Journal of Research on Archaeometry, 2023; 8 (2): 81-100
Journal of Research on

Archaeometry

Wﬁ*ﬂ,’;g‘;fw DOIL: 10.52547 /jra.8.2.81 URL: https://jra-tabriziaw.ir/

Original Paper @
CrossMark

Use of Zeolite in Reducing Adobe Erosion of
Historical Site of Belqis
Against Descending Moisture

Reza Hoseini Keshtan *1

1 PhD in Conservation and Restoration of Historical Buildings, Faculty of Conservation and
Restoration, Art University of Isfahan, Isfahan, IRAN.

Received: 18/02/2022 Accepted: 21/07/2022

Abstract

The historical site of Belgis, consisting of clay and mud structures with an area of 180 hectares, is
located 3 km south of the current city of Esfarayen in North Khorasan, Iran. Erodibility of adobe
used in practical interventions of restoration against descending moisture in this area is an issue of
this research. This study was conducted by using the mineral zeolite Clinoptilolite as an additive to
adobe to improve soil quality with the aim of reducing erosion through soil investigation using
physical, chemical and mineral studies. Destructive phases of calcite, muscovite and Dickite were
identified as effective chemical parameters of soil in clay erosion. Zeolite by controlling the behavior
of destructive phases caused the samples under test to have less erosion and show more stability for
a longer period of time. The sample containing 6% additive under washing test was less eroded. After
15 minutes, minimal erosion was encountered, which showed significant stability compared to other
samples.
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Introduction

Soil architecture is a type of architecture that can be seen in different lands. Its diversity is associated with
different techniques and materials in any locations. Historical evidence of architecture and urbanism remains

shows a widespread use adobe throughout history of human life around the world [1]. A well-known list of
ancient and historical architectural structures of Iran can be prepared in which adobe has been used as an
architectural element. The remnants of historical architecture in the archaeological site known as the city of
Belgis, located south of the city of Esfarayen, North Khorasan province, which has been identified and added
to this list during the studies of the last decade, including adobe structutes that are subject to erosion. The
remaining structures of historical site of Belgis include: citadel and surrounding moat, The Sharestan
(downtown) includes towers and walls, remains of tomb called Sheikh Azari's, ruins known as Menar Tappeh
(Grand Mosque), pottery kilns, reservoir (water storage underground), bAzAr (marketplace), caravanserai(inn),
yaxdAn (Ice storage on the ground) in 700 meters in west of citadel and a vast cemetery near Eastern Gate [2].
Since 2009, conservation and testoration activities have been started decentralized by interventions in site.
Although protective measures are underway in form of practical interventions as repairs or reconstructions,
erosion seems to be at a relatively high rate in recent sectors. As a rule, renewal of interventional petiods in a
short period of time, regardless of quality of materials, does not provide favorable results [3]. This attitude is
important in Belqis site which is at the beginning of the study path so that the erosion of structures is do not
do simultaneously during restoration measures and sensitivity to this issue should be at the forefront of the
studies in the site. Although some preliminary studies have been done to make the adobe used in the restoration
interventions, erosion due to descending moisture in the adobe used in this area is progressing significantly.

Methods and Materials

Soil was prepared from mine in near of Belgis in depth of 100 cm. additive material, is clinoptilolite zeolite,
which for better dispersion and mixing with soil, was prepared in powder form. zeolite and soil were combined
in dry state in amount of 2, 4, 6 and 8% of dry soil weight of each sample. After 24 hours in combination with
water, that were mixed three times and each time for twenty minutes. Samples wete prepared in standard molds
and placed away from direct sunlight and wind in 27 °C. After three days and initial drying samples, they were
placed in direct sunlight for 12 days. The tests were analyzed in laboratory environment using statistical methods
and techniques and improved criteria (Table. 1). According to the research questions, physical and chemical
studies methods was performed. Data analysis was performed by focusing on results obtained from laboratory
and reviewing related studies in this field through scientific articles and documents. Elemental analysis was
performed by (X-Ray Fluorescence) technique a S4 PIONEER device (made in Germany), a 4-kW wavelength
dispersive X-ray fluorescence spectrometer (WDXRF) that ranges between 208 V, 60 Hz (1P/3P) and 230 V
50,60 Hz (3P). The detector gas is P10 gas (10 % methane, 90 % argon) by quality and satety (DIN EN ISO
9001:2000 CE) certified fully radiation protected system (BfS). Also X-ray diffraction was performed using a
Bruker D8(made in Germany) Advance and Ko radiation (Ke1=1.540598 A, Ka2=1.544426 A, Ko ratio 0.5,
Koav=1.541874 A) within a scan range between 3° to 90° and a resolution of 0.05° per measurement step. All
tests performed for this study are based on the American Society for Testing and Materials Standard (ASTM-
D421-07,1D422-07,1D2487-11, D4318-10) and use standard tables and charts from Unified Soil Classification
System (USCS).

Table. 1: Methodology for identifying composition of clay and soil of Belgis historical site
Standard Test Method for Particle Size Analysis of Soils (ASTM D422-63)

Standard Practice for Dty Preparation of Soil Samples for Particle-Size Analysis and

Determination of Soil Constants (ASTM D421-63)
Standard Test Method for Dispersive Characteristics of Clay Soil by Double Hydrometer
(ASTM-D4221)
Standard Test Methods for Liquid Limit, Plastic Limit, and Plasticity Index of Soils
(ASTM D4318-17E1)
The Colloidal “Activity” of Clays

Activity = Plasticity index / Clay fraction in soil (%)

XRF (X-Ray Fluorescence)

Physical studies

Chemical and
mineralogical studies

XRD (X-Ray Diffraction)
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RESULTS
e  Soil texture

Based on soll texture diagram and Table 2, soil composition in samples containing zeolite (N code), are fine
grains of sand, silt and clay. The amount of silt and clay is higher than sand, which implicitly classifies the soil
except the fine categoty, and the cumulative percentage of silt and clay (particles smaller than 0.075mm) in
(N) samples is over 90%. Silt and clay are the main components of fine soils. The average quantity of silt in
samples is (35.84%). The quantity of clay in samples (IN) compared to mine soil (M) is associated with a
decrease between 2% and 5%, proportional to the quantitative growth of clay in the samples, PI has not
encountered the amplitude of extensive changes (Table. 3).

Table. 2: Percentage of soil particles in the samples containing zeolite

Particles smaller than 0.075mm Clay Silt Sand Gravel Sample
94.8% 58% 36.8% 5.2% 0 N-2
93.1% 58% 35.1% 6.9% 0 N-4
92.3% 55% 37.3% 7.7% 0 N-6
91.8% 56% 35.8% 8.2% 0 N-8
94.2% 60% 34.2% 5.8% 0 M

Table. 3: Atterberg limits for Belqis samples

Soil Class Plastic Index (PI) Plastic Limit (PL) Liquid Limit (ILL) Sample
CL %13 %17 %30 N-2
CL %13 %19 %32 N-4
CL %12 %19 %31 N-6
CL %13 %19 %32 N-8
CL %15 %18 %33 M

e Soil Activity (A Index)
With increasing clay and therefore water absorption, there is a risk of swelling and eventually cracking
adobe. By adding zeolite to the soil and the amount of plasticity index (P1) and clay percentage in
each sample, according to the index (A), the soil activity range for the samples is in the calcite range

(Table. 4).

Table. 4: Activity of soil in Belgis sample 100
. Clay Va
Activity . (PI) Sample o
(%) 80 Ao
0.22 58% %13 N-2 &
0.22 58% %13 N-4 & e N-2 b
%60 - RF --Q?li - N-4 &
0.21 55% %12 N-6 2 & Y’// X
0.23 56% %13 N-8 z § & N-6 &
@ N-8 &
0.25 60% %15 M gao N A% 8
PI . b
Clay fraction in soil (%)
0" 20 40 60 80 100
Clay Fraction

e  plasticity chart
Due to the amount of PI in all samples (P1<50), clay as a sticking factor of soil particles is lower than
other particles such as silt and sand. What is identified as clay percentage in the gradation diagram
does not necessarily include clay minerals in terms of mineralogy. Deficiency of clay minerals
decreased soil PI in samples. Due to the fine-grained soil and according to the plasticity chart and
according to the Unified standard (USCS), the soil type is in class (CL).
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® XRF Results

In results (XRF), samples containing zeolite, silica, calcite and alumina elements as the three main
phases are more quantitative than other elements (Table. 5). Silica (SiO2) is the most abundant phase
of mineralogy in the composition of (N) samples. In N samples, the zeolite added to the soil were
2%, 4%, 6% and 8%. There is an increase in the amount of silica from N-2 to N-4 samples. The
decreasing trend of calcite (CaO) of samples is proportional to the increase in zeolite percentage.
Metal oxides (Fe203), (K20) and (MgO) are secondary elements in the results of elemental
composition.

Table. 5: Elemental composition samples of historical site of Belgis

Elements N-2 N-4 N-6 N-8

Si02 33.96 34.80 35.84 36.27

High percentage CaO 23.66 22.64 21.85 21.82
Elements

Al203 10.40 10.10 10.40 10.20

Fe203 4.84 4.69 435 443

low petcentage MgO 2.87 2.61 270 2.50

Elements K20 2.62 272 271 2.81

Na20 0.613 0.759 0.792 0.869

e Determination of soil mineralogical phases by Rietveld method

By adding zeolite to the soil, mineralogical phases show significant qualitative and quantitative
changes. According Table 6, three main soil phases including calcite, muscovite and quartz are
qualitatively unchanged in all samples. calcite phase indicates on alkalinity of soil in region, which is
result of limestone erosion. Calcite in limestone powder form does not show any reaction with water
and will not a constructive role in quality of adobe. Muscovite is a disperser phase of soil and creates
an inappropriate quality for adobe. quartz phase is due to presence of sand and silt in soil of region,
which shows rich texture of silica in soil. dickite phase is a group of Illite that has potassium ion
between its layers and dickite swells with water and shrinking after drying. Dickite phase decreases as
zeolite increases.

Table. 6: Quantitative analysis of X-ray diffraction by Rietveld method in samples with zeolite

Soil Sample M N-2 N-4 N-6 N-8

Calcite ICSD-028827) 44.1 35.6 34.1 29.1 29.9

Quartz (ICSD-027826) 26.2 254 21.0 24.4 24.4

Muscovite ICSD-030297) 25.0 20.7 29.3 30.1 313

Dickite ICSD-027679) 2.8 16.3 12.6 12.4 9.3

Zeolite ICSD-066104) 0 2.3 31 4.1 5.1
Birnessite (ICSD-68918) 2.0 - - - -

e  Erosion with water

samples were subjected to water erosion at a constant speed through a shower at a height of 200 cm
for 6 minutes. Time zero is beginning of erosion, third minute was average time of erosion and its
end was recorded in sixth minute. Observations were documented to record changes due to erosion
at regular intervals (Table. 8). Erosion of sample containing 2% zeolite was relatively slow in first
three minutes and then accelerated more in second three minutes. sample 4% was like (N-2) except
that erosion seemed slower and erosion rate was lower. sample 6%, eroded very slowly by the end of
first 3 minutes. Sample (N-8) behaved like sample (N-2) and their structure was almost same at 3 and
6 minutes. sample without zeolite began to erode with very high speed at beginning of test process.
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Table. 7: Water erosion in Belgis samples containing Zeolite

Sample Before Erosion Erosion after 3min Erosion after 6min
i TP 5 7 —

Discussion

According to Unified soil classification diagram, particle size is larger than 200 sieve (0.075mm)
including coarse grain and smaller particle size is fine-grained soil [4]. If 50% of particles are smaller
than (0.075 mm), soil is in fine-grained category [5] which in samples containing zeolite (code N),
minimum number of particles under sieve 200 is equal to 77% and maximum is 94%, than Soil of
Belqis is in fine-grained category. lack of sand is related to geological conditions of region and
formation of alluviums caused by erosion of highlands of Esfarayen region [6]. percentage of clay
in sample (M) is not just clay and can be particles with clay sizes. With increase zeolite in N samples,
Pl levelis relatively constant, which is related to mineralogical structure of zeolite. The main feature
of clinoptilolite is water absorption and placement between three-dimensional positions (Site) and
cavities (Cage) [7]. This is important to reducing cracks after drying adobe. The results (XRF)
showed that elements of silica, calcite and alumina are three main phases of soil and zeolite has no
role in changing this groups. The results (XRD) shown phases of calcite, quartz, muscovite, dickite
and zeolite in“ N ”’samples. calcite, as a destructive phase, does not have any reactions to improve
soil quality on adobe. Dickite as a swollen phase in wet conditions and shrinkable in dry conditions
can play a negative role in quality of adobe. Reducing amount of dickite with increasing zeolite has
a positive indication of effect of additive on soil quality process in preparation of adobe. Regarding
to reduction of dickite along with increase zeolite, can mention to cation exchange capacity (CEC)
of clinoptilolite (typically 3-4 milliequivalents per gram) [8] that much higher than clay [9]. due to
three-dimensional structure and surface area of zeolites that combination of many polar
quadrilaterals, tendency to shift potassium of Dickite towards zeolite is more. than Dickite
decomposes and its amount is reduced in results of quantitative analysis of X-ray diffraction by
Rietveld method.
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Conclusion

Studies on soil texture in Belqis Esfarayen historical site showed that soil of region in CL class of soil
groups. Soil is made of inorganic clays with low to medium plasticity, which is classified as sandy,
sandy and silty clays in terms of particle composition. XRFE results showed that presence of 50%
calcite in mine soil has led soil to alkalinity. XRD results confirmed the presence of a dispersive
muscovite phase with dispersing properties. dickite, which is inflatable with quartz phase, is present
in soil of area which in wet conditions can cause erosion of adobe. Zeolite, while stabilizing PI, has
an effective role in controlling and reducing destructive phases of soil. Addition of 6% clinoptilolite
zeolite to CL class soil with alkaline characteristic of calcite has a pozzolanic behavior and has caused
relative control of soil destructive phases.
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Table. 2: Percentage of soil particles in the samples containing zeolite
Particles smaller than 0.075mm Clay Silt Sand Gravel Sample
94.8% 58% 36.8% 5.2% 0 N-2
93.1% 58% 35.1% 6.9% 0 N-4
92.3% 55% 37.3% 7.7% 0 N-6
91.8% 56% 35.8% 8.2% 0 N-8
94.2% 60% 34.2% 5.8% 0 M
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Table. 3: Atterberg limits for Belqis samples

Soil Class Plastic Index (PI) Plastic Limit (PL) Liquid Limit (L) Sample
CL %13 %17 %30 N-2
CL %13 %19 %32 N-4
CL %12 %19 %31 N-6
CL %13 %19 %32 N-8
CL %15 %18 %33 M
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Table. 4: Activity of soil in Belqgis sample
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Fig. 4: Soil class of Belqis samples in plasticity chart
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Table. 5: Elemental composition samples of historical site of Belgis
Elements N-2 N-4 N-6 N-8
SiO, 33.96 34.80 35.84 36.27
High percentage Elements CaO 23.66 22.64 21.85 21.82
ApO3 10.40 10.10 10.40 10.20
Fe,O3 4.84 4.69 4.35 4.43
MgO 2.87 2.61 2.70 2.50
low percentage Elements
K0 2.62 2.72 2.71 2.81
Na,O 0.613 0.759 0.792 0.869
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Fig. 5: Percentage of soil particles with the addition of zeolite
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Table. 6: Quantitative analysis of X-ray diffraction by Rietveld method in samples with zeolite

Soil Sample M N-2 N-4 N-6 N-8
Calcite (ICSD-028827) 441 35.6 34.1 29.1 29.9
Quartz (ICSD-027826) 26.2 254 21.0 24.4 24.4

Muscovite ICSD-030297) 25.0 20.7 293 30.1 313
Dickite ICSD-027679) 2.8 163 12.6 12.4 93
Zeolite (ICSD-066104) 0 23 3.1 41 5.1

Birnessite (ICSD-68918) 2.0 - - - -
1Eo | Glinoj 9 july g olaih uide Juw | 90



gk . .
= Ut‘uﬂl{ Ry liwl g ju owlidasd gs

JHosl 5l (b Clegd ) (i (68 s ol B
plod s Globoyd jl Jols (bli g o5 Hlusn
DPoskye & degi b judn ey Lzl g pg
O3 (o8 ey 5 48 ol B i) limen it
Dy oyl ped AaBd b duwslio) Jg 348, 5
ke g 0y kb, (N-2) dges ile (N-8) diges
by b g dw Sloj glaofl 3 diged 3 2 (5 allb
Loy STl (53938 o3lo S8l aiges .5 > cpplite (W
Lgy dge el 4 gapd 25 g b oge)l
W8S s 0)LS5 ped Ay I Bl pl il
b ol yd (el i 4385 (bl & ggro
555 Iy Mol IS4 cati IS ¢ yg0)] gy el

gl ggesl Y
b ey b ol Lol cos ¢ yg0)l opl )3 ladiges
B b (b el Cungd )] 3 09> G2y
oy 883 o it T i plej 5 3
o el 8083 3 ol bl 5 halsd oo eSle
Jeols @l s s (gl lanlio o yg0)l 5lET by S
2055 s ¢ pasuiio (Sloj gladlols > il
) i oV (ol diged ol b (V] g2)
B3 5 s 0l Lol T gy s >
Culgi do poF diged (8,5 6 piudiy Ol Ngy oyl pgd
)JMT Uil yd gy oS iglds I b dg (N-2) asliiie
Sol> Bged ey oo oy oS aluy (e g
b o 808> o L B 5 g0l £9y5 b oy i

S sl slaaiges gl 1V Jpio
Table. 7: Water erosion in Belgis samples containing Zeolite

Sample Before Erosion

Erosion after 3min Erosion after 6min
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