it
is named red earth. Expansive soils containing taaninerals exhibit significant volume
changes, that occur due to moisture variations hvlace negligible in soils containing
predominantly minerals such as kaolinite. Howevleere are instances where unexpected
swelling can occur in both swelling and non-swejlsoils due to changes in the chemical
environment. Most of these instances are assocvatbdhe presence of sulfate, particularly
in the presence of lime. Several researchers lepated swelling and cracking in specimens
of clay stabilized with lime and immersed in sufaolutions [1], induced heave in lime-
treated soil containing sulfate [2], Comprehensistidies on swell and shrinkage
characteristics of lime-treated sulfate soil [3]p}] They have shown that the presence of
sulfate increases the compressibility of lime-teelablack cotton soil after curing for long
periods. The presence of sulfate as gypsum inddedésrmation in lime-treated soils
[6][7][8][9]. The effect of sulfate is due to theriation of ettringite and thaumasite in lime-
treated soils containing sulfate. Thus, the presericsulfate poses a problem with calcium-
based stabilizers.

Moreover, the sulfate in the acidic environmensaoil is an important aspect [10], as
the distribution of acid sulfate soils worldwideabout 13 million hectares [11]. Due to soill
acid sulfate interactions, roads, aircraft runwagsyays, shallow underground service lines,
retaining walls, and building foundations are selyenffected. The common environmental
condition that leads to the presence of sulfatannacidic environment is the spillage of
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sulfuric acid which is widely employed in many irstiiles such as copper leaching,
electroplating, lead-acid batteries, inorganic pegm production, metallurgy, petroleum
refining, paper production, and industrial organieemical production [12]. Owing to its
widespread, improper usage and the difficulty ife storage, sulfuric acid is often found as a
contaminant in natural soils. Sometimes, due teamt sulfur dioxide photolysis, sulfuric
acid percolates and contaminates the soil [13][B#tch experiments with kaolinite and
bentonite clays suggested that acid rock drainawparees the release of aluminum from
these clays [15]. Recycled concrete was used aadiive material in the permeable reactive
barrier for the remediation of acidic groundwatetaw-lying Acid Sulfate soil floodplains in
Australia [16]. The mineralogical changes that ocdue to the interaction of sulfate with
minerals under an acidic environment have generatatsiderable interest because of
developments on the environment on early Mars dmair tfindings on sulfate seasonal
behavior in an acid environment [16][17]. More natty, the experimental and computational
study of sulfate mineral’'s structure and properteesinderstand its behavior at temperature
conditions prevailing on the Martian surface amdl it8 identification in ongoing and future
Rover missions [18][19]. While the effects of stdfan the alkaline environment on the
volume change behavior of soils are widely knowary\ittle information is available on the
same in an acidic environment.

Among the computing methods, artificial neuratweek imitates the computing
models of the brain. How the inter-neuron conneiare arranged and the nature of the
connections determines the structure of a netwdhe strengths of the connections are
adjusted or trained to achieve the desired ovbedlhviour of the network, which is governed
by its learning algorithm. The availability of NelilNetworks as detectors is based on their
capability to incorporate a great quantity of im@tion of several classes, their ability to
generalize from noisy or incomplete informationdaheir robustness to ambiguities. Thus,
the ANN approach is widely used in various civigereering applications currently, little
effort is made on modeling acid sulfate soils ameirtengineering behaviour [20]. Swelling
in soils, which is a complex process, becomes @were complicated with the addition of
sulfuric acid. Estimation of such chemically inddcewelling will be useful to practicing
engineers in general and for researchers in p&ticWnfortunately, models to simulate
chemically induced swelling in soils are hardly fiduin the literature. This is because the
swelling behaviour of soil is highly non-linearmi-dependent, exhibit a huge amount of
scatter, and is reliant on mineralogy. Consequetiie present study is principally aimed to
understand the extent, nature, and cause of suHgrd-induced heave in natural red earth, in
non-swelling kaolinite mineral and to demonstrates artificial neural network model to
envisage the percent swell at any time, knowingvreable involved.

. METHODOLOGY

1. Soil used:Natural red soil that had been dug out from themasrof the Indian Institute
of Science in Bangalore, India, was taken from @gtldef about 1 m below the surface of
the ground, dried in an oven at 105°C, and theul a$er being sieved using an Indian
Standard 425 mm sieve. The soil is categorised ladyCthe American Society for
Testing Materials (ASTM), and X-ray diffraction iestigations verified the existence of
kaolinite mineral. Table 1 lists the geotechnidahmacteristics and elemental makeup of
the numerous minerals found in soils, expressedpEscentage of oxides.
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2. Preparation of Soil Specimen: After being sieved through an Indian Standard 42% m
sieve, the dried soil samples were mixed with thgnoum moisture content and kept in
airtight polyethylene bags for about 7 days tovaltbe moisture to balance. The frequent
range of sulfuric acid between 1 and 4 normal swhstis often thought to simulate
sulfate contamination in an acidic environmentoider to achieve Proctor's maximum
dry density (17.8 kN/r)), Oedometer experiments were carried out on kail had been
combined to the ideal moisture content (18.3%) statically compacted to a height of
roughly 14 mm (Figure 1). The oedometer contaimeddonsolidation cell with the ring
attached. At a sitting pressure of 6.25 kPa, silfacid solutions were poured over the
samples. A dial gauge is utilized to track how slaenple's height changes over time in
the ring, and the swell percent is determined.nvestigate the impact of sulfuric acid on
the behavior of uncontaminated soil's volume chatige samples were submerged in
solutions of 1 and 4 normal sulfuric acids. Addiadly, a different set of tests were
carried out on soil samples that had been satusatirdthe same fluid and compacted
with 1 and 4 normal typical sulfuric acid solution¥hese series illustrate how
contaminated soil behaves in terms of volume chasge result of sulfuric acid contact.
As a reference, tests were also carried out onssmilples that had been compacted and
inundated with water.

Figure 1: Acid-Resistant Polypropylene Rings

3. Oedometer TestsAs required by ASTM D2435, the one-dimensional odidation tests
were conducted. To complete the consolidation teabis compacted samples in the
consolidation rings were loaded and unloaded maltimes after being submerged in the
necessary inundating fluid, allowing them to futypand and reach equilibrium at seated
load. To acquire swelling at a notional surchar§e6.@5 kPa until equilibrium was
established, the changes in the specimen’s heighttime are recorded. The interaction
of soil sulfate caused the swelling to be visilde & long time. With a load increment
ratio of 1, loading up to 800 kPa and subsequeltaagimg was accomplished. Once the
compacted sample is exposed to the inundating finidhe oedometer cell, it will
eventually
» swell at a minimal surcharge and
* become compressible when the swell is complete.
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The changes in the behaviour of soil due to inteacwith sulfuric acid have
been explained by mineralogical changes studied Xoyay diffraction studies,
morphological changes investigated by Scanning télecMicroscopy (SEM), and
elemental composition by Energy Dispersive X-raghteque (EDAX). In order to obtain
average results and assess reproducibility, abritbry tests were performed on triplicate
specimens.

4. X-ray Diffraction Studies: Following the consolidation test, soil samples warbjected
to X-ray Diffraction examination utilizing a Phispdiffractometer and radiation produced
at 40 kV and 40 mA. Using silica gel as an adhesiaadomly oriented samples were
prepared and placed on a glass slide before beipgsed to Cu Ka radiatiori. (= 10
1.5148 A) with a scanning speed of 0.0@%2For the purpose of diagnosing the sample,
the recording's beginning and ending angles wepe &e3° ® and 70° 2 respectively.
Comparing each sample's diffraction pattern to berak patterns created by the Joint
Committee of Powder Diffraction Data Service allalwesearchers to make a qualitative
assessment of the mineral types present in eachlasd§i ].

5. Scanning Electron Microscope (SEM) and Energy Dispsive Analysis of X-ray
(EDAX) Studies: At a voltage range of 0.2--30 KV, a scanning elmttmicroscope
connected to an EDAX and SIRION was put to usexanene the morphology and
elemental composition of soil samples. The overeli{105 C) particle soil samples
were placed on an aluminum stub that had doubkdstdrbon tape covering it. To stop a
charging effect over the sample, a fine gold layas vacuum-sputter-coated onto the
sample's surface.

6. Soil and Fluid Parametric Tests:The Geotechnical tests performed on acid sulfaite s
include Atterberg’s limits, compaction parameteexjiment volume, and volume change
behaviour. Physico-chemical tests such as pH aadtrelal conductivity tests were
performed to estimate the extent of interactiorhvetilfuric acid solutions. The size and
shape of fine-grained mineral particles have stiafigence on the specific surface area,
thus SSA values were determined by water adsorpti®2% relative humidity.

7. Parameterand Data Selection for Neural Network Model:The Levenberg—Marquardt
(LM) algorithm is a prevalent algorithm to miniminenlinear functions and was applied
to develop the ANN model of swell percent estinrati®he input layer in the artificial
neural network model included eight significantgrmaeters such as time (T), sulfuric acid
normality (AC), liquid limit (LL), Plasticity Index(Pl), Specific Surface area (SSA),
Sediment Volume (SV), Hydrogen ion concentratioll)(@nd Electrical Conductivity
(EC). Liquid limit and plasticity index were consigéd to represent common soil
parameters in the swell modeling, which have betely used to correlate with many
soil properties. The concentration of sulfuric a@#i, electrical conductivity of the saill,
and fluid mixture were taken to represent the flpmrameters. It is well known that
chemical reactions depend on pH conditions andratat conductivity, apart from the
duration of the interaction. The effect of soili#flunteraction was considered in terms of
the specific surface area and sediiment vol(free swell index) of the soil with different
concentrations of sulfuric acid solutions. Sinoe ithpetitive data slows down the training
[22], the random selection method was used. A wfitdb00 data sets werw divided into
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training group with 690 samples (46%) and testiraug with 435 samples (29%) and the
remaining 375 data sets (25%) were used for crabdation of the network. The
statistical parameters used in the present modajigen in Table 4.

Model Development: The Levenberg-Marquardt algorithm is employed taintrthe
network using the LM algorithm in MATLAB® (platfornV.7). The training and
performance of the network are dependent on thericnn function to be minimized. The
main steps in the design of the ANN technique @gAnalyzing performance variations
for different numbers of inputs and hidden layarg] different numbers of nodes in these
hidden layers; (b) Network training using the LMy@lithm; and (c) Analysis of results.

RESULTS AND DISCUSSION

Effect of Sulfuric Acid Solution on Volume Change Ehavior Oo Red Earth
Compacted with Water: Figure 2 shows the percent swell of red earth catepawith
water and inundated with water, 1 and 4 normalusigifacid solutions at nominal seating
load. With water as an inundating fluid, only 0.3%%swell is observed when the sample
reaches equilibrium in about 2 days. The low swgetlue to mineralogy, and the inferior
cation exchange capacity (Table 1). An abnormalllseie24% is observed in the same
soil when the inundating fluid is 1 normal sulfuacid solution. This swell occurs for
about 275 days. The swell further increases withodmal sulfuric acid as inundating
fluid. A considerable swell of 55% is noticed whiére sample reaches equilibrium in
about 230 days. The induced swell by sulfuric @ed be explained as underneath:

Sulfuric acid dissociates into hydronium and selfains in water. Initially, the
hydronium ion, due to its smaller size and/or igpidential, penetrates the crystal of the
mineral structure leading to a reduction in H-bowgdbetween successive basic units of
kaolinite.

Table 1: Geotechnical Properties and Chemical Congsition of Soil

Property Value
Atterberg’s limit (ASTM D2487)

Liquid limit, LL (%) 38
Plastic limit, PL (%) 19
Plasticity index, Pl (%) 19
Standard Proctor’'s (ASTM D2937)

Maximum dry unit weight (kN/rf) 17.8
Optimum moisture content (%) 18.2
Specific gravity, @ (ASTM D854) 2.64
Grain size distribution (ASTM D422)

Clay (%) 22

Silt (%) 44
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Sand (% 34
Soil classification (ASTM D2487) CL
Primary mineral (JCPDS 1999) Kaolinite
Cation exchange capacity, CEC (meq/100g) (ASTM 190810.84
Sodium,Na (meqg/100g) 0.82
Potassium,K (meq/100g) 0.38
Calcium,Ca (meq/100g) 6.86
Magnesium,Mg (meqg/100g) 1.78
Chemical composition (%)

SIO, 62.35
Al ;03 18.05
Fe0Os; 2.61
MgO 1.67
CaO 591
K,O 0.42
NaO 0.32
Other 0.21
Loss on ignition 8.41

Hydrogen ions can leach out iron present in theaal can form a new mineral
by association with dissociated anion, s$OThe new mineral formed is rozenite
(FeSQ.4H,0) which is a form of iron sulfate hydrate. Furthieom Figure 2, it can be
observed that the delay in starting of swell precdecreases with an increase in the
concentration of inundating fluid. A lag period 180 days was reported in soil inundated
with 1 normal sulfuric acid, which reduces to 85/slavith 4 normal sulfuric acid as
inundating fluid.
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Figure 2: Comparison of Variation in Percent Swell with Tifoe Red Earth Remolded with
Water and Inundated with Acid Solutions

The void ratio—pressure relationship for the saihples remolded with water and
inundated with water, 1 and 4 normal sulfuric asidompared in Figure 3. It can be seen
that compression, with an increase in the effectpressure, increases with the
concentration of sulfuric acid.
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Figure 3: Void —Pressure Relationships of Red Earth Remold#dWater and Inundated
with Acid Solutions
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2. Effect of Sulfuric Acid Solutions on the Volume Chage Behavior of Red Earth
Compacted with Sulfuric Acid Solutions:

o0

—~RE +water + water

3 —RE +water + 1IN H2504

- BE +water + 4N H2504

- RE+ 1N H2S04 + 1IN H2304
60 —RE + 4N H2504 + 4N H25304

Swell (%)

[ =]
L]
==

0 30 100 150 200
Time {day}

300

Figure 4: Comparison of Variation in Percent Swell with Tifoe Red Earth Remolded and
Inundated with Acid Solutions

Figure 4 shows the percent swell of red earth cateplsand inundated with 1 and
4 normal acid solutions. The sample compacted amadated with 1 normal sulfuric acid
shows swell of 3.5% reached in about 175 days, ewthle sample compacted and
inundated with 4 normal sulfuric acid shows subsahiswell of 85% in about the same
period. Such an increase in swell percent is esdlgndue to mineralogical changes, as
explained earlier. The lower swell in samples coctgdh with water than in samples
compacted with acid might be due to the dilutionacfd concentration due to water
present in the samples compacted with water. Als®,starting of the swelling process
occurs earlier in samples compacted with sulfucid @han in samples compacted with
water, though inundated with the same concentraifosulfuric acid. This might be due
to the earlier initiation of mineralogical changesamples compacted with acid solutions
than compacted with water. The lower swell in tample compacted and inundated with
1 normal acid solution might be due to less fororatof rozenite than in the sample
compacted with water and inundated with 1 normal sclution (Figure 7).
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Figure 5: Void —Pressure Relationships of Red Earth Remadahetinundated with Acid
Solutions

The void ratio—pressure relationships of soil retedl and inundated with acid
solutions are compared in Figure 5. The sample ested and inundated with 4 normal
sulfuric acid undergoes more compression thandahgk compacted and inundated with
1 normal sulfuric acid. Further, it can be seen tha soil compacted and inundated with
1 normal sulfuric acid solution has undergone neddy less compression than soil
compacted and inundated with 4 normal sulfuric aamtl is high compared with soils
compacted with water. The soil compacted and intgtdavith 1 and 4 normal sulfuric
acid would undergo higher compression than soil gawted with water but inundated
with 1 and 4 normal sulfuric acid, respectively iflea2). It can be seen that the soil
compacted and inundated with 1 normal sulfuric dcsblutions has undergone relatively
lower rebound than soil compacted and inundatell wihormal sulfuric acid. The soill
compacted and inundated with 1 and 4 normal sclfadid would undergo a higher
rebound than soil compacted with water but inurdlatgh 1 and 4 normal sulfuric acid,
respectively (Table 2).

Table 2: Swell, Compression, and Rebound Values Red Earth with Different Fluids

2 = 2 Ko}
o o) & -
3 3 g2~ & 4 f g
S © E= 2 o =20 o
= ST %28 £ < SES 2
E E2 Shes |Oc P8 r 3
Water Water 0.4 0.054 0.037 0.021
Water 1N Sulfuric acid| 22.0 0.031 0.021 0.027
Water AN Sulfuric acid| 55.0 0.394 0.269 0.021
1N Sulfuric acit | 1N Sulfuric acit | 3.4 0.05¢ 0.031 0.03¢
4N Sulfuric acit | 4N Sulfuricacic | 86.% 0.72¢ 0.49¢ 0.24(
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3. Nature of Time—Swell Relationships:Apart from the magnitude of swelling, the time—
swell relationship with remolding and inundatingiils was examined. It has been
observed that the time—swell relationship of sddna with water strictly follows

hyperbolic pattern (Figure 6).

700000 - -= RE + Water + Water
. —+RE + Water + IN H2804
—~RE + Water + 4N H2804
600000 -
- RE+ IN H2804 +1N H2504
- RE + 4N H2504 + 4N H2504
500000 -
E
400000
=300000 -

200000

100000

200 250 300

150
Timej(daj.-'}
Figure 6: Time Vs. (Time/ %Swell) Relationships of Earth widifferent Pore Fluids

However, the swell patterns observed for soil witlor 4 normal sulfuric acid
solutions as remolding/inundating fluids do notwhuoyperbolic relationships (Figure 6).
Further, the non-occurrence of the hyperbolic reatoir curves shows the changes in
mineralogy, which may be due to the very long peobinteraction with an acid solution
to complete the mineralogical changes. Thus, t@uisg) of swell is delayed.

4. Mineralogical and Morphological Changes on Red Eaft Samples: K-Kaolinite; Q-
Quartz;R-Rozenite;G-Gibbisite;C-Corundum
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Figure 7: X-RayDiffraction Patterns of Treated and Untreated Red |

The high percent of swell is slow and may be duemineralogical change
occurring during consolidation. -ray diffraction patterns of treated and untreated
earth are compared in Figure 7. Red earth has sipmaks at 7.14, 2.34, and 3.57
leading to the confirmation of kaolinite minerahd soils ilundated with acid solutior
have shown rozenite mineral (peaks at 4.47, aritl R)9which is an iron sulfate hydrs
(Figure 7).

The Scanning Electron micrograph of red earth igufé 8a exhibits a fairl
compact and dense type of microstructure. Ttight be owing to the presence of i-
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bearing compounds has improved the dense natuteokd earth. Figures --8e show
the SEM micrograph of red earth inundated withwsutfacid solutions taken after t
completion of the consolidation test. Thestence of flakes in shape and surface te»
indicates the disintegration of moderately operetgpmicrostructure. The open nature
the fabric has been attributed to the cation exgbgrocess, which replaces ir-grain
ions with a proton (H. Exctangeable cations such as sodium, potassium, cal@od

magnesium are exchanged by hydrogen

o
N2z
2 77N

ot Magn  Det WD
0614x SE 64 RE+WATER.

Figure 8b: Red Earth Remolded with Water and Inundatith 1N Sulfuric Acid
Solutior (Twinned Bladed Hexagonal Plates)
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Figure 8c: Red Earth Remolded Inundated with 1Mulfuric Acid Solution Plates
And Laths Grouping)
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Figure 8d: Red Earth Remolded with Water and Inundateith 4N Sulfuric Acid Solutiol
(Grouped Hexagonal Blades)

wh S
SE 6.6 RE+4N H2S504+4N H.

Figure 8e: Red Earth Remolded and Inundateith 4N Sulfuric Acid Solution Larger
Oriented Plated Units)

The energy dispersive analysis o-ray (EDAX) elemental analysis, perform
on samples, is compared in Table 3. The preseniceroions is attribted to the presence
of iron compounds in the red earth soil sample ihwir-to-silica ratios were evaluate
for each sample using their weight percentagesy Tindicate the changes in chemi
structure changes due to acid treatment. An inereaslumnum-tosilica ratios with ar
increase in the concentration of sulfuric acid liserved in all inundated samples. -
sample compacted and inundated with 4 normal salfacid undergoes a significe
increase in aluminurne-silica ratios compared to sotompacted with water ar
inundated with 4 normal sulfuric acid. In additidhe soil compacted and inundated v
1 normal sulfuric acid solution has undergone neddy less reduction in alumint-to-
silica ratios than soil compacted and inundatedh W normal sulfuric acid. Howeve
both these are higher Ab-Si ratios compared with soils compacted with water
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Table 3: Elemental Composition of Red Earth with Adlitives

Soll and | Weight (%)
Pore Fluid
7

© (o)) — — © =

prd = < wn 4 O &L n <
Red earth +47.11 0.12| 0.06 3.00f 48.18.23 | 0.06| 1.29| 0.02
water +water
Red earth + 1.81 0.87| 16.7 4166 001 061 4.1 3424 0.40
water +1N
sulfuric acid

Red earth + 0.79 0.65| 17.184.65| 0.11| 0.12| 0.08 45.82 0.51
water +4N
sulfuric acid
Red earth + 3.02 41 24452197 | 1.32| 1.26] 7.5 40.0f 1.11
IN  sulfuric
acid +1IN
sulfuric acid
Red earth + 2.03 0.52| 26.8 21.03 108 0.99 1.7 4509 1.27
AN  sulfuric
acid +4N
sulfuric acid

5. Prediction of Percent Swell using ANN Model in RedEarth in an Acid Sulfate
Environment: The stages of training include assembling the datating the network
object, training the network, and simulating theMkesponse to new inputs. An optimal
neural network (8-8-1) was designed and present&ture 9.
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Figure 9: Typical Architecture of ANN Model

It was identified that the variation in training@r with an increase in epoch w
rapid up to 100 epochs, thereafter the reductioariar was significantly low, showir
the proposed architecture could learn fron given inputs when it was trained for ab:
100 epochs. Figure 10 compares the behavior ofptieelicted swell using simp
parameters with the experimental swell from theooeeter. The predicted and act
swell values for training and testing sets hown R values as 0.9986 and 0.9925 w
RMS errors as 0.5318 and 1.2323 respectively. Tdseaorrelation of the experimen
and predicted percent swell of soil with 1 normiatl & normal sulfuric acid inundat
solutions indicates that the ANN mods capable of correlating the r-linear time series
of swell to the multiple forcing given input sigsi
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Figure 10: Behavior Comparison of the ANN Predicted Swelhgsbimple Parameters

6. Validation of Network: Before the usage of a developed model, there igeal o
establish the validity of the results it generates)ce separate data sets were assigned to
this task. To check the strength of values comparksetween the values of experimental
swell and ANN predicted values shows the strongetation coefficient (R= 0.9982) of
the developed model leading to a conclusion that riatwork could provide almost
perfect answers to the set of problems with whietis trained.

7. Proposed ANN Model Equation for the Swell PercentS,) based on Trained Neural
Network in an Acidic Environment: The basic mathematical equation as per the ANN
relating the input variables and the output cawbten as

Swell, SPep, = fuigl Ther Wi X foig(bpe + X%y wieXi)}] (1)

where SB, is the normalized (in the range of -1 to 1) #&lue; w is the
connection weight betweef'kneuron of hidden layer and the single output neuiog is
the bias at the"kneuron of hidden layer; h is the number of neuiartse hidden layer;
Wi is the connection weight betweéhinput variable and*kneuron of hidden layer;;X
is the normalized input variabl&' i in the range [-1, 1]. The distribution patterrfs o
weights of the swell model are presented in FidureHence, the model equation for the
output can be formulated based on the trained wighthe ANN model. In this case,
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such a model equation for swell percent of acidasellsoil was established usirhe
values of the weights and biases as shown in Tabteper the following expressic

Figure 11: Distribution Patterns of Weights of SweModel
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Table 4: Weights and Biases of the Artificial NeurbNetwork Model in Acid Sulfate Red Earth

Hidden | Weights
Layer Inputs Output | Biase
Neurons | Time Liquid Plasticity | Sulfuric Specific Sediment | pH Electrical Swell Phki
(T) Limit(LL) Index Acid Surface Area| Volume Conductivity | (SP)

(PD) Normality | (SSA) (SV) (EC)
| (A)
| Cw1 Cw2 Cus Cwa Cus Cuwe Cw7 Cus
1 0.0979 | -0.5641 -0.6042 1.0236 -0.3753 -0.9219 7148 | 0.0635 -0.8458 0.9384
2 -0.3515| -0.3378 0.0491 -1.4742 0.1259 -1.2353 5893| -1.3054 0.4014| 0.8321
3 -0.1809| 0.1734 0.1805 1.2635 -0.3433 -0.6938 M52 0.2319 0.0546| 1.4991
4 0.4334 | -0.4133 0.4012 0.9085 0.2637 -0.6844 3.969.1060 1.1125| 2.4016
5 -1.4978| 0.9179 0.6127 -1.8148 0.6922 0.8171 4P 57-0.5273 -0.4545 0.444j
6 -0.0848| 0.9874 1.2427 -0.9992 -0.1494 -0.7596 961.0| -0.9676 2.8451| 1.727P
7 -0.7773| 1.1518 0.9067 -1.4045 1.0722 0.7138 48850.0879 -0.8382 0.672p
8 -1.4649| 0.1562 0.1701 1.2570 -1.0254 -0.9586 (284 0.0193 0.0083| 0.0301
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The generalised equation is as follows:

Gi = brki +Cua(T) + Cuz(LL) + Cus(PI) + Gua(Ac) + Cus(SSA) + Gue(SV) + Guz(pH) + Gus(EC) (2)
G1=0.9384+0.0979(T)- 0.5641(LL)- 0.6042(P1)+1.0236(&— 0.3753(SSA) 0.9219(SV3}- 0.7178(pH) + 0.0635(EC) (2a)
G, =0.8321-0.3515(T)- 0.3378(LLH 0.0491(PI1)- 1.4742(Ac)+0.1259(SSA) 1.2353(SV)+1.3589(pH)1.3054(EC) (2b)
G3=1.499%-0.1809(TH 0.1734(LLH 0.1805(P1)+1.2635(8— 0.3433(SSA) 0.6938(SV)+0.5210(pH)+ 0.2319(EC) (2c)
G4 = 2.4016+0.4334(T) 0.4133(LL)+ 0.4012(P1)+0.9085(8+0.2637(SSA)-0.6844(SV)+0.9693(pH)+ 0.1060(EC) (2d)
Gs = 0.4447-1.4978(TH 0.9179(LL}+ 0.6127(PI)—1.8148(A)+0.6922(SSA)+0.8171(SW) 1.5742(pH)—0.5273(EC) (2e)
Ge = 1.7272-0.0848(T) 0.9874(LL}+ 1.2427(Pl)- 0.9992(A)— 0.1494(SSAY 0.7596(SV) +1.0961(pH)0.9676(EC) (2)
G; = 0.6722-0.7773(T)+1.1518 (LL)+0.9067 (PI)—1.4045 (A)+1.0722 (SSA) + 0.7138(SW¥)0.8548(pH) + 0.0879(EC)  (29)
Gg = 0.03011.4649(T)+0.1562 (LL)} 0.1701 (P1)+1.2570 (4§ —1.0254 (SSA)-0.9586(SV) + 0.8404(pH) + 0.0193(EC)  (2h)
The SRB,value as obtained from Eq. (2) is in the rangeI}Jand this needs to be denormalized as

Sh =%, modeI(SP max— P mih) + S min (3)
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Where,

Sh= Predicted model swell percent;gRoqei= The model output;
Se max= The maximum swell percent; and §i,= The minimum swell percent

- - - pi_ _pi
The swell percent in acid sulfate soip, S—zm z_pi
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8. Sensitivity Analysis: On the trained percent swell, a step-by-step seitgitest was
performed by gradually changing each input neurtoa fixed rate. In the investigation,
different constant rates (-5, 5, 10, and 20%) vetresen. The percentage change in the
output due to a change in the input neuron wasctigtefor each input neuron. The
following approach is applied to calculate eachuingeuron’s sensitivity:

%changeinoutput

Sensitivity = %z}"zl( ) x 100 (4)

%changeininput j

where,
N = number of data sets used in the study

Figure 12 shows how sensitive the percent swell atasach of the selected input
parameters and how they would affect the changbsaogt all the selected parameters
showed the significant contribution to the percamell in acid sulfate soil.
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Figure 12: Typical Variation of Input on the Output Using Séivity Analysis
IV. CONCLUSIONS

The changes in the behaviour of red earth duriogtanmination and continued
contamination were studied using oedometer swetksts with a prolonged time to bring the
effect of soil acid sulfate interaction. Understaigdand computing the soft modeling of the
engineering behaviour of acid-contaminated sod ishallenging task with the influence of
mineralogy. Based on the data presented the folpwonclusions are drawn:

1. The presence of sulfate in an acidic envirortmeifi induce swell in non-swelling
kaolinitic soils. Sulfate content plays a sigrafnt role in the magnitude of swell.
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no

Breakage of hydrogen bonding between its lagars mineralogical changes, leading to

the formation of new mineral rozenite, are respaedior induced heave.

3. The swell in the presence of sulfate is itetibafter considerable time due to a fair degree
of mineralogical changes. Delay decreases with rmmease in the concentration of
sulfate. Thus, the induced swell-time relationsliipsiot follow conventional hyperbolic
nature.

4. The acid sulfate interacted soil in oedometezlistests showed the existence of flakes in
shapes and the cauliflower-like surface textursdganning electron microscopy indicated
the disintegration of a moderately open type ofrostructure, conforms to the induced
swell in red earth. However, the natural red earhibited a fairly compact and dense
type of microstructure.

. The swell percent obtained for sulfuric acid teomnated red earth by ANN technique

with basic properties as input feed showed @dgmrrelation with an experimental

swell leading to a conclusion that ANN could be leggh even to complex problems,
using Levenberg-Marquardt algorithm to obtain akuyireliminary assessment.
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