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Abstract

Earthquake in 26™ of December 2003 devastated the city of Bam and its magnificent Arg [citadel]
and turned it to ruins. The Arg was surviving for centuries in this location. Some time it was more
inhabited and once abandoned. During the past decades the Arg gradually becomes well known and it
finds a general popularity over the past decade since the Iranian society recognizes it thanks to the
efforts of the erudite scholars. This comprehensive recognition especially in the field of the materials
is more important for the interventions since it supports any correct and successful conservation
measure. Eventually, the structure of the Arg has been composed of several architectural layers
constructed over each other. A considerable share of these structures includes repairs and infill
constructions created upon the base of archaeological layers over the centuries. However, the recent
researches discovered several structural weaknesses in most of the adobes used in Arg-e Bam.
Nevertheless, the huge adobes which have been used in the surrounding wall, some parts of the
governors sectot, and a few significant buildings in the public sector, have a considerable quality and
more attention has been paid in their production. Occasionally, weak architectural composition has
intensified the structural weakness of the adobes. Accordingly, usage of the same adobe composition
with the similar technique in restoration will follow an understandable concern and it sounds a critical
measure. Neglecting this important element will direct the Arg in to the similar harsh experience of
the past. According to the experiences concerning the structural behavior of the materials used in the
Bam citadel, it is certain that any restoration and conservation measure by the same material would
not result in any success. If no improvement is conducted on the weaknesses of such a fragile
material, then the restoration exercises will encounter major challenges. Having referred to the results
of the researches performed of the historical adobes of the Bam citadel, the importance and necessity
of such improvement will become more apparent. Arg-e Bam has been frequently invaded the armies
and tribes during its long life and the inhabitants had a very limited time for fixing the damaged parts.
Consequently, adequate attention has not been paid on the quality of some of the adobes. This
research with a functional approach is looking for recognition of the structural properties of the
adobes used in the site as well as their strengths and weaknesses. In the frame of inductive reasoning
(looking from detail to the whole), based on the experimental system with a compound method
(library, laboratory, site investigations), this research tries to respond to the main question that is
quiddity of the factors affecting the structure and the material behavior under the tensions as well as
improvement and resolving the known weaknesses. Thus, the results of the researches concerning the
structural characters of the adobes of the Bam citadel will help us in achieving the materials without
or at least with minimum weaknesses comparing to the prior adobes in order to be used for the more

* Cortesponding author: b.pedram@aui.ac.it


https://jra-tabriziau.ir/
http://dx.doi.org/10.29252/jra.3.2.81
http://dx.doi.org/10.29252/jra.3.2.81
https://crossmark.crossref.org/dialog/?doi=10.29252/jra.3.2.81

Pedram & Ebrahimi / Journal of Research on Archaeometry 2 (2017) 81(102

reliable restorations. One may even think about production of the new adobes with boosted
mechanical behavior. According to our knowledge about the condition of the earthen materials of the
Bam citadel, it is possible to improve the characteristics of the new adobes and earthen mortars for
the restoration measures by innovations in the production process. This is actually the hypothesis of
the research.
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Fig; 1: Aerial photo of Arg-e Bam site before the earthquake
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manner
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Table 2: A sample form of the typology of the adobes of the Bam citadel

M’Q Zone: IV.G E ébl L Ulhw &5
Location IV.G 95 Ambient: Room E Body: Northern
& gl seid sy
Type Group: First Explanation: Old adobe (belonging to the repairs prior to the
restorations on 1959)
Sl YV em ;b YWem: o, ¥ om icuels
Dimensions Length:23 cm Width: 23 cm Thickness: 4 cm
el Laogin s 500 sbj 38lie (gl 10515 Senli gy i el
Texture Hardness: Medium Density: Porous Gradation: Rough and
heterogeneous
(slogtd 4 b 35 4lacSsy . N
Y 515 18 Juile Jgro olul gy
) : :
Col Code: 6/6 ) orR ) Explanation: according to
olor ode: Pigment: Yellow and light the Mansell table
brown
0liS y 3l g9 50 «udiyd ol cg> 035 ‘)e] 03 B (Siawod B i i
Filler Exists: Yes Crashed stone, fired brick and wood; rough straw and hair

byly & a S cwl opl oo Gl dali g a3l diged
Gdod 350 0 LSl 4 U cuslio (gly o Jlos]
(ap (il 93 29 485 a3 LSy 5 b ladiges
adhio SB oy po b oSl is (adld gdiges
Sygldes S gilwodlel 4 bgpe acled coley b g
NP TN N SNENE TP Y
Oladllas claie S oy yins Ol (gl ol 0ads
dglio )lime .l 485 plogl (glaillia (cwlidpe
Gl el SLS is daccis  odaw plSouul
soas JymS ol b (aedl (bl S il & cnd
s 1als (585305 b 5 3,5 o 5 ) 3 s
B (53138 sobodny (wyp cul 3 9o 03>
SIS 59 48 oad 3] slad ges ay odlas
S ] AnLS diged 03900 4D bl (godlduws)

70+ 39> sl 03 b (6ySolasl FexFexVeem g
L5 YYXYYXOem po (golel ¢ Sgoly jlas slacuis
(Table 3-Y Jgia) 5,5 YAXYAxAcm
s Lacis 700 dads ( itww) cdl il (F
B gl Lacid 70 sga > wogdlas (5w
)y bwly do Cunsg ) bewid 70+ d9ds 9 igllaals
Lacuid Buw Candy (pmedd § (aduld jlee .5
iy 5 ol s g5 Sy b o duglis
cAFACAYA MY o ladds (slod bl ol ys 00
s gl e ST lhogas) ol VEY 5 ADY
B | ynd (Tablesd,5-Fod Johis) coul (cuis
e plSoxinl (sl cutd  odaw plSouiul (gdly )
(5ylid Conglio Jto ol el OMS s Lacuis
So L duglio BB Lol s S (g S ojlul L6

Sl ol 2 2 Sl s dole g pinSs Glacuis (Sl 8 Jgan
Table 3: Quantities of the adobes of the Bam citadel according to the dimensions

doyd T
Percentage Dimensions
55 23X23X5 cm
25 25%25%5 cm
8 20%20%4 cm
12 Other dimensions sl ylo

Aa U
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Table 4: Chemical characters of the suitable soil for production of the adobe

No. S 5 lerd gllao s> olaleil Usg)
Chemical components Desired amount Examination standard
1 SIO2 s 1S 40-60 % Al AN ojless 3,1kl
silicon oxide SiO2 Standard number 861 Iran
2 ALO3 posinegll puS 9-21% Oyl AFA 0 las 3,k
Aluminum oxide AI203 Standard number 848 Iran
3 Fe035  opnl 1] 312% Oyl AFR o )les 5kl
Iron oxide Fe203 Standard number 849 Iran
4 CaO  pudS 18] Max 17 % Ol ADY 6yles 3,k
Calcium oxide CaO Standard number 851 Iran
5 MgO o juie duuS] Max 4% Ol ADY ojlass 3,lxkiusl
Magnesium oxide MgO Standard number 851 Iran
6 CO SainyS 1yl Max 8.5 % Rl VEY ojlas 5,1kl
Carbon dioxide CO2 Standard number 11162 Iran
7 8O3 Sy yoilgus 1] Max 0.5 % Rl VBV ojlass 5,1kl
Sulfur trioxide SO3 Standard number 1162 Iran
8 oty g oo (slay IS Max 0.1 % el VEY oylas 5,1kl
Sodium and Potassium chlorides Standard number 1162 Iran
9 O Eyw Sy 559 <l Max 16 % Ol WEY o ylas 3|l
Weight loss due to the heating Standard number 1162 Iran

Table 5: Physical characters of the suitable soil for adobe production

No. olelejl g5 e otalel by,
Test type Desired Examination standard
amount

1 Tt ¢ (i) e +) (F9,5we) FA Sl gg, o3l Max 7.5 Ol VWEY oylas 3kl
Remained on the 149 micron sieve Standard number 1162 Iran

2 Slgy s s> - Rl VBV oylas 5,k
Liquid limit Standard number 1162 Iran

3 St o s> 17-30 Sl WEY oyles 3|l
Plastic limit Standard number 1162 Iran

Table 6: Quantities of the adobes of the Bam citadel according to the hardness
doyd T
Percentage Description
15 u9ﬂ4a Lf"x“’ ‘51 )lb

Desirable hardness
by b s gyl
Medium hardness
sllae b (e ()l

Undeniable hardness

50

35
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Table 7: Quantities of the adobes of the Bam citadel according to the texture/ density

do)yd T
Percentage Description

30 oS 38l gyl
Limited porous

50 Lawlg 4 38lo (glyls
Medium porous

20 sbj J8le (el
Lots of porous
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Table 8: Quantities of the adobes of the Bam citadel according to the gradation

Lo T
Percentage Description
Oebl gy (gl 35%_—
65 Rough and 65%
heterogeneous
35 O g 31y (sladild
Tiny gradation
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Fig; 3: Sampling and investigation of the macroscopic properties of the adobes of the Arg-e Bam site
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Fig; 4: Brushwood and animal excreta in the adobe sample H3
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Table 9: Quantities of the adobes of the Bam citadel according to the additives

Lo )> T
Percentage Description
20 Herbal fibers (straw) (pa5 olS) LalS Ul
19 Crashed stone S 035
18 Sand o}y oy
10 Crashed fired brick ya1 3>
Garble Jlgo <Y guid
Wood Cg ilaad
Potsherds Jlw 03y
Coal &) labad

Bone gl 03,5

Gypsum & <l

Hair 90
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Fig; 5: Color diversity of the Adobes
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Fig; 6: Examination of the porosity
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Fig; 7: Investigation of the porosity of the studied
adobes
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Table 10: Synthetic analysis in wet chemical approach

digel 1S o 5 oy Juoyd dule Loy & dop 0l o> Canws Juoyd K o
Sample code | Clay and silt percentage | Sand percentage | Gypsum percentage | Solutions percentage Total
B1 51.3 32,6 0.07 16.03 100
B2 42.7 40.7 0.07 16.53 100
B3 43 40.2 0.07 16.73 100
H1 39.1 43.2 1.03 16.67 100
H2 38.1 45.8 0.59 15.51 100
H3 40 42.2 1.03 16.77 100
F Obey & gl @jg 0 Joix
Table 11: Grading distribution by wet method
digel 1S o 5wy doyd dulo Juo )y X ze>
Sample code Percentage of clay and silt Percentage of sand Total

Bl 79.78 20.22 100

B2 75.03 24.97 100

B3 75.1 24.9 100

H1 62.89 37.11 100

H2 58.55 41.45 100

H3 62.12 37.88 100

L5 ol s 9 39 o o3liol U1 31 oS (gdinaily o9y (ol 5> bloal Cawdds diges yor o Siis S5 5 Ve v 13 0)Lil 3590 (sl

ol 04 S5 o yquody (glawlo g (lawlo e S yiou 9
Appointed weights have been measured in 100 grams of the dried soil of each sample. In this method, sieve is the only
tool for grading and therefore, we will have the two parts of sands and non-sands.

Syegyin [ S gy & gaaly @i VY Jpx
Table 12: Grading distribution by sieve/hydrometric method

s 5l YL @lyd ao sl 5l YL lyd oy b §) 5V )3 Ao omm s 5l YL @lyd o
Lgod & mm-/+Yd mme/+Y e mme/++)
Sample Percentage of the Percentage of the . Percentage of the
code . . Percentage of the particles .
patticles larger than patticles larger than 0.03 laroer than 0.005 mm patticles larger than
0.075 mm mm 5 ' 0.001 mm
Bl 9.2 40 69 82.15
B2 11.4 64 79 80.05
B3 10.2 33 76 82.15
H1 11.3 55 76 83.83
H2 11.5 25 58 74.8
H3 10.8 39 70 79.63
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Table 13: Measurement of the compressive strength

cS ¥ 5 &2y Bl oeiiaSl 4 bgye slacuis
oo 4o (g)lidd Cnglin 9 Syl dgds ¢ gaaily
B ol e o5 SR lete a5 b
ooy g0 STLE 18> olds Jloinl 5l s (g b5 bo
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O S95 9 250 b uipS & dly (g )lose
Doyl Sl Sgelyy jlas Y

ol bews candil T ey See dadllas (VY
oo 93,5 JSal glyly SB ol @81 A e o

dges A (kg/cm?) (g lid Cuglin
Sample code Compressive strength (kg/cm?)
Bl 20
B2 38
B3 22
H1 10
H2 10
H3 10

2 Jsle (soSas (&5 500 41 by pe gulis (V)

e § 48 uiiaSls clacuis (o amd o lis
4Bl LS (5)lds Cunglio )ld)9 2 (6 ey Sod
ol Y5 5l (S ey oy i atwlS s Ll
§ (86 Jodssolonl an GlsSiee 1y Al ol o

by g Ol 5 Jobre (slacSas (&S 50T F Jp

Table 14: Qualitative analysis of the soluble salts in watet and carbonates

digel S g 5,8 alyys
Sample code Sulfate Chloride Carbonate

Bl + + +

B2 + + ++

B3 + + +

H1 ++ + +

H2 ++ ++ +

H3 ++ + +
+ Availability of ion 9 syl
s ol bl ol oo o oo
ngrcdiont 8l ol £33 clyie 4 032 19

bacais T oaily (oS Sun adlllas A g A JISC)

Figs; 8, 9: Microscopic studies of the adobes granulation
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5 s sy el 4 Mzl b 35 355 ol
TV Jgi) ol 2l odd (gl paiges lacis
= 5 (Jla>) b slacuis wa ol oyl jI (Table16
I8 elte b Cun g o iieSb lacuis

Syl

Sl dgas (6503101 VD Joun
Table 15: Measurement of the Atterberg limits

> o yd > oy

digel &S o) Sxed | e o]
Sample code | Liquid limit | Plastic limit | Plastic index

B1 33.31 26.78 6.53

B2 31.77 25.97 5.8

B3 32.09 26.06 6.03

H1 27.59 22.35 5.24

H2 26.20 20.19 6.01

Jho 5 6ss el L jhayly slaaly 5 s
L Sgd oo Jolis [y S alyd 5l g5uab o)y adls
slasSLs o LI (aidg iz 4 St 4n dny
3 iy &S Canl oo 11 05 oo 0dnliie (glailSdg,
Laccis el gl (slabag)) SB pBS pon
(Figs; 8,9-A A JIS31) w3b ootz
5 Syl dgas gy Sojlasl 4 baye gl (VF
ol bewid gl sytegyi 5 SU hgyas suaild
0 ©hd o> Lad gl (gaon ;0 4 S A2 o
(o9 9 Col Sl s (9% ¥l 5Sa55)
4 (Table 15-0 Jgis) 3,0 55 >5 dwle (05 Hlado
|y Uit gl ;8 i o 500
(Fig 10-Y+ JS13) B oo Jold Cluw (slaaily sy

adllas 3y90 sladiges sl s ytag )i o S gy & eanaly N+ S
Fig; 10: Grading by sieve and hydrometric method for the studied samples
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[10]cs o LIS L o5 Joudliy (grailo V5 Jouor
Table 16: Classification of the inflation potential by the plastic index

Plastic index (¢ yed il Inflation potential pgi fasilis
Low (b 0-15
Medium lawgie 10-35
High s 20-55
Very high sbj L& YO 5l
More than 35

Sy e 9 )b GlodWlgg 6y JSS cpols
saS glolid Ly S sl bl clas ik
ol A bl 02lgl ) iy vy )l clacuis
Sromln catsS l Lacidgls a cos S
3 oelplo ayly (o Of Gls il 5 1515 )95 5
oo Al oo (A SiS gy 5 slaa S
lacub] (Table 19-2 Jgas) 155,56yt (slaeow]
ol 395 5l Sl (prs5) (2,500 @y Ll
S35 s dsSanys ke (5 AR o
oS ] o ,S05 2gyS Lol w5l (glalas Mo L8
Jeolgd 13 Lo sl b O et 4 08 g 5,05 s
P pyes g ol Gl s bl S gbay it 355
3 e gl )3 g begbl ) iie bewshsesse
3 o Wl oo (5 aiink ygeiige sl Lo SIS
Cel g u S ol 1y lgn cugby Ioasee i SUis
St g 5 Sz G55l S5 0555 e g5
Bl o5 Jelss (St dlonjl (ol

[10,13] cel

‘_{l_ao] ;I)_>‘ coA_ATCA_w.)c\_g CJL») U»Lw‘ » (\O

5 Lacsluwald g ooy LS CoudS 5 35)le8 1y lacuis
Ladiges > 2y hB pliad plise 4 () s S
=y eSS Hlade ylail Lacuis i oS el
Wswn gla S5 01,5 e 90l 3)90 (slacuis
D)l glodll 54 HU S (Sl ks, oS
oigs Jl 4 g polie > Al Wil o i (hgPRd
Cogl yo > commlio giinalls s il s
SLa Sl jea 4 plyice | diged I (g3g4ne (oo
D s G Pl 09,5 sl S o uaSh )
o3l olS aS' g ysbods i wild i) sl i)l
5200203 5 Sl (S0 S ) S | 3 VA

XRD b9y 42 (Sloond oS 5 (e WY Jgi
Table 17: Adjustment of the chemical components by XRD method

BI: digai o Sl oS5
Chemical components of
the sample code: B1

B2 1 dige 05 Jlend S 5
Chemical components of
the sample code: B2

HI: 4505 " Jlond oS5
Chemical components of
the sample code: H1

H2 @ 903 o5 Shard oS 5
Chemical components of the
sample code: H2

Quartz (SiO») Quartz (SiO») Quartz (SiOy) Quartz (SiOy)
Calcite (CaCO») Calcite (CaCO») Calcite (CaCO3) Calcite (CaCO»)
Feldespar (Na.Ca) Feldespar (Na.Ca) Feldespar (Na.Ca) Feldespar (Na.Ca)
Feldespar (K) Feldespar (K) Feldespar (K) Feldespar (K)
Clay Mineral Clay Mineral Clay Mineral Clay Mineral
Pyroxene Pyroxene Pyroxene Pyroxene

Hematite (Fe2O3) Minore

Hematite (Fe2O3) Minore

Hematite (Fe2O3) Minore

Hematite (Fe2O3) Minore

Magnetite (Fe;O4) Minore

Magnetite (Fe;O4) Minore

Magnetite (Fe;O4) Minore

Magnetite (Fe;O4) Minore

Anhydrite (CaSo4)

g U
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XRF o9y 4 Showd oS 5 i A Joio
Table 18: Adjustment of the chemical components by XRF method

o i 505 IS Sig Mo pdBl | B2 : &g &S Sjgdoyd | HI: dged &S Sjg deoyd | H2 : diges IS (559 Mo yd
@LM ey ] Weight percentage of | Weight percentage of the | Weight percentage of Weight percentage of
Chemical material the sample code: B1 sample code: B2 the sample code: H1 the sample code :H2
Na,O 1.0 1.1 1.2 1.1
MgO 3.3 32 35 35
ALO; 14.1 14.3 134 13.9
SiO2 514 52.3 48.3 50.0
P,0s 0.24 0.22 0.34 0.33
SOs 0.18 0.18 1.0 0.67
Cl 0.12 0.12 0.98 0.29
K0 4.0 3.8 5.0 5.0
CaO 9.1 9.3 10.0 9.1
TiO; 0.55 0.57 0.52 0.54
MnO 0.11 0.14 0.11 0.11
Fe,O3 7.5 06.52 74 73
LOI 8.27 8.25 8.25 8.20
La& Lu <1 <1 <1 <1

[Archive of the base of Arg-e Bam and its cultural landscape Jho > 45 oy sl S o Sid Jos (5L&1 N Jgie
Table 19: Linear drying shrinkage of the clay minerals in percentage

Cud g8 Kaolinite %3-10
sl Tllite %4-11
Cad 9b 90590 Montmorillonite %12-23

slacuiscul Sl Sealym sla> 4 baye S
clsal 5805k g )5S gS da sl 5o sadeslaw!
L(bu] U"'>L'“’ )Jk_iuu (_5‘)4 039y (S S J.J‘.w FURRY 1AW
slacais (b @l jl o U (g0 Olpes
o3y )18 Soasu LS s a2 1) H2lyg>
O Joame 45 Cewliol Congiids 1 s .l
ot LU ol b dus Jlesd (gl (slo bl (s00ui
Lacis Sy 40 00 Sy odls diges VY Louily
O 9 Swod 3 w0l S col#o u:1 2 &S ol U.JL»LM
Cous oyl 5l Gl K yd o)ld (6 iy Cuoges 03
dabdy g ol 3 Slas b (524380 odlo S iy oS
48)S )15 odlatuly )90 gl (5)18) Clhiogad deue
g dalllas jl ol gl o wlid )b comy jo aiil
&9 el 5 (5393 )5 Sl ()
Lo Shand oS 5 )3l il @jg (gl
Bledssen (Sidge yidS g (oLl gdield wugb,

S5 mi Y
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Jd & by @las lod pasS b Sl sy
sl plia 29 Anlgss gladg) (005 g Cudly dalysy
Sloogad 39 9 39290 (slacins (3900 S)by
ool Mas Dol (£l (Do saCuis gL,
oSl oo ol b dinlss aelge (g ila b o0
@l 4 4 amd o L ) 395 Cjgp g Cuen]
Glac isd diges (g9 p a8 Spll Clllas I ol
asged 30 0 ol o 5l 09 o) S (Sl
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A ) el Sledle Gliogas bedwis ks
e oAl Ao (3 )8 jome L) S gSg Sle
ol 263 I (oo 9 (ganaily o ordaw plSotnl bm
dga ) lawgio sl (glyls i 5 ow i 00D
slocis  (Slolyd oy i ¢ s (YYXYYXOcm
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