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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 archacological 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 sector, 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 appatrent. Arg-e Bam has been frequently invaded the armies and tribes duting 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 compating to the
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ptior adobes in order to be used for the more 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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Table 2: A sample form of the typology of the adobes of the Bam citadel

Cusbyo Zone: IV.G E bl :La o
Location IV.G 95 Ambient: Room E Body: Northern
&y gl seid sy
Type Group: First Explanation: Old adobe (belonging to the repairs prior to the
restorations on 1959)
Slal Y¥ em : ok YWem: o, ¥ om icuels
Dimensions Length:23 cm Width: 23 cm Thickness: 4 cm
e, Laogin s 500 sbj 38lie (gl 10515 Senli gy i el
Texture Hardness: Medium Density: Porous Gradation: Rough and
heterogeneous
sloged 4 o 3,5 4l : -
Y 515 18 Juile Jgro olul iy
) - .
| de: U9 Explanation: according to
Color Code: 6/6 Pigment: Yellow and light the Mansell table
brown
0JiS 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

Loyl oS ol ol pree ol aalls 5 Sl diged
4o Dyg0 yd Kl do U cduwlio (gly 005 Jlasl
(o (ol D9 485 I 5 LSy g bl o diged
dalate SB oy yipo b oS conl i (ad i (o diges
29l Jos «SB (gjlusodlel 4 bgypo aclsh cole) L
a8 Sl Ll 3 00,5 S5 5 (6,5 B S
llllas wilaie SB 00 Sl (gl el 01
uglio jlxo Cunl 485 plonil (glaBli> (ol e
Glasdycawd)l SB i daccis e plSoul
5088 JyuS il b el bl B il o ol
oo 1015 stiges b g 2,5 o 5 ] i
B «($3I)1)3 sobo s oy (] )3 258 (o 03>
S 5548 on b bl ola dbges 4 alls

P ol L5 diges 03gd5e 53 byl (godldand)l
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W s P Camdy 55 5 Ladeid jlms )
Silodingy 9 padLd St 9ol o L gl aulie
MY CAYA AN (s o)ledds (sl sl ol 4 ons
48 gl oo ST luogas) oyl VISY 5 ADY
S}l yuss (Tablesd,5-Fod Johia) ol (s
o plotinl Cuwl cutd e plouul (gdly )
(6 )lid Caoglio Jro glayol ) Syl o is
S b dglio LB Lol s (2> (g S o0jlul L6

S el 2 5 5 e 5 S (slacuis It ¥ Jye
Table 3: Quantities of the adobes of the Bam citadel according to the dimensions

12% 8%

25%

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

A4 1795 Gliwoj g joaly (g 6 losis cpgaw Jiw
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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 SIOs i 1S 40-60 % Rl AP ojlads 3, lkiusl
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 el g o (glay 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
[10]cuis s lp cuslio S (38 la Sho b Jo>
Table 5: Physical characters of the suitable soil for adobe production
o il €9 Cgllas 2> RS
Test type Desired Examination standard
amount
1 Towt « (o) +) (S9ySee) FA Sl (g oo Max 7.5 Sl WEY oylas 3|l
Remained on the 149 micron sieve Standard number 1162 Iran
2 Slgy s 1 - 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
s 8L bl o0 Sl glacais JSlglys & s
Table 6: Quantities of the adobes of the Bam citadel according to the hardness
Lo yd fS2
Percentage Description
15 ollas (5w )l
Desirable hardness
50 bwly o gz gl
Medium hardness
3 llae b (e ()l
Undeniable hardness
1#a5 Gliws] g ks g 0los g Jlw | 90
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Table 7: Quantities of the adobes of the Bam citadel according to the texture/ density

Lo yd T
Percentage Description

30 RECPES
Limited porous

50 Lawlg 4 38lo (glyls
Medium porous

20 sbj J8le (el
Lots of porous

20%

SEL A e iy &S S ol CJT bwlg s
ol Ble by sl dged g cwl bl b (¢ diged
18 ) oS ol g9 &S 39 o Jols |y olacis
(Table 7-Y Jgas) Cawl 639s Sl (gdiges
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bl e 8 750 390 g Ked gy siu b
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bl p Yo g Ve e Fe ie sl STl eolanl b
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Table 8: Quantities of the adobes of the Bam citadel according to the gradation

Lo T
Percentage Description
Ol g by gdual
65 Rough and
heterogeneous
35 LJ;“"D’ 9 1) dx%d‘sb
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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|P’q90Umj9_j,Hl;gspngJLnib‘pgaude | qp



ak ) )
\_SRU!UML& Ry liwl og ju solilasd g3

b.\JJS)i &y U»Lwl ey j)l L;Lﬁw dlﬁl)ﬁ A Jg.\>
Table 9: Quantities of the adobes of the Bam citadel according to the additives

Lo T
Percentage Description
20 Herbal fibers (straw) (pa5 olS) alS LI
19 Crashed stone S 035
18 Sand o}y oy
10 Crashed fired brick )?T Y
Gatble  jla> <Y ou28
Wood Cg ilaad
Potsherds Jlaw 03,5
Coal &) labad

Bone gl 03,5

20
7o 5% 2% 39% 3% 2% 2%
(']

10%

Gypsum & <l

Hair 90
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Fig; 5: Color diversity of the Adobes
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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 dwlo Jo & 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 39.1 432 1.03 16.67 100
H2 38.1 45.8 0.59 15.51 100
H3 40 422 1.03 16.77 100
5 Obey & gl @jg N Joix
Table 11: Grading distribution by wet method
dges S Claw g (o) o yd dule Loy 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

Hl1 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 [SU gy & gaaly @i VY Jpr
Table 12: Grading distribution by sieve/hydrometric method

BT I PR FLIKWESR) bl YL lyd oy b § YL &y dspmm sl YL @lyd oy
Lgei &S mm-/+Yd mme/+Y oeed mme/+ )
Sample Percentage of the Percentage of the . Percentage of the
code . - Percentage of the particles -
particles larger than patticles larger than 0.03 l particles larger than
arger than 0.005 mm
0.075 mm mm 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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e 5,5 JIKl s Sl 8168 amd e

Table 13: Measurement of the compressive strength

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

2 Jsloee (sla S S 3 & bgyyo ol ()

Oliee 31 a8 i@ S glacis o awd o ol o
Bl il (5)Lid Cunglie cl3)53 2 (5 piiy St
ol LY 5l (S c gy oy i diwlS s el
J b Jdssobal 4 plgs o |y e 0l g2

kS g ol 5 Jobre (slacSas (&S 50T F Jp

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

Lges IS g S8 alyys
Sample code Sulfate Chloride Carbonate

Bl + + +

B2 + + ++

B3 + + +

H1 ++ + +

H2 ++ ++ +

H3 ++ + +
+ Availability of ion 9 syl
Cpdeblenstbiotion | g
ingredient oXjlu ol e Jgis 4 o3 y9n

bacais T oails (oS Sun adlllas A g A JISL)

Figs; 8, 9: Microscopic studies of the adobes granulation
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Table 15: Measurement of the Atterberg limits

Jino g S laadsS b jbhaglj slaah g aun
b bgd o Jolis Iy SB il jl (g3ab asys adls
sl SBpUILe sy oz 4S5l 4 429
§) it 8 ol o 13 65 oo onliie (gl lesg,
b et calo gy (g alsg)) S 453 yan

(Figs; 8.9-A A JIKl) sl sadosliz

5 Syl ol (5,5 ojluil 4 bgyye gl (VF

EUSRWoSh > Aoy “e . s - B e
P | J J wg) | ul.ua) medl); ‘_g)ma)..\ﬂ.bggg‘ uo”A.g‘_g.L.gA.’l.)
Aged &9 S| o> S ) L o
Sample code | Liquid limit | Plastic limit | Plastic index FS2sS) 00y )3 20> ndigel (sdon )3 &S dmd e
B[ B3t | %7 | 6 535 ke co55 53 5 el S s (09,550 ¥
B3 32.09 26.06 6.03 93 s 4 (Table 15-30 Joda) 313 039 4wils
H1 27.59 22.35 5.24 ) .
2 2620 20.19 6.01 oo gladby) wiw ) becis glawle pé o
L 365 g8 Jomsliy (Fig 10-V+ JS) Kgd o0 Jold
Sand
Gravel o Silt Clay
Coarse to medium Fine
Persent finer No No No No No No U.S. standard sieve size
100 4 10 20 40 100 200
’
-
N
80 \ \
\\
60 1
\\ \
40
\\ N
N\ N R
N
N
NN
\\t
20
I~
0 1 0.1 0.01 0.002 0.001
B1 B2 B3 g1 g H3  Grain diameter (mm,

adlllas 3)50 (sladiges (gl s teg e o SUI hg) 4y (guipaily VeSS
Fig; 10: Grading by sieve and hydrometric method for the studied samples

1*9¢% UL‘iau.o_jg_j#l,‘gspgbo_JMc[Dg.wdhu | qA



ak ) )
\_SRU!UML& Ry liwl og ju solilasd g3

[10]cs o LIS L oy 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

LmL’j clas uﬂf»b ‘u;)’ﬁ e g JJ)IJ Lglobla.”é}é
S)‘ L;La:c;uj;;é- 5 a.\..»L;:L»L_w ) LSLQ’@K ol
@ Cowd b S cpldiwe cubl odlgls 1y o
CablB g )l yss 6y b cuaS e gl
9 ); Lgl.tb 4>)> 5 u)‘)JL) cJJ)lb Lg/u_wa uj uA>
23,5 ¢y (sl Joio A5 o b Siid
(£35) (52555L )48 Lol laculs .(Table 19-)4 Jgis)
500 (29)S Lol Wyls (o) dasMe LB 55,500 e
b ool ot 4 B g )y ol aSs ] Jto
o a5 IS oo &y A8 355 Jolgh 3 s 3555
g bl 5l it el geiise 5 pygi g ol Ll
lacusgh ygeiige sl e glS 5l i el )
Iy ls ool [N o Sid l u AlgE o >
G55 oyl J1SG 05,8 wWlias pygi el o AiS s
Jolos n e dlozjl (s Sid g 5 glads

[10,13] sl 5 las o5

locwis Lol clial wtelcwda gols wlal » (V0

sla G g b Slaoald 5 03> JSui5 S g 3515 )
Bl o dges 3 2y JB Gl & (i @ ()
oSl ) 3 ol S gl Sl dog g o
2 gy (o) B ke il s e
5 e o(Tables 17,18-VAg)Y Jglis) dizs (oo oLl

Codgh ygaiige g Cubl (ol 095 sl S 24

Sl G50 )3 ol jpin & g g e
)y oS i olo SIS 0135 50 (190l 3,90
Se 4S5 gl ol b b Sl Sl
g B | 55 Sy o
i iy s oage 511487 (g0lio o andl Wil o
Sl (899d%0 i Cangf o D i wlio (gay alb
Jo Sk g0y oS Hpa 4 plgi e |) rdiges
S b SIS0l G Cutd S 09,5 (glo S
b o )3 72e o5l ol a8 (g0l dy et il
S pd JSB Cpals 9y cnlil g Cunl (19,800 S5l 28

XRD b9y 42 Sloosd 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 Jlond S 5
Chemical components of
the sample code: B2

HI: 4505 3" Jlond oS 5
Chemical components of
the sample code: H1

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

Quartz (SiO») Quartz (SiOy) Quartz (SiO») Quartz (SiOy)
Calcite (CaCO») Calcite (CaCO3) Calcite (CaCO») 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 (FexO4) Minore

Magnetite (Fe;O4) Minore

Magnetite (Fe;O4) Minore

Anhydrite (CaSo4)

a1 |
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Table 18: Adjustment of the chemical components by XRF method

L. |t ges IS Gig Mo BT | B2 diges 85 S5g deyd | HIL: diged 05T Sig deyd | H2 : diges 8 59 ey
dLM oy ) Weight percentage of | Weight percentage of | Weight percentage of | Weight percentage of
Chemical material the sample code: Bl the sample code: B2 the sample code: H1 the sample code :H2
Na,O 1.0 1.1 1.2 1.1
MgO 33 32 35 3.5
ALO; 14.1 14.3 134 13.9
SiO2 51.4 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
KO 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
FeO3 7.5 6.52 74 7.3
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 Jbo > 45 oy sl S o Sid Jos (5L&1 N Jgie
Table 19: Linear drying shrinkage of the clay minerals in percentage

Cuid g8 Kaolinite %3-10
ol Tlite %4-11
Cad 914 y9e%ige Montmorillonite %12-23

2 eddoslawl slaciis.cowl Sy Sgely ;Las
Ll o8 wload Qbal 5 Sk g 5 SeS o 5l
i Dlyess ol (Bl S (i 0391 5y
&2 hoelane benis jl il il G b
Cung Cax | sl ool )8 0S5 ,LS o olus
Sy Sloblocery 59 iy S o ol
plaS s il glate (sla s, et Wb ] b o lgsd
2 085S s 00le diged VY eaily 03)ls sla i plys yo
olS iyl cpl 3 a8 ou s olwls becis Sy
N )3 Sy Coges ojpy (5 5 Siwsed
L o938l oole Sy lgis @ &S Cns ) ) S
Qlae ()18) Dluogad d900 1uaday § (ol 3 )Slee
ol ¢l 8 Con jd il 4 )3 148 eolaiwlyjge
5 S5 S5 s g edlls ) Sl
S 5 Bl sl @595 sl @i il
i 5 (P (5 e gy 1o o Seme b
SBME| yy s 2y 903l 250 (slo Wiged (Sibgo

S5 emi Y
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el salygs Jbis & by s lod 4S5 b
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) S sSewg Slo day > opmsbio slazs s oy s
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