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ABSTRACT 

 

Since soil and water were the most accessible building materials, humans used the 

mixture of soil and water to fabricate mud bricks or adobe. Iran, Syria, and Iraq have 

numerous mud brick buildings, and Arg-e Bam, located in Iran, was one of the most 

famous earthen monuments in the world; it was destroyed in a massive earthquake in 

2003. In this research adobe samples were fabricated and different consolidants were 

applied to the samples. To determine the most effective consolidant, the tests were 

performed on the treated adobe. The soil for this research was supplied from Godfrey, a 

site near Kingston, Ontario, Canada. The soil was mixed with kaolin to achieve a similar 

grain size distribution to that of soil found in Bam. This research used four specific 

consolidant materials: a 5% (w/v) solution of Paraloid B-72 in toluene; a 50% (v/v) 

solution of methyl trimethoxy silane (MTMOS) in ethanol; a 50% (v/v) solution of ethyl 

silicate (TEOS) in ethanol; and Conservare H, which is the commercial brand of ethyl 

silicate. The research also studied the effects of Paraloid B-72 on surfaces previously 

treated with methyl trimethoxy silane and ethyl silicate. The chemicals were applied to 

the samples by brushing. After treatment, different physical properties were measured. 

The tests included study of density, porosity, water absorption, depth of penetration, 

abrasion resistance, hardness, compressive strength, bending strength and colour changes. 

Chemical analysis (X-ray diffraction) was used to study the chemical components of the 

soil and scanning electron microscopy showed changes to the treated surfaces after 

application of the chemicals. This research can be used as a guide in choosing the 

consolidants in adobe consolidation depending on the priorities defined in each building 
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conservation project.  Also, by applying all the same tests to samples made from the 

actual soil from Bam, this research can be used to evaluate how grain size distribution can 

affect the physical properties of the consolidated samples. By considering only the grain 

size of the soil used for adobe fabrication, the results from this research produced the 

following conclusion of consolidation of adobe from Bam; if the colour change is 

important, then the recommended consolidant is MTMOS or TEOS; if the colour change 

is not important, then the recommended consolidant is Paraloid B-72. The comparison 

among all the consolidants and their results, except results from failure strength, leads to 

the conclusion that the best consolidant is TEOS followed by a second coat of Paraloid B-

72.  
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CHAPTER 1 

 

HISTORY OF THE ARCHAEOLOGICAL SITE OF BAM, 

 ADOBE: ITS COMPOSITION, DETERIORATION AND   

CONSOLIDATION 

 

1.1 Introduction 

Some of the oldest historical buildings in the world are located in the Middle East. The 

main building material in these buildings is adobe. Adobe is made of soil and water. Due 

to the variety of the soil, water, climate and the method of the fabrication, the 

characteristics of adobe differ from one place to another.  Due to aging most of these 

buildings are deteriorating into ruins; therefore they need to be continuously restored. 

 

The most important dilemma in earthen buildings is how to preserve their exterior 

surfaces which are exposed to many destructive agents. These agents include: 

environmental effects; human effects; biological effects; and inherent effects. These 

agents cause many problems, including erosion, chipping, cracking, and fracturing. Also 

the aforementioned problems open pathways for water penetration, which leads to the 

migration of soluble salts, and causes efflorescence, swelling and shrinkage. These 

problems decrease the adobe strength and ultimately lead to the collapse of the whole 

building. In earthen buildings there are no columns for bearing the building load; the 

adobe bricks bear the entire load by themselves. In order to increase the strength of the 

adobe, consolidants are used. They decrease the risk of water penetration, erosion, 
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chipping and cracking. Therefore, they help to preserve historical earthen buildings so 

that they do not need to be restored as frequently. The chemicals were chosen because of 

their use in conservation and because of their cost. 

 

The idea of applying the consolidant on the adobe from Bam was inspired by the tragic 

destruction of Arg-e Bam which was the largest mud brick structure in the world. The soil 

used in this study resembled soil from Bam only in grain size. To determine in the 

relevance of this work to Bam, the same tests would need to be applied to adobe made of 

soil from Bam. 

 

This research project was undertaken to explore the application characteristics of different 

consolidants for adobe. The objective of this work was to compare some of the physical 

changes that consolidation produced in adobe samples. The results showed that the most 

effective consolidant needs to be selected depending on the requirements of the 

conservation project. This project provides some information on consolidants and the 

properties that they give to the adobe. Therefore, the results can be used by conservators 

who want to apply these chemicals to adobe. 

 

 The outline of this thesis is as follows. In chapter 1, a brief outline of the history of the 

archaeological site of Bam and information on adobe and its composition are presented. 

Also the deterioration of adobe and consolidation treatments are discussed. In chapter 2, 

the chemistry of the consolidants is described. The experimental procedures are presented 

in chapter 3. The results and discussions are given in chapter 4. Chapter 5 presents the 

conclusions. Finally, Appendix A contains a summary of the literature reviews. Appendix 
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B presents the chemicals. Appendix C contains  the requirements for physical and 

mechanical tests, the details of soil preparation and the results of sedimentation tests are 

presented in Appendix D. 

 

1.2  History of the archaeological site of Bam 

Early buildings in the Middle East are made of soil as it is the most available construction 

material and it is appropriate for the climate of the geographical zone. The first 

civilizations that used earthen structures were in Iran, Iraq, Syria, eastern Turkey, and 

southern Russia. The first evidence of adobe use in the central plateau of Iran date back to 

8000 BC. “Shaped-up masses of mud were set beside each other to construct the first 

human habitats. Ganj-Darreh in Kermanshah, Ozbaki near Tehran and Zagheh in 

Dashteh-Ghazvin are places in which proofs of remnants of such endeavors to primitive 

dwelling places have been found” (Hajmirbaba, 2004). Bam is in southwest Kerman, 

between the Barez and Kaboud mountains. Bam is one of the oldest centres of civilization 

in Iran; this has been proven by archaeological studies of the Bidron Hills and Tele Atash, 

located north and east of Bam and dating to 2000 and 4000 BC respectively. Bam 

measures over six square kilometers in extent, 520 meters in length, and 430 meters in 

width. Arg-e Bam is one the most important earthen building sites in the world. It was 

destroyed in a massive earthquake in 2003 (Armanshahr Consulting Architects and 

planners, 1993). 

Different dynasties governed Arg-e Bam. In the Achaemenians’ era (579-323 BC), the 

first settlements came to Bam and they built a fort in the zone. In the Parthians’era (150 

BC- 224 AD), the fort was expanded and changed to Arg-e Bam, the Citadel of Bam. 

During the Sassanids’ era (224 to 637 AD), the citadel was expanded with new ramparts 
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and walls. In 645 AD Arabs attacked Iran, they reached Kerman, and Arg-e Bam suffered 

from this war. In 656 AD a group of the Moslems (Khavarej) who were defeated by 

Imam Ali, came to Kerman and settled in Arg-e Bam. In 869 AD, Yaghob Leth Saffari, 

defeated Khavarej and occupied Arg-e Bam. Bam was governed by theMoguls’ dynasty 

(1240 to 1363 AD). After the Moguls, the Safavids ruled Iran (1502 to 1722 AD), and 

Arg-e Bam was expanded. The Safavid dynasty was defeated by Agha Mohammad Khan, 

the founder of the Qajar dynasty (1794-1925 AD) and Arg-e Bam was used as a military 

complex to defend against Afghans and Baluchis. In 1932, during the Pahlavi’s era 

(1925-1979 AD), Arg-e Bam was totally abandoned. During the Islamic Republic’s era 

the Iranian Cultural Heritage Organization (ICHO) was in charge of the conservation of 

Arg-e Bam (Hajmirbaba, 2004). In 2003, Arg-e Bam was destroyed in a massive 

earthquake.  

 

The site was important due to three main characteristics: it had proper soil for agriculture, 

it was in a good strategic area, and it was located on trade routes. Architectural studies of 

the old city show that Arg-e Bam consisted of three parts: the ruler’s area in the centre, on 

the hill, the royal families’ area that surrounds the ruler’s area, and citizens’ area, that 

sorrounds the royal families’ area. The ruler’s area was located on the highest part of Arg-

e Bam in order to govern all areas. It included a five-story building, barracks, a mill, a 

four-season house, a well (dug in the rocky earth and about 40 meters deep), and stables. 

The royal families’ area separated from the ruler’s area by ramparts, consisted of a 

bazaar, and around 400 houses with associated public buildings such as a school and 

gymnasium. The citizens’ area is considered to be the major part of Arg-e Bam. It was 

separated from the royal families’ area by ramparts and surrounded by a deep moat as a 



 5

defense. This part of Arg-e Bam had the most destruction as inferior quality structural 

materials were used. The houses of this part were classified as one of three types: smaller 

houses for poor families, consisting of two to three rooms; bigger houses with balconies 

for the middle social class, consisting of three to four rooms; and the most luxurious 

houses for the high social class, with several rooms oriented in different directions, 

suitable for all seasons of the year, and which also had stables and yards (Armanshahr 

Consulting Architects and planners, 1993). 

 

1.3 Adobe and its composition  

Adobe is made of soil. Soil consists of gravel, sand, silt and clay. Clay is the binding 

material in adobe. By adding water to the adobe ingredients, the clay will disperse and its 

plasticity is increased. When the soil dries, it shrinks and some cracks will appear. In 

order to decrease the shrinkage, an inert material known as a filler can be added to the 

soil. The common fillers are non-clay minerals and organic materials.  The organic 

materials can be divided to two groups:  those from a vegetable source (for example, 

straw, palm leaves, and rice husks) and those from an animal source (for example animal 

hair and dung) (Torraca, 1988). The word adobe which is derived from the Arabic word 

(al dub) was brought by Spaniards to the Americas, and it was adopted into English. 

 

1.4 Deterioration of adobe  

There are different reasons for the deterioration of earthen structures. The reasons are 

classified into four groups: environmental effects, human effects, biological effects and 

inherent effects. In the conservation and restoration of earthen monuments, deteriorated 
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adobe can be replaced with the newly made adobe. Also, in order to increase the strength 

of the adobe, consolidants are added.  

 

As mentioned above there are environmental, human, biological, and inherent sources of 

deterioration of adobe. Environmental sources are classified as natural disasters such as 

hurricanes and earthquakes, temperature changes which cause freeze-thaw cycles, wind 

erosion, water from rain or snow, capillary rise of moisture into structures, water causing 

the migration of soluble salts, and the wetting and drying cycles which lead to swelling 

and shrinkages. Human sources of deterioration include vandalism and abandonment of 

an area by inhabitants, changing the application of the structure improperly, and lack of 

preservation and maintenance. Also any kind of explosions due to war, mining and 

engineering activity belong to this group. Biological sources include the effect of growing 

plants and trees, and the attack of mosses, lichens, and fungi. For an earthen structure, the 

main source of biological effect is considered to be termite attack. Inherent effects include 

using low quality materials, and applying inappropriate construction methods.  

 

On a chemical level after time, deteriorated adobe becomes weak. The clay platelets, 

which are flocculated and aligned, become more dispersed, and so the volume of the 

pores is increased. This causes the weakening of the weathered surface and leads to 

destruction of the wall and consequently the building (Agnew, 1990c). 

 

1.5 Consolidation treatments 

Walls made of adobe can be restored by covering and trowelling the wall surfaces with 

new soil paste. In cases where the adobe is destroyed completely, the adobe must be made 
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for a specific area and must replace the deteriorated adobe. The adobe can be made 

according to the common method of making mud brick or it can be made by adding 

consolidants to the raw material of adobe. In most treatments, a solution of consolidant is 

used which should be applied by spray, brush or bulk infiltration (Agnew, 1990b). 

  

The ideal consolidants for adobe should have the following properties. In order to let the 

water pass both in liquid and vapour phases, the consolidants should be water resistant 

but they should not be water repellent. The consolidants should not close the pores and 

capillaries, and they should have good penetration; the consolidants with low viscosity 

show better penetration. They should not create a separate layer on the surface, or change 

the colour of the adobe. They should increase the mechanical strength and abrasion 

resistance in both dry and wet conditions. The consolidants should be durable (for 

example resistant to water and ultraviolet (UV) light), easily applicable, cheap, reversible 

and they should not be chemically hazardous. 

 

Organic resins are divided into two main groups according to Torraca: thermoplastic 

resins and thermosetting resins. Thermoplastic resins are made of small monomers, which 

bond to each other to form longer chains. They can be softened and remolded by heating, 

without any changes in their chemical structures. Acrylics and polyvinyl chloride (PVC) 

belong to this group. Thermosetting resins are made of chains, which by heating, 

chemical reaction, or radiation, cross-link to form a hard and brittle material and their 

chemical structures are changed. Therefore thermosetting resins cannot be softened and 

remolded by heating.  Silicones, epoxies and polyesters belong to this group. The most 

common resins used in adobe consolidation are acrylics and silicones, which are 
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thermoplastic resins and thermosetting resins respectively (Torraca, 1988). The study of 

adobe consolidation started in the 1960s and continues today. A survey done on the usage 

of acrylics and silicones as consolidants for porous building materials (e.g. stone and 

adobe) showed that, during different decades there were different fields of study. The 

following list shows the type of research performed at different times. 

 1970-1980 

• the application of mixtures of acrylic and silicone as consolidant  

• the behavior of acrylic as consolidant: in situ polymerization, impregnation 

 
1980-1990 

• the degradation of acrylic due to water (Brown, 1979) 

• the degradation of  acrylic and silicone mixtures due to UV radiation and acid rain 

 

1990-2000 

• for the early years of this decade, usage of the mixture of acrylic and silicone 

(Tabaso, 1995, Brus,1996) 

• the application of fluorinated acrylic as consolidant material  

• the impregnation of acrylic in porous material, in situ (Taylor, 1990) 

 

2000-2006 

• the aging effects of fluorinated acrylics (Toniolo, 2002) 

• studying the aging effects on the mixture of acrylic and silicone 

• using the fluorinated acrylics as protective layer in stone consolidation 

 



 9

The tables in Appendix A again show that the most common consolidants used for adobe 

and stone are silicone and acrylic resins. These tables provide comprehensive information 

on the consolidants and the method of application. Also they show how the mechanical 

and physical properties of the treated samples are changed with consolidation.  

The chemicals were chosen for this study because of  their importance in art conservation 

and also for reasons of economics. MTMOS and TEOS are both of them popular in art 

conservation and belong to the same family of chemicals (silicones).Thus it was 

interesting to note how these two consolidants differed in changing their physical 

properties. Conservare H was used to compare its results with TEOS, as Conservare H is 

the commercial brand of TEOS and is much more expensive. Paraloid B-72 was chosen 

because it was the most popular resin in art conservation; and it is not expensive. From a 

study at Queen’s University (Webb, 2007), the characteristics of Paraloid B-72 were 

promising. 

After applying the consolidants, the most common tests performed on the treated adobe to 

determine their effectiveness are: density and porosity, compressive strength and, depth 

of penetration, water-resistance, water absorption, freeze-thaw, salt resistance, aging, and 

morphological observation (Kezhong, 1990). 
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CHAPTER 2 

 

CONSOLIDANTS 

 

In this chapter, the classification of silicone compounds, their chemical names, and 

chemical structures are introduced. The consolidation process of compounds is explained, 

and the main properties of silicone compounds as consolidants are given. It should be 

mentioned that the terminology of silicone compounds is sometimes confusing, and this 

comprehensive information will help readers to become familiar with the different names 

of the chemicals introduced in different articles. The acrylic resins and their classification 

are introduced. Also in this chapter, the consolidation process of acrylic resins is 

explained, and the characteristics of acrylics resins as consolidants are given.  

 

2.1 Classification of silicone compounds 

Silicone compounds have different names. There are several materials which are made of 

silicon (Si). When silicon reacts with oxygen, silica is formed (SiO2). Silica can react 

with water to form silicic acid1
. The salts from silicic acid are called silicates; the most 

important examples of silicates are sodium silicate and potassium silicate. The reaction of 

silicic acid with alcohol leads to the formation of silicate esters which are also known as 

silicates (Torraca, 1988).  

 

 

                                                 
1 Silicic acid has two structures: ortho silicic acid H4SiO4 and meta silicic acid H2SiO3 



 11

2.1.a  Silane and alkoxysilane 

Silane or SiH4 is also known as monosilane, silicane, and silicon tetrahydride. Silanes are 

considered to be analogues of alkanes, with the same structural formula: SinH2n+2. For 

example, silane (SiH4) is similar to methane (CH4). As with alkanes which undergo 

hydrolysis and form alkanols (R-OH), silanes produce silanols (-Si-OH).  

 

The hydrogen atoms in silane can be replaced with alkyl (-R) or alkoxy (-RO) groups and 

in order to name the new compounds, the silane term is retained at the end of the 

chemical’s name. For example, when one H atom in silane is replaced with a methyl 

group, it is called methylsilane; if two methyl groups substitute two H atoms, the 

compound is called dimethylsilane, and if all H atoms in silane are replaced with four 

methoxy groups, tetramethoxysilane is formed. Also the H atoms can be replaced with 

one alkyl and three alkoxy groups to form alkyltrialkoxysilane. Alkoxysilanes2 are known 

as polyalkoxysilanes and polysilicates. Examples of alkoxysilanes are tetraethoxysilane 

(TEOS), methyltrimethoxysilane (MTMOS), and polydimethyloxysiloxane (which are 

often used in sol gels). Furthermore, alkoxysilanes are sold under different trade names 

such as Silester, a mixture of ethyl silicates3, and Conservare H, a mixture of partially 

polymerized alkoxysilanes and silicic ethyl esters4. 

 

As previously mentioned, silicic acid can react with alcohol molecules to produce ester 

molecules. In the following example, the reaction between silicic acid and ethyl alcohol 

                                                 
2 According to CAMEO, alkoxysilane is a general name for reactive silane compounds, having silane links 
(Si-C bonds). They have been used since the 1980’s as sealers and consolidant for sand stone.  
3 http://www.patentstorm.us/patents/5879437-description.html (access date: 3/08.07) 
4 CAMEO searching for “tetraethyl+orthosilicate”  (access date: 6/08/07) 
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 leads to the formation of tetraethyl silicate or tetraethoxysilane Si(OC2H5)4:  

 

Si(OH)4 +4 C2H5OH              Si(OC2H5)4 + 4 H2O 

 

tetraethoxysilane (TEOS), with a molecular formula of  C8H20O4Si  and a molecular 

weight of  208.35, is known by other names, such as: ethyl silicate, silicon ethoxide 

tetraethyl orthosilicate, tetraethyl silicate, and silicic acid tetraethyl ester. There are 

different applications for ethyl silicate, such as to consolidate, strengthen and 

weatherproof stone (any kind of processed rock which is used in building construction), 

mortars (a mixture of sand, crushed limestone and water), and cements (a mixture of fine 

powders of calcined limestone and clay with water)6. Figure 1 shows the chemical 

structure of TEOS. 

      Fig. 1: The chemical structure of ethyl silicate 

 

MTMOS (methyltrimethoxysilane), with a molecular formula of C4H12O3Si and a 

molecular weight of 136.2, is also known as trimethoxymethylsilane7. According to 

Horie, methyltrimethoxysilane can be used as a water-repellent material as well as a 

consolidant (Horie, 1997). Figure 2 shows the chemical structure of MTMOS.  

  

Fig. 2: The chemical structure of methyltrimethoxysilane 

 

 

                                                 
5http://www.emolecules.com/cgi-bin/more?vid=480627 (access date: 4/08/2007) 
6 CAMEO searching for “ tetraethyl silicate”  (access date: 6/08/07) 
7 http://www.emolecules.com/cgi-bin/more?vid=491440 (access date: 4/08/2007)  
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2.1.b Siloxanes 

Silanes or alkoxysilanes can condense to form a polymer chain containing Si-O bonds 

ester link). For example, if four silanes (SiH4) condense, the compound is called 

tetrasiloxane. If the H atoms in the silane are replaced with alkyl or alkoxy groups, they 

are called organosiloxanes. Polysiloxanes or silicones are long chain polymers which are 

made of organosiloxanes8. By the condensation of about 10 molecules of ethyl silicate, 

ethyl silicate 40 is formed9. Figure 3 shows the chemical structure of ethyl silicate 40. 

 

Fig. 3: The chemical structure of ethyl silicate 40 

 

 

 

The name siloxane is derived from the following words: silicon, oxygen, and alkane. 

Siloxanes are organosilicon compounds with the empirical formula R2SiO. In 1972 when 

they were first introduced, Kipping thought the structure of siloxanes was similar to 

structure of ketones, and this was the reason that he incorrectly called them silicones. In 

silicone, R is an organic group such as a methyl or phenyl group; examples of these 

chemicals are dimethylsiloxane [SiO(CH3)2]n and diphenylsiloxane [SiO(C6H5)2]n . For 

both chemicals n usually is more than four. Figures 4 and 5 show these chemical 

structures. 

 

 

                                                 
8 CAMEO searching for “ alkoxysilanes”  (access date: 6/08/07) 
9http://images.google.ca/i searching for “ethyl silicate 40” (access date: 6/08/07) 
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Fig. 4: The incorrect chemical structure            Fig. 5: Chemical structure of  

for silicones                polydimethylsiloxane (PDMS) 10 

 

Polysiloxanes have specific chemical characteristics. As they are made of long Si-O-Si-O 

chains, they have inorganic properties; due to having polar bonds between Si-O (ester 

link), they have polar characteristics. On the other hand as they have organic groups, they 

can be considered as organic materials and they show hydrophobic characteristics as do 

organic materials. 

 

When polysiloxanes are applied on a polar surface, the polysiloxane molecules attach to 

the surface by their polar part and their non-polar parts are on the outside. The non-polar 

parts do not absorb water; they act as water barriers and are called hydrophobic or water–

repellent. It should be mentioned that there are small spaces between the polysiloxane 

layers that let single water molecules pass. Therefore polysiloxanes are water-repellent 

and water-vapour permeable. In summation, polysiloxanes or silicones have both silane 

and ester links, are used as consolidants and are water repellent (Torraca, 1988). 

 

                                                 
10 www.chm.bris.ac.uk/.../ianweatherhead.shtml (access date: 23/09/08) 
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2.1.2 Consolidation process of silicone compounds 

Consolidation of silicone compounds consists of three steps: hydrolysis, condensation and 

gelation. These steps will be described and then the hydrolysis of silicone compounds will 

be discussed in greater detail. In hydrolysis, the bond between Si and the atom or the 

group, which is susceptible to water, will be broken and replaced by a hydroxyl (OH) 

group and silanols are formed. 

   Si-X +H2O  Si-OH + HX 

In condensation, the silanols react with each other and lose an H2O; Si-O-Si bonds are 

then formed.  

   Si-OH + Si-OH        Si-O-Si + H2O 

The condensation reaction leads to the generation of gels, which are very viscous. The 

hydroxyl groups of the condensed polymers will react with OH groups of the substrate; 

by losing molecules of water, the chemical bonds between the Si atoms of the consolidant 

and the O atoms of the substrate are formed (Torraca,1988). The gelation process leads to 

the formation of a polysiloxane network. This reaction is slow (Comyn, 1997). 

In the hydrolysis of silanes, hydrogen gas is generated. Although SiH4, and RSiH3 can go 

through hydrolysis and condensation, they are not used as consolidants, because of being 

toxic and volatile.  
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silane                        SiH4 + 4H2O        Si(OH)4+ 4H2
11

 

alkylsilane              RSiH3+ 3H2O                 RSi(OH)3 + 3H2 

alkoxysilane           Si(OR)4 + 4H2O       Si(OH)4 + 4ROH 

In the hydrolysis of trifunctional alkoxysilanes, RSi(OR)3, the ester links (Si-O) 

hydrolyse and Si-OH is formed, but the silane links (Si-C) remain unchanged.  Tri and 

tetrafunctional alkoxysilanes, RSi(OR)3 and Si(OR)4, are less toxic and volatile than the 

alkylsilanes and silanes. Also the hydrolysis rate of tri and tetrafunctional alkoxysilanes is 

slower than that for the alkylsilanes and silanes, so tri and tetrafunctional alkoxysilanes 

can penetrate deeply before gelation occurs. 

 

 To increase penetration, the evaporation of the materials should be limited. There are 

three methods used to decrease the evaporation. One method is covering the treated 

sample with plastic and the second is immersing the sample in a solution of consolidant, 

which covers the entire sample surface. The third method is the application of a mixture 

of alkoxysilanes and acrylic resins12. In order to increase the strength of the consolidants, 

the application of a mixture of difunctional and trifunctional silanes is recommended 

(Horie, 1997). The most common alkoxysilanes in conservation are ethyl silicates 

(TEOS) and methyltrimethoxysilanes (MTMOS).  

 

                                                 

11  If Si (OH)4 is left alone, it will lose its water and change to SiO2 which is called silica dust. 
(Torraca,1988) 

14 CAMEO searching for “alkoxysilanes”  (access date: 6/08/07) 
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As with organic silicates like alkyl silicate (e.g. ethyl silicate), the inorganic silicates, 

such as Na2SiO3 and K2SiO3, hydrolyse and change to Si(OH)4, sodium hydroxide, and 

potassium hydroxide, which are caustic compounds. The inorganic silicates are therefore 

not applied for the consolidation of either organic or inorganic materials as the hydroxyl 

group, e.g. OH in NaOH or KOH, has a high tendency to react with organic bonds. This 

leads to the deterioration of organic compounds. Also, NaOH and KOH react with carbon 

dioxide and sulfur trioxide to form sodium carbonate, sodium sulfate, potassium 

carbonate, and potassium sulfate which are soluble in water and can migrate to the 

surface of the treated sample13. When the water evaporates, the salts stay on the surface as 

a white powdery residue. This process is known as efflorescence. The salts that are found 

commonly in efflorescence are sulfates, carbonates, and chlorides of sodium, potassium, 

magnesium, calcium, and iron. Efflorescence can lead to exfoliation, flaking, and spalling 

of the sample. These destructive phenomena will degrade the samples (Torraca, 1988). 

 

2.1.3  Characteristics of silicone compounds as consolidants 

The following list includes the main properties of silicone compounds, which allow them 

to be used as consolidants. Also some information is given for silicones (alkoxysilanes) as 

consolidants. 

 

• The organometallic characteristics of silicone compounds have chemical bonds 

between Si and O similar to the bonds in quartz (SiO2). 

• The treatment with these chemicals gives water-repellency, but is not water-proof. 

• The treated surface is clear and provides an invisible finish. 
                                                 
13 http://palimpsest.stanford.edu/byauth/clifton/stone/stone4.html (access date: 9/08/07) 
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• The treatment does not fill the pores completely, allowing water vapour to move 

and thus preventing rising damp. 

• The siloxanes and silicic esters are used to make water-repellent films as well as 

for consolidation; this consolidation occurs due to the condensation of silanols and 

the saponification of ester groups (Amoroso, 1983). 

• The application of ethyl silicate and particularly methyltriethoxysilane for adobe 

consolidants increases the strength of the adobe while leaving the pores open 

(Selwitz  et al., 1990). 

 

2.2  Acrylics 

Acrylic materials used in conservation are the polymers of acrylate and methacrylate. 

These compounds are derived from acrylic acid and methacrylic acid respectively (Horie, 

1997). Acrylic materials are divided into three groups: resins in solution, acrylic 

emulsions, and acrylic colloidal dispersions. 

 

Resins in solution have molecules and solvent molecules mixed completely. An example 

of resin in solution is Paraloid B-72, which is composed of ethyl methacrylate (70%) and 

methyl acrylate (30%) copolymer. Paraloid B-72 can be applied in solution in organic 

solvents or as water emulsions. Also it can be polymerized in situ by the use of catalysts 

or with atmospheric moisture. Solutions showed the best results, as they penetrate deeply 

and they have good aging properties. Water emulsions contain additives, which may 

cause the oxidation of the resin and lead to brittleness. Since the emulsified polymers in 

water are lArg-e, the emulsion has a high viscosity and the penetration is low. Water is 
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not a good solvent for adobe as it causes swelling of the clay particles and decreases 

mechanical properties such as strength (Chiari, 1990). 

 

Acrylic emulsions are composed of polymers with high molecular weights and are 

spherical particles dispersed in water. The particle size in the emulsions is about 0.1-1 

microns. Examples of acrylic emulsions are Primal AC 33 and Primal AC 634. These 

copolymers are made of methyl methacrylate (MMA) and ethyl acrylate (EA) (Koob, 

1990). 

 

Acrylic colloidal dispersions are hybrids between emulsions and solutions and they show 

the favorable properties of both. An example of an acrylic colloidal dispersion is Acrysol 

WS-24 (Koob, 1990). 

 

2.2.1 Consolidation process of acrylic resins 

The acrylic resins consolidate the adobe by penetrating into the pores and coating the 

loose particles. As there is no chemical reaction between the polymers and clay particles, 

the adobe will be strengthened by the setting of the resins when the solvent evaporates 

(Chiari, 1990).  

 

2.2.2  Characteristics of acrylics resins as consolidants 

The following list gives the characteristics of acrylic resins, which allow them to be used 

as consolidants; the list also provides the specific characteristics of Paraloid B-72: 
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• Acrylics are transparent and clear. They are not vulnerable to weathering, heat, 

water, oxidization and microbiological erosion (Amoroso, 1983). Acrylic 

polymers can be mixed with each other to make copolymers with desirable 

properties. These polymers are known as “tailor-made polymers”. For example by 

adding ethyl acrylate or butyl methacrylate to methyl methacrylate, hardness, 

chemical strength and good weathering ability increase. 

• Samples treated with acrylic resins show improved mechanical strength and 

abrasive resistance in dry and wet conditions. 

• Acrylics are easily applicable and cheap. 

• The reaction of acrylics is reversible. 

• Paraloid B-72 covers the surface homogeneously (Carretti  et al., 2004) and is 

stable to wetting-drying cycles (Borgia, 2001). Methacrylic polymers with more 

bulky ester groups are more unstable under UV radiation (Mole et al., 1999). 
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CHAPTER 3 

 

EXPERIMENTAL PROCEDURE 

 

In this chapter, general information is provided on the simulation of soil from Bam. The 

soil used for this research was obtained from Godfrey, a site near Kingston, Ontario, 

Canada.  The soil for this research was prepared using the sieve analysis and 

sedimentation information from Bam soil and Godfrey soil. The details are discussed in 

following sections.  

 

3.1 Composition of soil used at Arg-e Bam 

Since Arg-e Bam is a World Heritage site, Japan, Italy, and France are cooperating in the 

reconstruction project. CRAterre in France is a research center that works on soil quality 

and the mechanical testing of adobe. According to the data from CRAterre, the adobe 

from Bam is made from soil from Nezam Abad, a village near Bam. This soil is 

essentially composed of fine sand and silt. Table 1 shows the chemical composition of 

Nezam Abad soil. 

         Table 1: The chemical composition of Nezam Abad soil. 

 

 

 

The mineralogy components of Nezam Abad soil are classified as: albite, calcite, quartz, 

chlorite, montmorillonite, muscovite, and orthoclase. The grain size distribution curves of 

SiO2 Fe2O3 Al2O3 CaO MgO K2O Na2O 

46.48% 6.21% 11.34% 12.69% 5.14% 2.09% 2.13% 
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Nezam Abad soil are shown in Figure 6. The information was helpful in the preparation 

of similar soil used in the consolidation tests. From the grain size distribution graph, it is 

shown that the percent of components in Bam soil are as follows:  coarse sand (< 2 mm) 

17.5%; fine sand (< 0.2 mm) 32.5%; silt (< 0.02 mm) 30%; and  

clay (< 0.002 mm) 20%. 

 

The CRAterre Centre has published a laboratory handbook on test methods that have 

been applied to adobe at their centre (Carazas, 2000).  Table 2 shows the results of the 

tests applied to consolidated adobe by traditional methods at the CRAterre centre. 

 

 

 

 

 
Fig. 6: Grain size distribution curve of Nezam Abad soil 
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Table 2: Test results from adobe consolidated by the traditional method at the 
CRAterre Centre 
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3.2 Soil from Godfrey 

The soil from Godfrey was studied at Queen’s University by Dr. Take and its particle size 

distribution is reported as Figure 7. The graph indicates that the percent of components in 

Godfrey soil are as follows:  coarse sand 20%; fine sand 64.15%; silt 11.35%; and clay 

4.5% (Take, 2007). 

 

Fig. 7: Particle size distribution of Godfrey soil 

 

3.3 Soil preparation 

For this research, the test soil was prepared with the same grain size distribution of Bam 

soil using Godfrey soil. It required 60 kg of soil to prepare the samples. Table 3 shows the 

calculation and requirements. Therefore to prepare 60 kg of test soil it was necessary to 

sieve the Godfrey soil and prepare different batches of coarse sand, fine sand, silt and 
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clay. The amounts were calculated as follows: 9.0 kg coarse sand, 26.7 kg fine sand, 

11.35 kg silt and 4.5 kg of clay. Since the clay particles are smaller than 0.002 mm, silt 

and clay cannot be separated from each other by sieving because of the size of the sieves. 

As Table 3 shows, the amount of clay in Godfrey soil did not meet the Bam requirements, 

since 4.5% is much less than 18%. At the suggestion of Dr. Take in the Department of the 

Civil Engineering at Queen’s University, it was decided to add clay from a kaolin source. 

The sedimentation test was done on the kaolin (ASTM, D 422-63).  

See  Appendix C-1 for details of sieve analysis and Appendix C-2 for details of the 

sedimentation test. 

The test measured the exact percent of silt and clay components in the kaolin.  

 

Table 3: The percent of components in Bam soil and Godfrey soil, and the required 
weight of each component from Godfrey soil to prepare 60 kg of soil similar to that found 
at Bam 
 

 

As Figure 8 shows, the kaolin source consisted of 20% silt (< 0.02 mm) and 80% clay (< 

0.002 mm). In order to adjust the amount of silt and clay to the required level, 13.5 kg 

Grain size Lower and 
upper limits 
for Bam soil 
(from Fig. 6) 

Percent of  
components      
in Bam soil  

Lower and 
upper limits  
 for Godfrey soil 
(from Fig. 7) 

Percent of 
components         
in Godfrey soil 

The required 
weight in kg to 
make 60 kg 

Coarse sand 

< 2 mm 

95-100 15 100 20 9 

Fine sand 

< 0.2 mm 

74-93 44.5 75-85 64.15 26.7 

Silt  

<  0.02 mm 

30-50 22.5 11.7-20 11.35 13.5 

Clay            

< 0.002 mm 

10-25 18 4-5 4.5 10.8 
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kaolin consisting of 10.8 kg clay and 2.7 kg silt was added to the soil. Therefore the 

required silt was calculated to be 10.8 kg (13.5-2.7=10.8 kg). 

  

         Fig. 8:  Particle size distribution of kaolin 

 

 

 

 

 

 

 

 

 

The Godfrey soil was sieved using sieves number 10, 60 and 200. Coarse sands remained 

in sieve # 60, fine sands remained in sieve # 200, silt and clay passed through sieve # 200 

and stayed in the pan.  

 

More than 60 kg of Godfrey soil in more than 120 batches was sieved, and more than 19 

kg coarse sand, 40 kg fine sand and 4 kg silt was obtained This did not provide the 

amount of the required silt. By consulting with Dr. Take, it was recommended that the 

samples be dried at 110 °C, and then sieved. The presence of moisture causes the silt and 

clay particles to attach to the fine sand and does not allow them to pass through the sieve. 

Though, 30 kg of soil was dried and sieved, the problem was not solved; the amount of 

silt and clay in the pan was still too little, as before. The problem was solved by brushing 
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the sieves after each batch. After this procedure, the prepared coarse sands and fine sand 

from the previous procedure were sieved again to determine the amount of change.  It was 

assumed that both of these sand components would have retained other attached particles 

during the sieving process. By running several sieve analyses on these batch, this 

hypothesis was confirmed. Then the required amounts of the components were calculated. 

The details of soil preparation are discussed in Appendix D.  

 

Sieve analysis and sedimentation were applied to the mixture to determine its grain size 

distribution. Sieve analysis was used to determine the grains which were between 2mm to 

0.02mm, and sedimentation was used to measure the diameter of spherical particles, that 

were smaller than 0.002 (Bowels, 1992, Das, 1989, ASTM, 2002). Figure 9 shows that 

11.4% of the mixture was made of clay. This amount was less than the calculation (18%) 

using the upper and lower limit of the middle plot in Bam grain size distribution. In spite 

of this difference, the data were considered to be reliable, being in the range of the data 

that could be read from the grain size distribution of Bam soil in Figure 6. 

 Fig. 9: Grain size distribution of coarse sand, fine sand, silt and clay in the mixture. 

 

 

 

 

 

 

 

 

0

10

20

30

40

50

60

70

80

90

100

0.00010.0010.010.1110

Particle size (mm)

P
er

ce
nt

 fi
ne

r (
%

)



 28

3.4 Proctor test 

In order to make the bricks, the optimum moisture content of the mud needed to be 

measured. The Proctor test revealed what moisture content soil had the maximum 

practically achievable density. In the Proctor test, the soil was compacted using a standard 

mold and hammer apparatus at several different levels of moisture content. Table 4 shows 

the results of the Proctor test. Also Figure 10 shows the compaction curve, which 

indicates that the soil with a 9.23% moisture content has optimum plasticity at 20.00 

kN/m3 dry unit weight.  

 

Table 4: The proctor test results (W= mass (kg) x 9.81 and   γ=W/V   γd=γ/ (1+w%/100)  

Volume     

V    

(cm3) 

Weight of       

wet soil W 

(kg)  

Weight of      

wet soil W 

(N)  

Moist unit 

weight γ 

(kN/m3) 

Weight of      

wet soil  

(g) 

Weight of      

dry soil    

(g) 

Moisture 

content W 

(%) 

Dry unit 

weight γd 

(kN/m3) 

943.30 1.83 17.95 19.03 71.71 67.42 6.36 17.89 

943.30 1.88 18.44 19.55 51.59 48.32 6.77 18.31 

943.30 2.00 19.62 20.80 64.17 59.33 8.16 19.23 

943.30 2.10 20.60 21.84 59.43 54.41 9.23 19.99 

943.30 2.02 19.82 21.01 72.18 64.95 11.13 18.90 

943.30 2.00 19.62 20.80 67.24 59.92 12.22 18.54 
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Fig. 10: The compaction curve  

 

 

 

 

 

 

 

 

 

 

The soil was mixed with 9.5% water, but that amount of moisture was not adequate to 

make a homogeneous mud paste. Due to lack of water, the soil disintegrated into small 

balls and even by using a mixer, the mud balls still formed. According to the literature the 

moisture content from the Proctor test can be increased by two percent. Therefore by 

adding water and increasing the moisture to 11.5%, the soil showed good characteristics 

and an even paste was made. The paste was left under a plastic bag for two days to let the 

water molecules penetrate the soil completely.   

 

3.5 Brick fabrication 

For this research, 126 samples were made in 5 cm3 solid cubes. Also for the bending test 

21 samples were fabricated in rectangular blocks, 12.6 cm long, 3 cm wide and 3 cm high 

(Take, 2007). The same method that was used for the Proctor test was used to make the 

bricks. The mud was inserted in the mold in three portions and for each portion, 25 strikes 
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were applied using the Proctor hammer. A total of 75 strikes was applied to each sample. 

The bricks were taken out from the mold and left at room temperature to dry. After 

making more than 50 bricks, and leaving them to dry, they showed non-perpendicular 

sides which were not appropriate for compression and bending tests. Consequently, new 

batches of the samples were made and left in the molds for two hours to harden into the 

correct shape. When they were removed from the mold, no deformations could be seen.  

 

3.6 Consolidants and their application 

The consolidants used in this testing are as follows: 

• A 5% (w/v) solution of  Paraloid B-72 in toluene (Set II) 

• A 50%(v/v) solution of methyl trimethoxy silane (MTMOS) in ethanol (Set III) 

• The previous MTMOS- treated samples with a second coat of a 5% (w/v) solution 

of Paraloid B-72 in toluene (Set IV) 

• Conservare H which is the commercial brand of ethyl silicate (Set V) 

•  A 50% (v/v) solution of ethyl silicate (TEOS) in ethanol (Set VI) 

• The previous TEOS- treated samples with a second coat of a 5% (w/v) solution of 

Paraloid B-72 in toluene (Set VII) 
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As mentioned before, several techniques were used to apply the chemicals: spray, brush 

and bulk infiltration. In this research, in order to have the greatest penetration of the 

consolidants, brushing was used.  The surface of the sample was saturated with the 

solvent and the solution with the consolidant was then applied. The application of solvent 

helped the solution to penetrate more deeply. The application of solvent and consolidant 

solution continued non-stop until the surface was saturated and did not accept any more 

consolidant solution. 

  

3.7 Techniques of analysis 

In this research, the chemical components of the soil were studied by X-ray diffraction 

analysis. After application of the consolidants, visual observations were made. Scanning 

electron microscopy (SEM) was used to study the morphology of the treated samples and 

to find out how the consolidants coated the surfaces of the samples. Also the following 

physical and mechanical properties were measured: colour changes, density and porosity, 

water absorption and depth of penetration, abrasion resistance and hardness, compression 

strength and bending strength.  See Appendix C for details. 

 

These tests are summarized from the aforementioned CRAterre reference Guide for 

Compressed Earth Blocks. Also the porosity of the samples was measured before and 

after treatment using a test method introduced by Harry (2004). Details of these tests are 

available in Appendix C. As this research was preliminary, a small number of samples 

were tested, realising that a greater number samples would be tested in future to 

determine the statistical significance of the research. 
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3.7.1 X-ray diffraction analysis (XRD) 

In order to study the chemical compounds in the soil used in this research, X-ray 

diffraction analysis was carried out on coarse sand, fine sand and silt, the added clay and 

the prepared bricks. 

The samples were prepared as backpacked mounts and scanned with a Philips (now 

PANalytical) X’Pert Pro MPD diffractometer fitted with an X’Celerator high-speed strip 

detector.  

 

The operating conditions were the following: generator was  Co Kα  radiation  with Fe-

filter, 0.02 rad incident beam soller, 15 mm mask, ½º divergence slit, 1º anti-scatter slit, 

and 0.02º diffracted beam soller. Count time was 30 sec at 0.02º 2θ increments scanned 

from 6º to 90º 2θ; the sample was rotated at 2 sec/revolution.  

 

PanAnalytical HighScore software was used for phase identification. The software 

compared the peak positions and peak intensities for the unknown sample to data in a 

lArg-e database of known phases. The database was Powder Diffraction File Release 

2001 published by the International Centre for Diffraction Data in 2001. 

 

3.7.2 Scanning electron microscope study 

In order to study the surface of the treated and untreated samples, a JSM-840 scanning 

electron microscope (SEM) manufactured by JEOL was used at the SEM Laboratory of 

Mechanical and Materials Engineering Department in Jackson Hall, at Queen's 

University. The samples were coated with a thin layer of gold to a thickness of 50 
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angstroms. For each sample, which was a representative of its set, several SEM 

micrographs were taken with 200x, 500x, 1000x, and 5000x magnifications.  

 

3.7.3 Colourimetric study 

In order to study how much the consolidants changed the colour of the treated surfaces, a 

colourimetric study was performed. On a sample from each set, three different spots were 

examined. The colour changes for each sample were measured over a period of time: four 

weeks after treatment and six weeks after the first reading. This will be continued to find 

out when the changes will reach a constant level.  The samples were left exposed to light, 

behind a window in the microscopy laboratory at the Art Conservation building, so that 

they could be aged under natural light conditions. The UV intensity of the daylight 

passing through the windows was measured to be 1370 mW/m2 at 1965 lux.  The window 

has no UV filter. 

 

The colour measurements were made using a Minolta CR-300 portable spectrophotometer 

made of a Xenon arc lamp providing D65 light14.  The L*a*b* colour space (also known 

as CIELAB) was used to measure the colour of the bricks. In this colour space, the 

coordinate L* indicates lightness between zero to 100, where zero corresponds to black 

and 100 corresponds to white. The a* indicates colour between green (negative numbers) 

and red (positive numbers), and b* indicates colour between blue (negative numbers) and 

yellow (positive numbers). In order to measure the colour difference between the 

                                                 
14  In 1964 the International Commission on Illumination introduced D65, which is standardized 
illumination function for daylight. The 65 stands for a colour temperature of 6500 Kelvin. 
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untreated and treated bricks, ∆E*ab is used. The ∆E*ab is the distance between two points 

in the three dimensional colour coordinate system and is calculated as follows:  

 ∆E*ab =  ((∆L*)2+ (∆a*)2+ (∆b*)2)1/2 

 

3.7.4 Density test  

The density of the samples was measured before and after treatment. To calculate the 

volume of each sample, the height, length, and width of each brick were measured in the 

middle of two parallel faces and the mean was calculated. The weight of each sample was 

measured accurately to 0.01 g. The samples were dried by using an oven at 105 °C, after 

reaching a constant weight, each sample was weighed accurately to 0.01 g. See Appendix 

C-3 for details. 

 

The density then was calculated using the following formula: 

V
m

=ρ  

as: 

=ρ dry density of the sample (g cm-3) 

=m the mass of the sample (g) 

=V volume of the sample (cm3) 

 

3.7.5 Porosity test 

In order to determine how the chemicals changed the porosity of the bricks, the porosity 

test was used. The test has three steps: first, the measurement of the dry weight (D) of the 

sample is calculated by suspending the brick by a string from a scale; second, the 
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measurement of the saturated weight of the submerged sample (S) in liquid nitrogen is 

determined by submerging the sample for over 45 minutes in the liquid nitrogen to reach 

a constant weight; and third, the measurement of the weight of the nitrogen saturated 

sample in the air (W) is determined. See Appendix C-4 for details. The porosity was 

calculated using the following equation: 

 

100×
−
−

=
SW
DWP % 

 

as: 

=P porosity  

=D the weight of the dry sample (g) 

=W the weight of the sample saturated with nitrogen (g) 

=S the weight of the saturated sample suspended in nitrogen 

 

3.7.6 Water absorption test 

In order to determine the behaviour of the bricks subjected to moisture, a water 

absorption test was used. The samples were dried at 40 °C using an oven to reach a 

constant weight. Before immersion, the surface area of the immersed surface of each 

sample was measured. The treated surface of each sample was immersed in a tray 

containing tap water and the treated surface was kept 5.0 mm beneath the water level.  A 

flask of water was placed upside down in the tray during the test to ensure that the level 

of the water remained constant.  After one minute each sample was removed, dried with 
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towel, and weighed. See Appendix C-6 for details. The water absorption coefficient, Cb, 

was calculated as follows: 

 

Cb = 
tS

mm dh )(100 −×
 

where: 

=bC the water absorption coefficient (gcm-2min-1/2) 

=dm  the mass of the dried soil sample (g) 

=hm   the mass of the hydrated soil sample (g) 

=− )( dh mm  the amount of water absorbed by the sample during ten minutes 

=S  the surface area of the immersed face of the sample in (cm2) 

=t  the duration of time that the sample is immersed, ten minutes (t = 1 min) 

 

3.7.7 Depth of penetration test 

In order to measure the depth of penetration of consolidants, the treated samples were left 

in water to dissolve the untreated surfaces. After several days, the remaining thin layer of 

treated surface of each sample that remained was measured by using calipers. For each 

sample three different thicknesses of the remaining layer were measured and the thickness 

was the average of three readings.  
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3.7.8 Abrasion test  

In the abrasion test, the top surface of each weighed sample was abraded using a steel 

wire brush with a 1 kg weight attached to the back of the handle, over the centre of the 

bristles. The height and the length of the brush were 28 mm and 135 mm respectively. 

The samples were placed horizontally and abraded under the weight of the brush. The 

surface was brushed for 60 cycles for one minute. Each forward and backward movement 

of the brush is considered to be one cycle. After brushing, all loose matter was removed. 

See C-7. for details. The abrasion resistance was calculated using the following formula: 

 

Ca=
21 mm

S
−

 

as: 

Ca =abrasive coefficient (cm2/g) 

S = the brushed surface (cm2) 

m1= the mass of the sample before abrasion (g) 

m2= the mass of the sample after abrasion (g) 

m1-m2= the mass of the detached matter by the brushing (g) 

 

3.7.9 Hardness test 
 
The Shore D hardness test was used to measure the hardness of the samples. Using a 

durometer, the resistance of the bricks to the penetration of a spring-loaded needle-like 

indenter was measured. The indenter was made of a hardened steel rod and the spring was 

calibrated. The diameter of the upper surface was 1.1 mm -1.4 mm and the pointed part 

was 0.1 mm, with a 30º conical point. The loading force was 4.550 kg or 44.64 N. The 
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depth of penetration of the indenter under the specified load was measured as the 

hardness. The depth of penetration was measured from zero to 0.100 inch, with zero 

indicating the maximum penetration and 100 corresponding to zero penetration. For each 

sample three spots were measured, ensuring that the durometer was perpendicular to the 

bricks’ surfaces.  

 
 
3.7.10 Compression strength test 

In order to study how much the consolidants changed the compression strength of the 

treated samples, the compression strength of the samples was measured. An Instron 

Model 1350 test system was used. Also, the Measure Foundry Version 5, Data 

Translation software was used for data acquisition. The test was performed at the Soil 

Laboratory of the Civil Engineering Department in Ellis Hall, at Queen's University.  

There were two groups of tests. For each group, 21 specimens were fabricated. The 

samples measured 50 mm3 and were made using cubic steel molds. After the application 

of chemicals and the samples reaching a constant weight, the samples were placed in the 

testing machine below the centre of the upper bearing plate block. The samples could tilt 

freely and no bedding materials were used. The applied load was less than 100 kN and the 

load rate was determined through experimentation. The load rate was adjusted to the 

nearest 0.02 mm/sec. See Appendix C-8 for details.  

 

 Compression load was applied to the sets of samples in two different directions: in one 

set, the load was applied to the treated surfaces of the samples; they were labeled C (the 

load was perpendicular to the treated surface). In the other set, the load was applied to the 
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surface adjacent to the treated surface; these were labeled CA (the load was parallel to the 

treated surface). The compressive strength was calculated as follows: 

 

f = F/S×10 

 

where: 

f = compressive strength in (MPa) or (MN/m2) 

F = total maximum load in (kN)  

S = area of loaded surface (cm2) 

 

3.7.11 Bending test  

The main reason for consolidation is increasing the surface strength. Surface strength is 

determined with the bending test; however, the compression strength shows the strength 

of the whole body. Therefore, samples of the adobe were subjected to a bending test to 

determine the failure strength. The Four-point bend testing was carried out (Take, 2007). 

The calculations for setting up the test, are presented in Appendix C, section C-9. The 

testing was done using a Wykeham Farrance triaxial unit, with a 500 pound load cell, 

model JP500. The Measure Foundry Version 5, Data Translation software was used for 

data acquisition. The test was performed in the Soil Laboratory of the Civil Engineering 

Department in Ellis Hall, at Queen's University.   

 

The samples for the bending test measured 12.60 x 3 x 3 cm3 and were made using 

rectangular wooden molds. After the application of chemicals and allowing the samples 

to reach constant weight, they were placed in the testing machine below the centre of the 
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upper bearing plate block, where the rollers were placed 3.0 cm from the centre. Also, the 

distance of the rollers on the lower bearing plate was 4.5 cm from the centre of the 

samples. See Appendix C-9 for details. The failure strength was calculated as follows: 

 

σ = (F.a.Y/I) x 10 

where: 

 

σ = failure strength in (MPa) or (MN/m2) 

F = total maximum load in (kN) 

a = the span between the applied load and the lower support (3 cm) 

Y = half height of the sample (cm) 

I = the inertia of the sample, which is calculated as: 

                             I = bh3/12 

b = the width of the sample (cm)  

h = the height of the sample (cm) 

 

3.8 Experimental design 

Before the consolidation tests, the samples were labeled and organized for the 

experiments. Table 5 shows the names of the samples as well as all the physical and 

mechanical tests that were applied to the samples.  

 

According to Table 5 there are seven sets of samples as follows: 

1. Set I, No Chemical: These samples (21) were not treated with any chemicals. 

2. Set II, Paraloid B-72: These samples (21) were treated with Paraloid B-72. 
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3. Set III, MTMOS: Samples (42) were treated with MTMOS; some samples (21) 

were studied for Set III and the rest, another 21 samples were used for Set IV.  

4. Set IV, MTMOS and Paraloid B-72: As mentioned above, 21 samples from Set III 

were treated with Paraloid B-72, after drying. 

5. Set V, Conservare H (the commercial brand of ethyl silicate): Samples (21) were 

treated with this chemical, which is very expensive. The results were compared 

with those obtained using ethyl silicate.  

6. Set VI, TEOS: Samples (42) were treated with ethyl silicate; half of the samples 

(21) were studied under Set VI and the rest were used for Set VII. 

7. Set VII, TEOS and Paraloid B-72: Samples (21) treated by TEOS in Set VI, were 

treated with Paraloid B-72, after drying. 

 

The literature review showed that from 1973 until now, the application of a mixture of 

Paraloid B-72 and silicones (also known as a Bologna Cocktail) was used and studied. At 

the suggestion of Dr. Frank Preusser at the Conservation Research Laboratory at Los 

Angeles County Museum of Art, it was decided to use layers and not mixture of 

consolidants. This led to the study of the effects of Paraloid B-72 as a second coat on the 

treated surfaces with silicone (Set IV and Set VII).  

 

Again, this work is a preliminary project where a small number of samples were tested. 

To determine the statistical significance, more samples would need to be tested. 

 

The codes for naming samples were made of four parts; (e.g. III-M-DC-i,). In part one, 

capital Roman numerals designate the sample sets. As mentioned above there were seven 
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sets. In part two, the first letter of the name of the chemical is used. There is an exception 

for set one; since no chemical is used, the designation NC has been used. Part three is the 

abbreviation of the name of the tests. These tests were: compression (C), wet compression 

on adjacent side (CA), bending (B), abrasive and hardness (A and H), capillary (water 

absorption) and depth of penetration (C and H), density and porosity (D and P). Some 

samples were reused for other tests. Samples used for the abrasive test were also used for 

the hardness test. Samples used for the capillary test were also used for depth of 

penetration. Samples used for measuring density were also used for porosity 

measurements.  Part four indicates the samples as for each test there were three samples 

which were named i, ii and iii. 

 



 43

 

Table 5: Names of samples and all the physical and mechanical tests that applied to the samples 

 

No. 

Test Set I 
No Chemical 

Set II 
Paraloid B-72 

Set III 
MTMOS 

Set IV 
MTMOS+ 
Paraloid B-72 

Set V 
Conservare H 

Set VI 
TEOS 
 

Set VII 
TEOS + 
Paraloid B-72 
 
 

I-N-C-i II-B-C-i III-M-C-i IV-MB-C-i V-CH-C-i VI-T-C-i VII-TB-C-i 

I-N-C-ii II-B-C-ii III-M-C-ii IV-MB-C-ii V-CH-C-ii VI-T-C-ii VII-TB-C-ii 1 

Compression 

I-N-C-iii II-B-C-iii III-M-C-iii IV-MB-C-iii V-CH-C-iii VI-T-C-iii VII-TB-C-iii 

I-N-CA-i II-B-CA-i III-M-CA-i IV-MB-CA-i V-CH-CA-i VI-T-CA-i VII-TB-CA-i 

I-N-CA-ii II-B-CA-ii III-M-CA-ii IV-MB-CA-ii V-CH-CA-ii VI-T-CA-ii VII-TB-CA-ii 2 

Compression on 
Adjacent Treated 
Side 

I-N-CA-iii II-B-CA-iii III-M-CA-iii IV-MB-CA-iii V-CH-CA-iii VI-T-CA-iii VII-TB-CA-iii 

I-N-B-i II-B-B-i III-M-B-i IV-MB-B-i V-CH-B-i VI-T-B-i VII-TB-B-i 

I-N-B-ii II-B-B-ii III-M-B-ii IV-MB-B-ii V-CH-B-ii VI-T-B-ii VII-TB-B-ii 3 

Bending 

I-N-B-iii II-B-B-iii III-M-B-iii IV-MB-B-iii V-CH-B-iii VI-T-B-iii VII-TB-B-iii 

I-N-A&H-i II-B-A&H -i III-M-A&H -i IV-MB-A&H -i V-CH-A&H -i VI-T-A&H -i VII-TB-A&H -i 

I-N-A&H -ii II-B-A&H -ii III-M-A&H -ii IV-MB-A&H -ii V-CH-A&H -ii VI-T-A&H -ii VII-TB-A&H -ii 4 &5 

Abrasion and 
Hardness 

I-N-A&H -iii II-B-A&H -iii III-M-A&H -iii IV-MB-A&H -iii V-CH-A&H -iii VI-T-A&H -iii VII-TB-A&H -iii 

I-N-C&DP-i II-B-C&DP-i III-M-C&DP-i IV-MB-C&DP-i V-CH-C&DP-i VI-T-C&DP-i VII-TB-C&DP-i 

I-N-C&DP -ii II-B-C&DP-ii III-M-C&DP-ii IV-MB-C&DP-ii V-CH-C&DP-ii VI-T-C&DP-ii VII-TB-C&DP-ii 
6 & 7 

Capillary  Water 
Absorption and 
Depth of 
Penetration 

I-N-C&DP -iii II-B-C&DP-iii III-M-C&DP -iii IV-MB-C&DP-iii V-CH-C&DP-iii VI-T-C&DP-iii VII-TB-C&DP-iii 

I-N-D&P-i II-B-D&P-i III-M-D&P-i IV-MB-D&P-i V-CH-D&P-i VI-T-D&P-i VII-TB-D&P-i 

I-N-D&P -ii II-B-D&P-ii III-M-D&P-ii IV-MB-D&P-ii V-CH-D&P-ii VI-T-D&P-ii VII-TB-D&P-ii 8 &9 

Density and  
Porosity 

I-N-D&P iii II-B-D&P-iii III-M-D&P -iii IV-MB-D&P-iii V-CH-D&P-iii VI-T-D&P-iii VII-TB-D&P-iii 

I-N-CO-i II-B-CO-i III-M-CO-i IV-MB- CO-i V-CH- CO-i VI-T- CO-i VII-TB- CO-i 

I-N-CO -ii II-B-CO-ii III-M-CO-ii IV-MB- CO-ii V-CH- CO-ii VI-T- CO-ii VII-TB- CO-ii 10 

Colourimetric 

I-N-CO- iii II-B-CO-iii III-M- CO -iii IV-MB- CO-iii V-CH- CO-iii VI-T- CO-iii VII-TB- CO-iii 
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CHAPTER 4 

 

RESULTS AND DISCUSSION 

 

In this chapter, the results of the studied properties are discussed. The order of presenting 

the results is as follows:  X-ray diffraction analysis, visual observation after application of 

the consolidants, scanning electron microscopy, colourimetric, density and porosity, 

water absorption and depth of penetration, abrasion resistance and hardness, compression 

strength and bending strength. 

  

4.1 XRD (X-ray diffraction analysis) 

In order to study the chemical compounds in the soil used in this research, X-ray 

diffraction analysis was used. All X-ray diffraction patterns for these samples are shown 

in Figures 11 to 15.  

 

XRD data of the samples in Table 6 showed that all of the grain sizes of the soil (coarse 

sand, fine sand and silt) consisted of quartz, albite, orthoclase, vermiculite, and 

hornblende. Also the added clay was made of quartz, kaolinite and illite. All of the above 

mentioned compounds were present in the fabricated bricks. 
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Fig. 11: X-ray diffraction pattern of the coarse sand  
 

 

 

 

 

 

 

 

 

 

 

 

Fig.12: X-ray diffraction pattern of the fine sand  
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Fig 13: X-ray diffraction pattern of the silt 
 

 

 

 

 

 

 

 

 

 

 

Fig 14: X-ray diffraction pattern of the clay 
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Fig 15: X-ray diffraction of the brick 
 

 

 

 

 

 

 

 

 

 

 

 

Table 6: The chemical compounds studied by X-ray diffraction of the soil from 
Godfrey, the added clay and the fabricated brick 
 

Possible Compound Coarse 
sand 

Fine 
sand 

Silt Clay Brick

Quartz; SiO2 + + + + + 
Albite, Ca-rich, ordered; (Na ,Ca)  
Al (Si,Al)3O8 

+ + + ___ + 

Orthoclase KSi3AlO8 + + + ___ + 

Vermiculite; Mg3.41 Si2.86 Al1.14 O10 
 (OH)2 (H2O)3.72 

+ + + ___ + 

Hornblende; K.3Na.5Ca1.7Mg3.6Fe1.1Fe.5 
Ti.2Al1.9 Si6.4O22 (OH) 

+ + + ___ + 

Muscovite; KAl3Si3O10(OH)2 + ___ 
 

+ ___ + 

Kaolinite; Al2Si2O5(OH) 4 ___ ___ ___ + + 

Illite; K Al2Si3 AlO10(OH)2 ___ ___ ___ + + 

 



 48

According to the data from CRAterre, the soil from Nezam Abad consisted of quartz, 

albite, orthoclase, muscovite, montmorillonite, chlorite, and calcite. Therefore the soil 

used in this research, was similar in chemistry to the soil from Bam only in containing 

quartz, albite, orthoclase and muscovite.  

 

4.2 Visual observations 

Visual observations indicated that the consolidation treatment changed the colour of the 

samples. When the surfaces of the samples were wetted with consolidant, they darkened, 

but after drying, the darkness of the surfaces decreased. After drying, samples treated 

with Paraloid B-72 (Set II, Set IV and Set VII) showed the most permanent colour 

change. MTMOS-treated samples showed slightly less colour change. The degree of 

observed changes were as follows: Paraloid B-72 (Set II, Set IV, and Set VII) > 

Conservare H (Set V) > TEOS (Set VI) > MTMOS (Set III). Figures 16 to 19 show the 

colour of the samples before and after treatment. 

 

Fig.16: The colour changes of the samples Set V in comparison with Set I 
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Fig. 17: Colour changes of the samples belonging to Set II before and after treatment 

 

Fig. 18: Colour changes of the samples belonging to Set III and IV before and after 
treatment 

 
Fig. 19: Colour changes of the samples belonging to Set VI and VII before and after 
treatment 
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4.3 Scanning electron microscope study 

In order to study the surface of the treated and untreated samples, several SEM 

micrographs were taken with 200x, 500x, 1000x, and 5000x magnifications. Table 7 

shows the selected micrographs from each magnification with the explanation of the 

changes to the samples after treatment. The study of the 200x and 500x SEM micrographs 

showed that there were two groups, with one set showing attributes of both groups (Set V, 

treated with Conservare H). 

Some samples had more homogenous surfaces than others. This was true for Set II, 

treated with Paraloid B-72; Set IV, treated with MTMOS and a second coat of Paraloid B-

72; Set V, treated with Conservare H; and Set VII, treated with TEOS and a second coat 

of Paraloid B-72. Close study of the micrographs at 5000x showed that the coating on 

each surface was visible, the pores of the treated surfaces were filled, and the surfaces 

were smooth and did not show all the irregularities. At 200x magnification, the samples 

treated only with Paraloid B-72 and with Conservare H each showed a more even surface 

than the other samples. Conservare H is a commercial brand of TEOS with some 

proprietary components which may cause some further filling of the pores.  

The study of the micrographs at 5000x showed that the surface of each particle was 

visible for the samples in Set III, treated with MTMOS; Set V, treated with Conservare H; 

and Set VI, treated with TEOS. This may be due to the fact that these chemicals are 

silicone-based materials; therefore, the Si atoms can bond with Si atoms in the soil and 

make long polymer chains that lie on the surface of the particles, coating them. The pores 

were coated, not filled, after treatment with MTMOS and TEOS. 
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Set I          
Untreated surface 
 
 
Set II         
Paraloid B-72 
 
 
 
 
Set III   
MTMOS 
 
 
 
 
Set IV   
MTMOS+ B-72 
 
 
 
 
Set V   
Conservare H  
 
 
 
 
Set VI   
TEOS 
 
 
 
 
Set VII    
TEOS + B-72 
 
 

The SEM micrographs of an untreated sample show  
that the sample has an uneven surface with many pores 
(seen especially at 5000X)  
 
The SEM micrographs of a sample treated with  
Paraloid B-72 show that the consolidant filled most  
of the pores and obscured many of the individual  
particles. 
 
The SEM micrographs of a sample treated 
with MTMOS show that the consolidating material  
has surrounded the particles and coated the surfaces  
of the pores. Also individual particles are visible. 
 
The comparison between samples from Set III and 
Set IV, where there has been a second coating of 
Paraloid B-72, shows that Set IV has filled the  
pores more than in Set III; also, the individual  
particles are not seen clearly. 
 
The SEM micrographs of a sample treated with  
Conservare H show that the pores are mostly filled 
with Conservare H and the individual  
particles are somewhat visible. 
 
The SEM micrographs of a sample treated  
with TEOS show that the consolidating  
material has coated the surface of the pores 
and left the pores unfilled.  
 
The comparison between samples from  Set VI and  
Set VII, where there has been  a second coating of  
 Paraloid B-72, shows that  Set VII has more filled 
 pores and  the individual particle are not clearly seen. 

 
SEM  Magnifications 
 
               200x            500x      1000x                         5000x 

Table 7: The SEM micrographs of the untreated and treated samples. The explanation of the changes to the samples 
after treatment is on the right-hand side. 
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Although the pores were filled with Conservare H, some of the particles could still be 

seen. 

4.4 Colourimetric study 
 
The effects of the different consolidants on the colours of the bricks were studied by 

comparing the changes in L*a*b* of each sample with the untreated sample. As 

mentioned in the experimental section, for each sample three different spots were 

measured and the average was calculated. Table 8 shows these values measured at two 

periods of time, four weeks after treatment and six weeks after the first reading (ten 

weeks after treatment).  

 

Figure 20 and Figure 21 show the differences in ∆L* ∆a* ∆b*and ∆E* of the samples 

over two time periods. The numbers one to seven on Y axis correspond to: 1) Set I No 

Chemical, 2) Set II Paraloid B-72, 3) Set III MTMOS, 4) Set IV MTMOS+ Paraloid 

B-72, 5) Set V Conservare H, 6) Set VI TEOS, and 7) Set VII TEOS + Paraloid B-72. 

 
 Fig.20: The comparison between the average colour changes of the untreated and 
treated samples, four weeks after treatment (Group A)  
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 Table 8: Comparisons of colours measured of treated and untreated samples over time (n is the sample number) 

Group n Sample L* a* b* ∆L*=L*n-L*1 ∆a*=a*n-a*1 ∆b*=b*n-b*1 ∆E*ab 
1 Set I No Chemical  63.71 2.55 16.67     
2 Set II Paraloid B-72  55.31 3.99 19.59 -8.40 1.44 2.92 9.01 
3 Set III MTMOS  64.99 2.23 14.95 1.28 -0.31 -1.72 2.16 
4 Set IV MTMOS+ B-72 53.97 4.67 21.46 -9.74 2.13 4.79 11.06 
5 Set V Conservare H 55.36 3.50 18.00 -8.35 0.96 1.33 8.51 
6 Set VI TEOS  67.24 1.80 14.32 3.53 -0.75 -2.35 4.31 

Group A 
Four weeks after treatment 

 

7 Set VII TEOS + B-72  55.93 4.20 20.32 -7.78 1.65 3.65 8.75 
  Sample L'* a'* b'* ∆L'*=L'*n-L'*1 ∆a'*=a'*n-a'*1 ∆b'*=b'*n-b'*1 ∆E'*ab

1 Set I No Chemical  64.58 2.07 15.64     
2 Set II Paraloid B-72  55.77 3.60 18.77 -8.81 1.53 3.14 9.48 
3 Set III MTMOS  65.69 1.83 13.92 1.11 -0.24 -1.72 2.06 
4 Set IV MTMOS+ B-72 54.65 4.05 20.26 -9.94 1.98 4.62 11.14 
5 Set V Conservare H 56.82 2.98 16.90 -7.77 0.91 1.26 7.92 
6 Set VI TEOS  67.74 1.46 13.19 3.16 -0.61 -2.45 4.04 

 
Group B 

Ten weeks after treatment 
 

7 Set VII TEOS + B-72  56.31 3.63 19.52 -8.27 1.56 3.88 9.27 
 
∆L*=L*n-L*1, (n=2-7), e.g. for n=2, therefore ∆L*=L*2-L*1 = 55.31-63.71= -8.40, indicates the change in the lightness of the sample 
number two in comparison with the sample number one.  Therefore the changes in lightness of all the samples in this group are  
calculated by subtracting their lightness value from L*1, 63.71. For ∆a* and ∆b* the same explanation is used. 
 
∆L'*=L'*n-L'*1, (n= 1-7), e.g. for n=1, therefore ∆L'*= L'*1- L'*1= 64.58- 64.58= 0, indicate the change in the lightness  of the sample  
number one in comparison with itself after passing period two. All calculations for the other samples are based on the comparison  
with the sample one L'*1=64.58. 
 



 54

Fig.21: The comparison between the average colour changes of the untreated and treated 
samples, ten weeks after treatment (Group B)  
 
 

 

 

 

 

 

 

 

 

 

 

In order to show the size of the colour difference between the treated and untreated 

samples, ∆E*ab was used.  A comparison of the data in Group A to the untreated surface, 

showed that treatments with Paraloid B-72 changed the colour of the bricks more than the 

other consolidants, and MTMOS changed the colour the least. The order of the results, 

from most colour change to the least, was: Set IV MTMOS + Paraloid B-72 (11.06) >    

Set II Paraloid B-72  (9.01) > Set VII TEOS + Paraloid B-72 (8.75) > Set V Conservare H 

(8.51) > Set VI TEOS (4.31) > Set III MTMOS (2.16).  Although MTMOS changed the 

colour of the sample the least, the second coat of Paraloid B-72 over the sample treated 

with MTMOS showed the greatest colour change. This ranking does not take into 

consideration statistical significance. 
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Six weeks after the first reading, the colours of the samples were measured again. These 

samples are known as Group B. The differences were calculated between the untreated 

and treated sample. The trend of the differences was the same as identified for the first 

group:  Set IV MTMOS + Paraloid B-72 (11.14) > Set II Paraloid B-72 (9.48) > Set VII 

TEOS + Paraloid B-72 (9.27) > Set V Conservare H (7.92) > Set VI TEOS (4.04) > Set 

III  MTMOS (2.06).  

 

The comparison of the ∆E*ab and ∆E'*ab , (Groups A and B) showed that the samples 

which were treated with Paraloid B-72 (Set II, Set IV, and Set VII) had a small increase 

in their colour differences with the untreated sample after six weeks. Also the samples 

treated with MTMOS, Conservare H and TEOS (Set III, Set V, and Set VI) showed slight 

decreases in their colour differences with the untreated sample. It should be mentioned 

that the differences are negligible, but over time, this trend may continue. It would be of 

value to measure the colour over the long term to determine this. 

 

4.5 Density and porosity  

The density and porosity of the samples were measured and tables 9, 10, 11, 12, 13, and 

14 compare the results. In the following tables, the changes in the density and porosity of 

the samples before and after treatment were compared.  The result for each test was the 

average of three measurements.  
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Table 9: Changes in density and porosity of the samples treated with  
Paraloid B-72 
 
Set II Paraloid B-72 Untreated Treated ∆ 
M (g) 236.10 236.77 0.67 
V (cm3) 123.70 123.70 0.00 
ρ (g/cm3) 1.91 1.91 0.01 
Porosity 27.04 24.50 -2.54 

 
 
 
Table 10: Changes in density and porosity of the samples treated with MTMOS 
 
Set III MTMOS Untreated Treated ∆ 
M (g) 221.91 223.17 1.25 
V (cm3) 116.65 116.65 0.00 
ρ (g/cm3) 1.90 1.91 0.01 
Porosity 26.25 24.73 -1.51 

 
 
 
Table 11: Changes in density and porosity of the samples treated with MTMOS and 
treated with a second coat consisting of Paraloid B-72 
 
Set IV MTMOS+ B-72 Untreated Treated ∆ 
M (g) 223.17 223.63 0.47 
V (cm3) 116.65 116.65 0.00 
ρ (g/cm3) 1.91 1.92 0.01 
Porosity 24.73 22.99 -1.74 

 
 
 
Table 12: Changes in density and porosity of the samples treated with  
Conservare H 
 
Set V Conservare H Untreated Treated ∆ 
M (g) 199.33 203.67 4.33 
V (cm3) 102.53 102.53 0.00 
ρ (g/cm3) 1.94 1.95 0.01 
Porosity 25.08 22.05 -3.03 
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Table 13: Changes in density and porosity of the samples treated with TEOS  
 
Set VI TEOS Untreated Treated ∆ 
M (g) 210.53 211.90 1.37 
V (cm3) 112.28 112.28 0.00 
ρ (g/cm3) 1.87 1.88 0.01 
Porosity 27.27 25.63 -1.63 

 
 
 
Table 14: Changes in density and porosity of the samples treated with TEOS and treated 
with a second coat consisting of Paraloid B-72 
 
Set VII TEOS +B72 Untreated Treated ∆ 
M (g) 211.90 212.47 0.57 
V (cm3) 112.28 112.28 0.00 
ρ (g/cm3) 1.88 1.89 0.01 
Porosity 25.63 23.77 -1.87 

 

As shown in the tables above, all samples after treatment had the same increase of  

0.01 g cm-3 in density. The samples had different volumes, which remained constant after 

treatment; although they had different weight increases, the changes in their density 

ended up as the same value because the density is the ratio of the weight to the volume. 

The average results of the change in porosity value for each set of samples is shown in 

Figure 22.  

 

As indicated in the chart, Conservare H decreased the porosity more than the Paraloid  

B-72, MTMOS and TEOS. The order of the results was: Set V Conservare H (-3.03 g) > 

Set II Paraloid B-72 (-2.54 g) > Set VI TEOS (-1.64 g) > Set III MTMOS (-1.52 g). This 

ranking does not take into consideration statistical significance. This order can be shown 

in percent values which indicates the percentage of decrease in porosity:  
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Set II           
Paraloid B-72

Set III          
MTMOS

Set IV       
MTMOS+ B-72

Set V        
Conservare H

Set VI          
TEOS

Set VII          
TEOS+ B-72

Set V Conservare H (12.06%) > Set II Paraloid B-72 (9.41%) > Set VI TEOS (7.04%) > 

Set III MTMOS (5.76%). 

 
Therefore, it can be said that the porosity of the samples after treatment with Conservare 

H decreased 12.1% as it went from 25.08 to 22.05. For the samples treated with Paraloid 

B-72, it was about 9.4% decrease from 27.04 to 24.50. For Set VI and Set III the same 

reasoning can be used as the changes of the porosity for these sets were from 27.27 to 

25.63 and 24.73 to 22.99 respectively. 

Fig. 22: The change in porosity of the samples after the applications of chemicals  
 

 

 

 

 

 

 

 

 

 

 

The application of Paraloid B-72 as the second coating on the treated samples using 

MTMOS and TEOS showed a decrease in porosity for those samples. The treated samples 

with MTMOS had a 14.57% decrease in porosity, as the porosity went from 

-1.52 to -1.74. The porosity of the treated samples using TEOS showed a 14.0% decrease 

going from -1.64 to -1.87. Therefore the application of Paraloid B-72 as the second 
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coating resulted in an approximate decrease of 14% in the porosity for both Set III and 

Set VI. 

 

In treating with consolidants, it is believed that the more pores are left open, the more 

effective the treatment is. This is because if the pores are not closed, the water vapour can 

transfer through the bricks and pass through the treated surface. The tests determined that 

the samples treated with Conservare H and Paraloid B-72 showed the lowest porosity 

values, whereas the samples treated only with TEOS and MTMOS showed the highest 

values. In general, Conservare H and Paraloid B-72 were the worst consolidants because 

they closed the pores of the treated samples and decreased the porosity. On the other hand 

MTMOS was the most effective of all the consolidants because it reduced the porosity 

less than did the others.  

 

The application of Paraloid B-72 as a second coating in Set IV and Set VII did not 

decrease the porosity to the same level as for Set II. These can be compared using the 

SEM micrographs before and after treatments (Figure 23 to Figure 29). 

 

  

  

 

 

 

 

Fig. 24: The SEM micrograph of Set II:  
The surface of the treated sample  
with Paraloid B-72 (at 5000X) 
 

Fig. 23: The SEM micrograph of Set I; The 
surface of the untreated sample (at 5000X) 
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Fig. 25: The SEM micrograph of Set V: The surface 
of the sample treated with Conservare H (at 5000X) 

Fig. 26: The SEM micrograph of Set III:  
The surface of the treated sample with 
 MTMOS (at 5000X)  

Fig. 27: The SEM micrograph of Set IV: 
The surface of the treated sample with 
 MTMOS and the second coating of  
Paraloid B-72 (at 5000X) 

Fig. 28: The SEM micrograph of Set VI:  
The surface of the treated sample with  
TEOS (at 5000X)  
 

Fig. 29: The SEM micrograph Set VII: 
The surface of the treated sample with 
TEOS and the second coating of  
Paraloid B-72 (at 5000X)  
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4.6 Water absorption  

The water absorption coefficient of each sample was calculated by measuring the weight 

of the samples before and after immersion in water, and the surface area of the immersed 

surface in the water. Table 15 shows the results. The discussion of the results does not 

take into consideration any statistical significance. 

 

As shown in Table 15, the average result of the water absorption coefficient for Set I, the 

untreated samples, was 5.40 gcm-2min-1/2. The CRATerre Centre reported the results of 

water absorption coefficient of the bricks from Bam, made of Nezam Abad soil, 

containing 20%, 30% and 40% quick sand, as 3.7 gcm-2min-1/2, 3 gcm-2min-1/2, and  

0.0 gcm-2min-1/2 respectively.  The table also shows that the untreated samples had a 

0.54% increase in their weight, going from 233.67 g to 234.93 g. 

 

Set II, the samples treated with Paraloid-B72, as well as Set V, the samples treated with 

Conservare H, did not have any increase in their weight. The water absorption coefficient 

of Set III, treated with MTMOS, was 0.72 gcm-2min-1/2, which was greater in value than 

the untreated samples, but smaller than the water absorption coefficient of Set VI, treated 

with TEOS (2.68 gcm-2min-1/2). The samples treated with Conservare H (Set V) had the 

same water absorption coefficient as the samples treated with Paraloid B-72 (Set II, Set 

IV, and Set VII), which was zero gcm-2min-1/2for both of the consolidants. 

 

When comparing the results from the treated samples, Conservare H and Paraloid B-72 

decreased the water absorption coefficient more than TEOS and MTMOS. The order of 

the results were:  Conservare H and Paraloid B-72 (0.0 gcm-2min-1/2) < MTMOS  
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(0.72 gcm-2min-1/2) < TEOS (2.68 gcm-2min-1/2) < untreated (5.42 gcm-2min-1/2). 

 

 The study of the changes in the weight of the samples shows that the weight of Set III, 

treated with MTMOS, had a 0.07% increase, going from 236.03 g to 236.20 g and that of 

Set VI, treated with TEOS, had a 0.26% increase going from 237.17 g to 237.80 g. 
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Table 15: The length, width, weight of the samples and their water absorption coefficient 

Samples  L(cm) W(cm) 
dm  (g) hm  (g) )( dh mm − (g) S= LxW (cm2) Cb=100x∆m/S√t  

 (t=1 sec) 
1 4.90 4.60 233.70 234.70 1.00 22.54 4.44 
2 4.80 4.80 233.50 234.80 1.30 23.04 5.64 
3 4.95 4.95 233.80 235.30 1.50 24.50 6.12 

Set I 
 No Chemical  

Average 4.88 4.78 233.67 234.93 1.27 23.36 5.42 
1 5.00 4.90 237.10 237.10 0.00 24.50 0.00 
2 4.70 4.90 240.70 240.70 0.00 23.03 0.00 
3 5.00 5.00 238.80 238.80 0.00 25.00 0.00 

Set II 
Paraloid B-72  

Average 4.90 4.93 238.87 238.87 0.00 24.18 0.00 
1 4.70 4.80 236.10 236.20 0.10 22.56 0.44 
2 4.90 5.00 236.30 236.60 0.30 24.50 1.22 
3 4.80 4.75 235.70 235.80 0.10 22.80 0.44 

Set III 
 MTMOS  

Average 4.80 4.85 236.03 236.20 0.17 23.29 0.72 
1 4.80 4.85 236.10 236.10 0.00 23.28 0.00 
2 4.60 5.10 236.50 236.50 0.00 23.46 0.00 
3 4.70 5.00 236.40 236.40 0.00 23.50 0.00 

Set IV 
MTMOS + B-72  

Average 4.70 4.98 236.33 236.33 0.00 23.41 0.00 
1 4.80 4.80 242.90 242.90 0.00 23.04 0.00 
2 4.80 4.80 242.90 242.90 0.00 23.04 0.00 
3 4.70 5.00 243.40 243.40 0.00 23.50 0.00 

Set V  
Conservare H  

Average 4.77 4.87 243.07 243.07 0.00 23.19 0.00 
1 5.10 4.70 237.10 237.70 0.60 23.97 2.50 
2 5.00 4.80 237.20 237.90 0.70 24.00 2.92 
3 5.00 4.60 237.20 237.80 0.60 23.00 2.61 

Set VI  
TEOS 

Average 5.03 4.70 237.17 237.80 0.63 23.66 2.68 
1 4.70 4.80 237.80 237.80 0.00 22.56 0.00 
2 5.00 5.00 240.40 240.40 0.00 25.00 0.00 
3 5.00 4.70 239.10 239.10 0.00 23.50 0.00 

Set VII  
TEOS + B-72  

Average 4.90 4.83 239.10 239.10 0.00 23.69 0.00 
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In addition, the application of Paraloid B-72 as a second coating layer on the samples 

treated with MTMOS and TEOS decreased the water absorption coefficient. The weight 

for Set IV went from 0.72 gcm-2min-1/2 to zero and that for Set VII went from 2.68 to 

zero. 

 

4.7 Depth of penetration 

In order to measure the depth of penetration of consolidants, the treated samples were left 

in water to dissolve the untreated surfaces. After several days, the thin layer of treated 

surface of each sample that remained was measured by using calipers. 

 

The depth of penetration of the consolidants was the average of six readings of different 

thicknesses of the remaining layer in three samples of each set. For each set 18 readings 

were done.  

 

Figure 30 shows the average results of the depth of penetration for each set of the 

samples. As indicated in the chart, Paraloid B-72 had the lowest depth of penetration and 

Conservare H had the greatest depth of penetration.  MTMOS had greater penetration 

than TEOS although there was some overlap with error bars.  
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Fig. 30: The depth of penetration of consolidants of treated samples  
 

 

 

 

 

 

 

 

 

 

 

The depth of penetration related to the viscosity of the consolidants; where the 

consolidants had low viscosity, they demonstrated better penetration. According to 

Zinsmeister (1988) the viscosity of Conservare H was 60 seconds, which was measured 

using a 2mm DIN cup15. The 60 seconds are equal to 238 cSt16. Since centipoise is 

defined as centistokes times density (g cm-3), the viscosity of Conservare H is 214.2 cP 

(238 cSt x 0.90 g cm-3) (Zinsmeister, 1988). According to Wheeler (2005), the viscosity 

of MTMOS at 25 °C is 375 cP and for TEOS, it is 718 cP. According to Saleh (1992) the 

viscosity of a 10% w/v of Paraloid B-72 in toluene is greater than TEOS. Therefore the 

viscosities of the chemicals are: Conservare H 214.2 cP < MTMOS 375 cP < TEOS 718 
                                                 
15 http://store-epkusa.com/productcart/pc/viewPrd.asp?idproduct=65 (access date: 08/07/08) 
 
16 http://www.flexoexchange.com/flexodepot/html/zahn-cups.html (access date: 08/07/08) 
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cP < Paraloid B-72 (10% w/v).  Consistent with this, the order of the results from the test 

were: Conservare H (3.98 mm) > MTMOS (3.12 mm) > TEOS (3.05 mm) > Paraloid B-

72 (2.71 mm). This ranking does not take into account any statistical significance. 

 

The application of Paraloid B-72 as a second coating layer on the treated samples using 

MTMOS and TEOS showed an increased depth of penetration for those samples. The 

treated samples with MTMOS had a 12.8% increase in depth of penetration, going from 

3.12 mm to 3.52 mm. The depth of penetration of treated samples using TEOS showed a 

13.8% increase going from 3.05 mm to 3.47 mm.  

 

4.8 Abrasion  

As shown in Figure 31, the average result of the abrasion resistance for Set I, the 

untreated samples, was 4.67 cm2/g. This was close to 4.5 cm2/g, the reported result by the 

CRATerre Centre for the abrasion resistance of the bricks from Bam, made of Nezam 

Abad soil and 10% quick sand.17 

 

Paraloid B-72 and Conservare H both increased the abrasion resistance compared to 

MTMOS and TEOS. The order for these results was: Set II Paraloid B-72 (1300 cm2/g) > 

Set V Conservare H (207.97 cm2/g) > Set VI TEOS (45.43 cm2/g) > Set III MTMOS 

(12.64 cm2/g). 

 

                                                 

17 “Quicksand is a colloid hydrogel consisting of fine granular matter (such as sand or silt), clay, and salt water. In the 
name, as in that of quicksilver (mercury), "quick" does not mean "fast," but "alive" (cf. the expression the quick and the 
dead).” http://en.wikipedia.org/wiki/Quicksand( accesses date: 07/05/2008) 
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Fig. 31: The abrasion resistance of the untreated and treated samples 

 

 

 

 

 

 

 

 

 

 

The application of Paraloid B-72 as the second coating layer on the treated samples using 

MTMOS and TEOS showed a remarkable increase in resistance for those samples. 

Therefore the treated samples with MTMOS had a 4019% increase in abrasion resistance, 

as the abrasion resistance went from 12.64 cm2/g to 520.67 cm2/g. The abrasion resistance 

of treated samples using TEOS showed a 2292% increase going from 45.43 cm2/g to 

1087.0 cm2/g.  Their abrasion resistances were even greater than those of the samples 

treated with Conservare H. The order for the results were:  Set VII TEOS + Paraloid B-72 

(1087cm2/g) > Set IV MTMOS + Paraloid B-72 (520.67 cm2/g) > Set V Conservare H 

(207.97 cm2/g). This does not consider statistical significance. 
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4.9 Hardness  

The Shore D hardness test was used to measure the hardness of the samples.  Figure 32 

shows the average results of the hardness for each set of samples. As indicated in the 

chart, the untreated samples had the lowest hardness. As with the abrasion resistance 

results, when comparing the hardness results with the treated samples, Paraloid B-72 

increased the hardness more than the MTMOS and TEOS. The order of the results which 

does not consider statistical significance was: Set II Paraloid B-72 (79) > Set VI TEOS 

(75) > Set III MTMOS (67) > Set I untreated (63).  

 

Fig.32: The hardness of the untreated and treated samples 

 

 

 

 

 

 

 

 

 

The application of Paraloid B-72 as the second coating layer on the treated samples using 

MTMOS and TEOS showed an increased hardness for those samples. The treated 

samples with MTMOS had a 14.92% increase in hardness, as the hardness went from 

67.00 to 77.00. The hardness of treated samples using TEOS showed a 4% increase going 
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from 75.00 to 78.00. Figure 31 for abrasion resistance shows the same trend in changes 

for hardness. 

 

The results from the hardness test confirmed the results from the abrasion test. The 

samples treated with Paraloid B-72 showed the highest hardness value, whereas the 

samples treated only with TEOS or MTMOS showed the lowest values. Samples treated 

with the commercial brand Conservare H, showed better abrasion resistance and hardness 

than Set III and Set IV. In general, Paraloid B-72 was the most effective of all the 

consolidants in increasing hardness. 

 

4.10 Compression strength  

In order to study how much the consolidants change the compression strength of the 

treated samples, the compression strength of the samples was measured by taking stress- 

strain curves (Figures 33 to 45). Also the maximum strength for each sample was 

identified and plotted in Figure 46.  

 

 For each set of samples, except for Set I, there were two results for compression strength: 

three readings averaged where the load was applied to the treated surface (C), and for the 

next averaged three readings, the load applied to the surface perpendicular to the treated 

surface (CA).  
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 Fig. 33: Stress-Strain Curve - Set I, No chemical 

 

 

 

 

 

 

     Fig. 34: Stress-Strain Curve, C - Set II, Paraloid B-72 

 

 

 

 

     

 

 Fig. 35: Stress-Strain Curve, CA - Set II, Paraloid B-72 
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Fig. 36: Stress-Strain Curve, C - Set III, MTMOS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 37: Stress-Strain Curve, CA - Set III, MTMOS 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
Fig. 38: Stress-Strain Curve, C - Set IV, MTMOS + Paraloid B-72 
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Fig. 39: Stress-Strain Curve, CA - Set IV, MTMOS + Paraloid B-72 

 

 

 

 

 

 

 

 

 

 

 Fig. 40: Stress-Strain Curve, C - Set V, Conservare H 

 

 

 

 

 

 

 

 

 

 

Fig. 41: Stress-Strain Curve, CA - Set V, Conservare H 
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Fig. 42: Stress-Strain Curve, C - Set VI, TEOS 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
Fig. 43: Stress-Strain Curve, CA - Set VI, TEOS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 44: Stress-Strain Curve, C - Set VII, TEOS + Paraloid B-72 
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Fig. 45: Stress-Strain Curve, CA - Set VII, TEOS + Paraloid B-72 
 

 

 

 

 

 
 
 
 
Fig. 46: Average maximum strength values for each compression test on untreated and 
treated samples 
 
 
 

 

 

 

 

 

 

 

 

 

For the compression strength when the load was applied to the treated surfaces (C), Set V, 

Conservare H, showed the highest value of compression strength and Set IV, showed the 

lowest value. The order of the compression strength from highest to lowest are as follows: 

Set V, Conservare H > Set III, MTMOS > Set II, Paraloid B-72 > Set VII, TEOS + 
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Paraloid B-72 > Set VI, TEOS > Set IV, MTMOS + Paraloid B-72 > Set I, untreated. 

This ranking does not take into consideration statistical significance; however, there were 

no differences in the measurement of compression strengths between Set II and Set VII 

(3.46 MPa; 3.31 MPa), and between Set IV and VI (3.03 MPa; 3.05 MPa). 

 

The application of Paraloid B-72 as the second coat on the samples treated with MTMOS 

did not increase the compression strength of the samples treated with MTMOS [Set III, 

MTMOS (3.44 Mp) > Set IV, MTMOS + Paraloid B-72 (3.19 Mp)]. 

 

According to this study, the most effective consolidant in increasing the compression 

strength was Conservare H, which gave a 1.6 times improvement. The other three 

consolidants also showed improvements in compression strength, but when Paraloid B-72 

was applied over MTMOS, the strength was diminished. It is recommended that future 

studies examine the for this. 

 

4.11  Bending  

Samples of the adobe were subjected to a bending test to determine the failure 

strength. For each set, three samples were tested. Prior to the bending test, duplicate 

lengths, widths and heights of every sample were measured and averaged. Table 16 

includes the average results of these measurements, the calculated values of inertia, half 

heights, data recorded of the failure load during the tests in kN, and the calculated values 

of failure strength in MPa and the mean of the failure strength. Figure 47 shows the 

failure strength of the treated and untreated samples. 
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The study of failure strength of the samples showed the following order: Set II (Paraloid 

B-72) > Set V (Conservare H) > Set IV (MTMOS + Paraloid B-72) > Set VI (TEOS) > 

Set VII (TEOS + Paraloid B-72) > Set I (No chemical) > Set III (MTMOS). This ranking 

has not taken into consideration statistical significance. 

 

Table 16: The average results of length, width and height, the calculated values of inertia, 
half height, failure load, and the calculated values of failure strength and the mean of the 
failure strength.  
 
Bending Test No La (cm) ba (cm) ha (cm) I=bh3/12 Y=h/2 F*      

(kN) 
FS** 
Failure 
strength 
(MPa)  

Mean  
FS           
(MPa)     

i 12.70 2.90 3.00 6.53 1.50 0.33 2.28 
ii 12.70 3.05 3.00 6.86 1.50 0.32 2.10 

Set I                     
No Chemical  

iii 12.70 3.00 3.00 6.75 1.50 0.33 2.20 
2.19 

ii 12.50 2.95 2.90 6.00 1.45 0.43 3.12 
iii 12.70 3.00 2.95 6.42 1.48 0.49 3.38 

Set II                    
Paraloid B-72 

iv 12.60 3.00 2.95 6.42 1.48 0.32 2.21 
3.25 

i 12.60 3.00 2.90 6.10 1.45 0.23 1.64 
ii 12.60 2.90 3.00 6.53 1.50 0.30 2.07 

Set III                   
MTMOS  

iii 12.60 3.00 2.90 6.10 1.45 0.26 1.85 
1.85 

i 12.65 2.95 2.95 6.31 1.48 0.31 2.17 
ii 12.60 2.90 2.90 5.89 1.45 0.46 3.39 

Set IV                  
MTMOS+ B-72 

iii 12.60 2.95 2.90 6.00 1.45 0.45 3.26 
2.94 

i 12.60 2.95 3.00 6.64 1.50 0.43 2.92 
ii 12.60 2.90 2.95 6.20 1.48 0.50 3.57 

Set V              
Conservare H 

iii 12.65 2.90 3.00 6.53 1.50 0.42 2.90 
3.13 

i 12.75 2.90 3.00 6.53 1.50 0.32 2.21 
ii 12.60 2.90 3.05 6.86 1.53 0.38 2.54 

Set VI                  
TEOS  

iii 12.60 3.00 2.90 6.10 1.45 0.37 2.64 
2.46 

i 13.60 2.80 2.90 5.69 1.45 0.31 2.37 

ii 12.55 2.95 2.95 6.31 1.48 0.31 2.17 

Set VII                 
TEOS + B-72  

iii 12.70 2.95 3.00 6.64 1.50 0.35 2.37 
2.31 

* F = load at the failure (kN) 

**(FS) σ = (F.a.Y/I) x 10 (MPa)        
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The comparison between Set I (untreated) and Set III (MTMOS) showed that the 

application of MTMOS actually decreased the failure strength of the samples; however, 

the application of Paraloid B-72 on samples treated with MTMOS (Set IV) caused an 

increase in failure strength of these samples.  Also, the samples treated with TEOS, (Set 

VI) and those with a second coat of Paraloid B-72 over TEOS (Set VII) showed very 

close failure strength results. Therefore the application of Paraloid B-72 did not produce 

an effective improvement in the failure strength for these samples. The study of failure 

strength of Set V, (Conservare H) , Set II, (Paraloid B-72) and Set IV, (MTMOS + 

Paraloid B-72) showed similar, lArg-e increases in failure strength: Set II (3.25 MPa) > 

Set V( 3.13 MPa) > Set IV (3.33 MPa). Again, this ranking does not consider statistical 

significance. 

 

This study showed that the application of MTMOS decreased the failure strength 

compared to that of  the untreated samples. Since Paraloid B-72, Conservare H, and  

Paraloid 

 B-72 as the second coat on the samples treated with MTMOS and TEOS, had close 

results, they could be considered as most effective consolidants in increasing the failure 

strength in treated samples. 
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Fig. 47: The failure strength of the treated and untreated samples 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

0.5

1

1.5

2

2.5

3

3.5

4

The samples

Fa
ilu

re
 s

tre
ng

th
 (M

P
a)

 

2.19 3.25 1.85 2.94 3.13 2.46 2.31

Set I        
No Chemical 

Set II        
Paraloid B-72 

Set III        
MTMOS 

Set IV       
MTMOS+B-72

Set V  
Conservare H

Set VI       
TEOS 

Set VII       
TEOS + B-72 



 79

CHAPTER 5 

 

CONCLUSION 

 

In this research, several physical properties of adobe were studied to find out how these 

physical properties related to each other. Table 17 summarizes the changes observed in 

the physical properties. Also, an examination of Table 17 leads to Figure 48, which shows 

the relationships between the changes in physical properties. As mentioned before, these 

physical properties were: colour changes, density, porosity, water absorption, depth of 

penetration, abrasion resistance, hardness, compression strength, and bending strength. 

For the statistical significance of these results, more samples would need to be tested in 

the future. 

 Figure 48: The relationship between the changes in physical properties of adobe 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As Figure 48 shows, there are relationships between porosity and the colour changes, 

water absorption and abrasion. The porosity and chemical structure of the consolidant are 

Porosity 

Chemical structure 
of the consolidants

Water absorption Colour change 
 Abrasion and 

hardness
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Table 17: The trends of changes in physical properties of the untreated and treated samples of adobe using different 

consolidants 

No chemical (Set I); Paraloid B-72 (Set II); MTMOS (Set III); MTMOS + Paraloid B-72 (Set IV) Conservare H (Set V);  

TEOS (Set VI); and TEOS + Paraloid B-72 (Set VII) 

 

 

 

 

 

 

The shadings help to illustrate the effectiveness of each consolidants relative to each physical properties. 

 

 

 

Effect 
Value 

Colour  
Change 

Porosity SEM Water 
Absorption  

Depth of 
Penetration 

Abrasion Hardness Compression  Failure 
Strength 

 I  I I II, IV, V, VII V II II V IV 
III III III III  IV VII VII III II 
VI VI VI VI VII IV IV II V 
V IV IV   III V V VII VI 
VII VII VII   VI VI VI VI VII 
II II II   II III III IV I 

Best 
 
 
 
 
 
          
             
Worst IV V V I I I I I III 
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considered to be the main causes that affect colour change and water absorption. Also the 

alterations from abrasion follow the same trends as with porosity changes. This will be 

discussed more fully in the next sections.  

 

5.1 The relationships between colour changes, porosity and chemical structure of   
consolidants 

 
According to Figure 48, the colour change is affected by the porosity and chemical 

structure of the consolidant. According to the Table 17, the ordering of these changes are 

Colour changes: Set IV > Set II > Set VII > Set V > Set VI  > Set III > Set I  

Porosity changes: Set V > Set II > Set VII > Set IV > Set VI  > Set III > Set I 

The porosity effect can be explained this way. The bricks (which are porous materials) 

were treated with chemicals, where the air/mineral interfaces are replaced with the 

consolidant. While the liquids have higher refractive indexes than air, the amount of the 

reflected light from the treated surface is reduced (Wheeler, 2005). The refractive index 

(nD) shows the reflections and transmission of light from the substrate (Horie, 1987). 

Also, colour change depends on the chemical structure of the consolidants, as well as the 

chemical components of the substrate. A study of colour changes was done on the 

samples made of various minerals while they were treated with different silicone 

consolidants. The study showed that the strong colour changes happened with the dark 

colour minerals such as iron oxide, biotite, illite and clinochlore. Furthermore, the light 

coloured minerals (albite, quartz, calcite) showed less colour changes (Wheeler, 2005). 

According to XRD data, the prepared soil consisted of quartz, albite, orthoclase, 

vermiculite, hornblende, kaolinite and illite. Since this soil has more light coloured 

minerals, it showed less colour change in treatment with MTMOS and TEOS. 
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5.2 The relationships between water absorption, porosity and chemical structure 
of consolidants 

 
The water absorption of the treated samples can be related to two factors, porosity and 

chemical structure of the consolidants (Wheeler, 2005). According to Table 17, the order 

of water absorption changes of the samples are as follows: Set IV > Set III > Set II = Set 

IV = Set V = Set VIII. 

 

Regarding porosity, the chemicals which fill the pores more show less water absorption. 

The order of porosity changes of the samples is Set V > Set II > Set VII > Set IV > Set VI 

> Set III > Set I. On the subject of chemical structure, the consolidants, which are 

hydrophobic, do not absorb water.  

  

5.3 The relationships between abrasion and porosity  

The abrasion strength can be related to the porosity. If the surface has more available 

pores, the bristles of the steel wire brush can go into the pores; when the brush is moved, 

the sample will be abraded more. The order of abrasion changes of the samples is Set II > 

Set VII > Set IV > Set V > Set VI > Set III > Set I. 

 

5.4 Comparison of the results 

 In order to study the results, three comparisons have been made. First, the comparison is 

made between the chemicals which caused the most colour change. These are Paraloid B-

72 and Conservare H. Second, the comparison between the results from using MTMOS 

and TEOS. Third, the study of the changes caused by using Paraloid B-72 as the second 

coat.  
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5.4.1   Samples treated with Paraloid B-72 and Conservare H   

The samples treated with Paraloid B-72 and Conservare H showed the most colour 

change. As mentioned above, the colour change is related to the porosity and chemical 

structure of the consolidant. Since the samples treated with Conservare H showed more 

filled pores than the samples treated with Paraloid B-72, they were expected to show 

more darkening than the samples treated with Paraloid B-72, but this was not the case. 

This discrepancy could be a result of the chemical structure of the consolidants but this 

cannot be ascertained because of the proprietary components of Conservare H.  

 

Regarding the water absorption changes, the samples treated with Paraloid B-72 and 

Conservare H showed no water absorption. This can be explained as they filled the pores 

and have high hydrophobic characteristics.  

 

Regarding the abrasion strength, the samples treated with Paraloid B-72 showed more 

abrasion strength than the samples treated with Conservare H. This was in contrast to 

their porosity changes. This could be due to how these chemicals covered the surfaces of 

the samples. The study of the SEM micrographs showed that the samples treated with 

Conservare H were mostly filled with the consolidant but the individual particles were 

visible on those samples; however, the samples treated with Paraloid B-72 showed that 

the consolidant filled the most of the pores, and coated most of the individual particles. 

Therefore the expoure of the individual particles in treatment with Conservare H can be 

considered as the reason why these treated samples had less strength against abrasion. 

The bristles of the brush could have abraded these particles to a great degree. This is as 
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opposed to the samples treated with Paraloid B-72, which provided protective layers and 

imparted greater resistance against abrasion.  

 

5.4.2   Samples treated with MTMOS and TEOS  

The samples treated with MTMOS showed less colour change than the samples treated 

with TEOS. As mentioned above, the colour change depends on the porosity and 

chemical structure of the consolidant. Concerning the porosity, the samples treated with 

TEOS showed more filled pores than the samples treated with MTMOS; therefore, since 

they showed more darkening than the samples treated with MTMOS.   

 

Referring to water absorption changes, the samples treated with MTMOS showed less 

water absorption than the samples treated with TEOS. Since the samples treated with 

TEOS showed more filled pores than the samples treated with MTMOS, it was expected 

those samples would be less water-absorbent than the samples treated with MTMOS, but 

this was not the case. This contradiction can be explained by the chemical structure of 

MTMOS and TEOS. Water repellency depends on the number and the size of the alkyl 

groups, which bond to the silicon atoms directly. If there are more and bigger alkyl 

groups bonded to the silicon, the water repellency will be increased. A study of the 

chemical structure of MTMOS and TEOS shows that MTMOS is more water repellent 

than TEOS due to having a methyl group which is bonded to the silicon directly 

(Wheeler, 2005).  

 

In comparing the abrasion strength and porosity changes of the samples treated with 

MTMOS and TEOS, the same trend was seen. As the samples treated with TEOS showed 
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more closed pores, they were more resistant to abrasion than the samples treated with 

MTMOS.  

 

5.4.3   Samples treated with MTMOS and TEOS and a second coat of Paraloid B-72  

The application of Paraloid B-72 as the second coat was studied. As mentioned before, 

Paraloid B-72 was applied to the samples treated with MTMOS (Set III) and TEOS (Set 

VI). The study showed that Paraloid B-72 as the second coat on these samples caused 

more darkening due to closing pores to a great extent, but the trend of colour changes did 

not follow the porosity changes. The samples treated with TEOS and Paraloid B-72 (Set 

VII) had more closed pores than the samples treated with MTMOS and Paraloid B-72 

(Set IV). The samples from Set IV did, however, show more darkening than the samples 

from Set VII. The reason for this contradiction may be a reaction between the 

consolidants. Therefore it is recommended that a study be performed on how a solution of 

Paraloid B-72 in toluene and MTMOS in ethanol can affect each other and cause the 

colour change of the substrate.  

 

Regarding the water absorption changes, the application of Paraloid B-72 to the samples 

increased their water repellency and they showed no water absorption. This can be 

explained by the fact that Paraloid B-72 filled the pores and is a highly hydrophobic 

chemical.  

 

In comparing the abrasion strength of the samples from Sets IV and VII to their porosity 

changes, the same trend is seen.  Since samples from Set VII had more filled pores, they 

showed more resistance against abrasion than samples Set IV. 
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5.5   The best consolidant for adobe consolidation 

Generally speaking, the choice of the consolidants depends on the priorities defined in 

each building conservation project. According to the results obtained in this study (see 

Table 17), the following list is provided and can be used as a guide in choosing the 

consolidants in adobe consolidation under various conditions. In real life more than one 

condition could apply. For example case three could only be performed in cases where 

the adobe is dry. If the adobe has already absorbed water (often, this is the case), applying 

such consolidants could be disastrous. 

 

1. If the colour change of the adobe is considered as a main concern, then the 

consolidant with the least colour change should be used. In this case MTMOS 

or TEOS is recommended. 

2. If the adobe is used in a building where the transferring of water vapour 

through the pores is considered as the most critical issue, the application of 

MTMOS or TEOS is suggested.  

3. If the building is located in a humid climate and the risk of water (rain, snow, 

capillary rise) threatens the building, the application of water- repellent 

consolidants is recommended. Conservare H, Paraloid B-72, and Paraloid B-

72 as the second coat on MTMOS or TEOS are the best choices for this case. 

4. If the building is threatened by abrasive risks (human effects, environmental 

effects), the adobe should be consolidated with the most abrasion-proof 

chemicals.  According to Table 17, Paraloid B-72 is the best consolidant for 

this issue. Paraloid B-72 can be used by itself; also it can be applied as a 

second coat on materials treated with MTMOS or TEOS. 
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5. If the adobe is used in a building where a massive load on the building is 

applied to the adobe, the first choice of consolidant is Conservare H and the 

second ones can be MTMOS or Paraloid B-72, since they showed close 

results. 

6. If the treated adobe is replaced in a building where the shear load (determined 

by bending test) is applied to the surface of the adobe, either the application of 

Paraloid B-72 as the second coat on surfaces treated with TEOS, or Paraloid 

B-72 by itself (since the results from these chemicals are close to each other), 

and Conservare H is recommended.  

7. If more penetration is required, the application of Conservare H is suggested. 

Also, the application of Paraloid B-72 as the second coat on the samples 

treated with MTMOS or TEOS shows good results. 

8.  Conservare H is the commercial brand of TEOS. Conservare H is more 

expensive than TEOS. In projects where the use of  Conservare H is 

recommended, but there are budgetary constraints, Conservare H can be 

replaced with the application of TEOS followed by a second coat of Paraloid 

B-72 based on the chemistry. Conservare H can be replaced when compressive 

strength and failure strength are not considered to be important requirements; 

however, in other circumstances the substitution can be made.  

 

Both Conservare H and TEOS with a second coat of Paraloid B-72 are water-

repellent, and they do not show water absorption. Also, the study of Table 17 

revealed that the application of Paraloid B-72 as the second coat increased 

porosity and abrasive strength in comparison with Conservare H. 



 88

9. In dry climates, where there are no water issues, as in the case of Bam, there 

are two possibilities: if the colour change is important, then the recommended 

consolidant is MTMOS or TEOS. If the colour change is not important, then 

the recommended consolidant is Paraloid B-72. The comparison among all the 

consolidants and their results, except results from failure strength lead to the 

conclusion that the best consolidant is TEOS followed by a second coat of 

Paraloid B-72. This treatment gives acceptable results. 

 

5.6 Further research 

It is recommended that all the tests be done on a lArg-er number of treated and untreated 

samples to determine if these preliminary results are statistically meaningful. Also some 

of the results in this research require more investigation. The following studies are 

suggested: 

 

1. A close study of Conservare H to find out how its proprietary components are able 

to fill most of the pores, while leaving some of the soil particles individually. 

2. Applying all the same tests on the samples made of soil from Bam. This study will 

reveal how the chemical componenets  of soil as well as its grain size distribution 

can affect the results of the study. 

3. A study of interactions between a 5% solution of Paraloid B-72 in toluene as a 

second coat on a surface treated with a 50% solution of MTMOS in ethanol to 

find out how they affect each other and cause the colour change of the substrate.  

4. A study of the effects of MTMOS in increasing the compression strength and 

decreasing the failure strength. 
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5. A close study of the viscosity of solutions of the chemicals at different 

concentrations and at various temperatures to improve depth of penetration. 
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Table 18: Summary of t articles on adobe consolidation 

Article Chemical Solution Sample Method of 
application 

Applied tests Results 
 

Agnew 
 et al. 
/ 1990 

Isocyanate (hexamethylene 
diisocyanate DN-3390TM) 
 

 
 
 
 
 
Silanes: TEOS and MTEOS 

Diluted with a 2:1 
xylene:methyl ethyl 
ketone mixtures to 
form solutions with  
25%, 12.5%, 6.25% 
concentration. 

Adobe Brushing Penetration 
 
 
Porosity (using 
mercury injection 
porosimeter) 
 
Chemical compostion : 
 
 
 

The most diluted solution had the deepest penetration. 
 
The porosity of treated and untreated samples were 
measured showed the same range. 
 
 
Silanes were better consolidants for kaolinite. 
 
Isocyanate was a better consolidant for 
montmorillonite. 
The treatments of clay with isocyanates and silanes 
increased the water repellency of the clay but didn’t 
consolidate the clay. 
 

Brown 
 et al. 
/1979 

  Adobe  The rate of weathering 
of adobe 

The weathering was attributed to the mineralogical 
composition, particle distribution, porosity 
distribution and soluble salt concentration as well as 
its moisture content. 

Chiari 
/ 1990 
 
 
 
 
 
 

Ethyl silicate  
 
 
 
 
 
 

 Adobe   The treated adobe from Iran was in good condition 
after three years. 

Helmi 
/1990 

ethyl silicate (TEOS) 
methyltrimethoxy  
 
Silane (MTMOS) 
 
Methylmthacrylate-butylacrylate 
(MMABA) 

 
 
 
 
 
In 1:1 toluene and 
xylene 

Adobe  SEM studies The SEM study revealed that TEOS was the best 
consolidant for this soil; due to its low viscosity, it 
penetrated deeply. A MTMOS coating was then 
introduced as the water repellent material on the 
treated adobe with TEOS. MMABA was excluded 
because it may cause cracking over time. Due to UV 
radiation causes, the chemical links become weak and 
lead to cracking. 

 
Koob   
et al. 
/ 1990 
 
 
 

AcrysolWS-24 (acrysol is a very 
fine acrylic polymer of high MW 
dispersed in water vehicle with 
very low viscosity) 
 

First a solution up to 
20% was used. 
Secondly a 4% 
solution was used. 

Adobe Pouring onto the 
brick 

 The diluted solution (4%) could penetrate into the 
fused areas of brick, which were closed due to a fire. 
“The introduction of the acrylic WS-24, though 
apparently penetrating deeply, presents many 
unknowns regarding penetration. As a temporary 
conservation measure, it allows the current condition 
of the structure to remain visible while protecting the 
mud brick from further decay”. 
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Table 18 continued: Summary of articles on adobe consolidation 

Article Chemical Solution Sample Method of 
application 

Applied tests Results 

Selwitz  
et al. 
/ 1990 

ethyl silicate (TEOS) 
 
methyltrimethoxy  
 
Silane (MTMOS)

 Adobe   Selwitz stated that alkoxysilanes gave high 
strength to the adobe. Neither closed the pores 
for transmitting water vapour. Also the layers on 
the surface did not show any cracking 

Selwitz, 
et al 
./ 1995 

Acrylic emulsion 
 
 
Poly methyl hydrosiloxane used to cover 
the treated adobe 

Four times 
diluted with water 
 
10% in white 
spirit 

Adobe   After two years the treated surface was in good 
condition. 

Seramek 
et al. 
/1990 

Paraloid B-72 
 
KP-lak 79 (the copolymer of 
methylmethacrylate butyl acrylate) 
 
Then the samples were covered by 
siloxane (oligomeric methylalkoxy silane, 
20% in toluene-acetone mixture). 

5% solution in 
toluene 

Adobe Brushing Compressive strength 
and  
appearance 
 
 
 
 
Penetration 
 
 

Acrylic materials had greater compressive 
strength than that of siloxane materials. Acrylics 
only penetrated into the adobe by several 
centimeters. The samples didn’t show any 
cracks and deformations. 
 
 
A 5% solution of araloid B-72 in xylene 
penetrated faster than the solution of KP-lak 70 
with same concentration 

Taylor 
/ 1990 

Application acrylic emulsion as protective 
layer: 
 
Acryl 60 
 
RE330 

 Adobe   Both chemicals were successful, but RE330 
penetrated more deeply than  
Acryl 60. 

Webb /2007 Paraloid B-72 
 
 
Stone Strengthener H(SSH) which is 
known as ethyl silicate and also referred 
as H100 
 
 
Desmoder N-3300 a di-isocyanate 

5% solution in 
toluene 

Adobe Immersion Compressive strength 
 
 
 
 
Study of colour 
variations 

Desmoder N-330 > Paraloid B-72 > H100. This 
result was opposite to the result from the Getty 
Conservation Centre, which  found that H100 
was a more effective treatment for stabilizing 
than Paraloid B-72. 
 
The amount of changes in  the colour of the 
samples were as follows: 
Desmoder N-330 > Paraloid B-72 > H100. The 
worst one was therefore Desmoder N-330.
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Table 19: Summary of articles on stone consolidation 

 
 
 
 

Article Chemical Solution Sample Method of 
application 

Applied tests Results 
 

 
Borgia 
et al. 
/ 2000 

Paraloid B-72 
 
 
Silirain 50 (polymethylsiloxanic oligomer) 

3% in acetone 
or chloroform 
 
5% in white 
spirit 

Stone Brushing 
and  
immersion 

Water absorption 
 
 
 
MRI studies 

The amount of water absorbed by the sample 
treated with Silirain 50 is less than the amount of 
water absorbed by the samples treated with 
Paraloid B-72. 
 
The status of the pores which are treated by 
immersion is better than those treated with 
brushing. This is because brushing made a layer 
on the surface and did not allow the water vapour 
transfer inside the porous stone. 

Borgia 
et al. 
/ 2001 

 Paraloid B-72 
 
 

3% in 
chloroform 

Stone Immersion Wetting dry cycles  
 
MRI studies 

Loss of hydrophobic activity inside the pores 
 
 
A loss of adhesion of the product to the pore 
walls was caused by the liquid water insertion 
between the stone surface and the coating 
surface, rather than to ageing of the polymer 

Brus   
et al. 
/ 1996 

A mixture of  
Paraloid B-72 and ethylsilicate 40 

 Stone Immersion Strength 
 
 
Water absorption 
capacity 
 
The appearance and 
porosity 

Adding Paraloid B-72 increased the strength 
75%. 
 
Adding Paraloid B-72 decreased water absorption 
capacity. 
 
 
Adding Paraloid B-72 didn’t change the 
appearance and porosity of the stone  
 

Carretti  
et al. 
/ 2004 

Paraloid B-72  
 
EA/MMA 60/40 
 
nBMA/iBMA50/50 

4% in xylene 
        
4% in xylene 
 
4% emulsion 

 Stone Brushing Surface study 
 
 
 
 
 
Water vapour 
 

Homogeneous    
    
Homogeneous  
 
Inhomogeneous  
 
All of the chemicals decreased this physical 
property 
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Table 19 continued: Summary of articles on stone consolidation 
Article Chemical Solution Sample Method of 

application 
Applied tests Results 

 
Lazzari  
et al. 
/ 2000 

PMMA 
 
 
PEMA 
 
 PBMA 

 5% solution in 
chloroform 
 
“ 
“ 
 

Stone  Thermal aging  at 
110°C, 130°C and 
150°C 

The study showed the polymers with longer ester 
groups had more extensive and faster cross-
linking. In the acrylic/methacrylic resins, the 
alkyl side groups are shorter; chain scission 
happened prior to cross-linkage and chain 
scission lead to formation of soluble fractions. 

Melo  
et al.  
/1999 
 

PMMA, PEMA, PiBMA, P (EMA-MA), 
PMA and P B-72. 
 

5% solutions in 
acetone 

Stone Brushing UV radiation of 220-
300nm 

The study showed for all except PMMA, the 
methacrylic polymers under UV irradiation were 
less stable than the acrylic polymers. 

Tabasso 
/ 1995 

Paraloid B-72 
 
A mixture of B-72 and  MTMOS (methyl-
trimethoxy silane) Other mixtures of 
acrylic and silane were under study. 
 
 

 Stone  Exposed to very mild 
wet-dry cycles 

Water repellency decreased 
 
 
Showed good results. 
 
 
 
 
 
 
 

Toniolo 
 et al. 
/ 2002 

Fluorinated acrylic copolymers: 
 
TFEM/MA 
 
XFDM/HFIM/EM/MA  
 
HFIM/EM/MA 
 
Paraloid B-72 
 
 
 

5 w% in 
 ethyl acetate 
 
“ 
 
“ 
 
“ 
 
“ 
 

Stone 
(marble) 

Immersion Appearance 
 
 
 
Water vapour 
permeability 
 
 
UV aging 
 

Fluorinated acrylic copolymers changed the 
surfaces of the samples. They cause a slight 
darkening. 
 
Since fluorinated acrylic copolymers have high 
water repellency, water vapour permeability of 
the treated samples was reduced drastically. 
 
Fluorinated acrylic copolymers were more stable 
than Paraloid B-72 against UV radiation. 
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Required chemicals 

The chemicals for this research were provided from the following companies: 

Paraloid B-72: Rohm & Haas Rohm and Haas Company, 100 Independence Mall West 

Philadelphia, PA 19106-2399 United States of America. 

Methyltrimethoxysilane (MTMOS) 97%: Acros Organics, Janssen Pharmaceuticalaan 

3A, Geel, Belgium. 

Ethyl silicate (TEOS): Fisher Scientific Company Ltd 111 Scotia Court, Whitby, ON, 

L1N 6J6. 

Conservare H: PROSOCO, Inc., 3741 Greenway Circle, Lawrence, KS 66046. 

Ethanol: Fisher Scientific Company Ltd 111 Scotia Court, Whitby, ON, L1N 6J6. 

Toluene:  Fisher Scientific Company Ltd 111 Scotia Court, Whitby, ON, L1N 6J6. 
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APPENDIX C 

 

REQUIREMENTS FOR 

PHYSICAL AND MECHANICAL TESTS 
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C-1. Sieve analysis  

Soil is classified according to the distribution of the size of the grains in the soil sample. 

Sieve analysis is a method to determine the grain size distribution of soils. 

 

Equipment 

1- Sieves, a bottom pan, and a cover. Sieves with the openings 20, 10, 5, 2, 1, 0.4, 

0.2, 0.1 and 0.08mm are generally used for most standard sieve analyses 

2- Scale with a sensitivity of up to 0.1 g 

3- Oven with a temperature of 105 °C 

4- Mechanical sieve shaker 

 

Procedure  

1- 500 g of the representative soil sample is collected. The amount of the sample is 

calculated by using this equation: 200D < m < 600D, where m is the mass of the 

sample in grams and D is the maximum size of the coarsest particles in 

millimeters. The pile of soil should be divided into four quarters, from which the 

two diagonally opposite quarters are discarded. The other two quarters are mixed 

to make the second pile, the same procedure will be repeated until the proper 

amount of sample has been obtained. 

2- This sample is soaked for 2 to 24 hours in bucket before sieve analysis. 

3- Then the sample will be sieved using a 0.08mm mesh sieve. 

4- The retained sample on the sieve will be dried by using an oven at 105°C.  The 

sample will be kept in the oven until its weight reaches a constant amount and 

after 24 hours the difference between each weighing does not exceed 0.1%. 
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5- The dried sample is weighed accurately to 0.1 g. 

6- A stack of sieves should be prepared. A sieve with a lArg-er opening is placed 

above a sieve with smaller opening. Generally the sieves used in a stack are sieves 

with openings of 20, 10, 5, 2, 1, 0.4, 0.2, 0.1 and 0.08 mm. 

7- The prepared sample from step four is poured into the stack of sieves from the top. 

8- The top of the stack should be covered with the lid. 

9- For 10-15 minutes the sieve shaker will be run. 

10- The stack of sieves will be removed. 

11- The amount of soil retained on each sieve will be weighed. 

 

Calculations 

Percent of soil retained on nth sieve, Rn  (starting from the top sieve): 

 

Rn = 100
)4(,
×

stepWweighttotal
retainedweight  

1- Cumulative percent of the soil retained on the nth sieve: 

=∑
=

=

ni

i 1
nR  

2- Cumulative percent of the soil passing through the nth sieve: 

Percent fine =100- ∑
=

=

ni

i 1
nR  

C-2. Sedimentation or hydrometer analysis 

Hydrometer analysis is a method to measure the diameter of spherical particles, which are 

smaller than No.200 sieve size or the diameter of the particles is smaller than 0.075mm 
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(Bowels, 1992, Das, 1989, ASTM, 2002). 

 

Equipment 

1- Scale with a sensitivity of up to 0.1 g 

2- Stirring apparatus 

3- Sedimentation cylinder one liter (475 mm in height and 63.5 mm in diameter) 

4- No.12 rubber stopper 

5- Hydrometer model 152H 

6- Thermometer 

7- Time device 

8- Beaker 250 ml 

9- Plastic squeeze bottle 

 

Chemicals 

1- Dispersing agent (Calgon) 

2- Distilled water 

 

Test specimens 

50 g sample which is passed through the No.200 sieve is weighed exactly. 

 

Procedure  

1- The soil sample is soaked for 24 hours in 125 ml of 4% Calgon solution (40 g 

Calgon in 1000 ml distilled water). The beaker is covered with wet napkins to 

reduce the evaporation. 
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2- One of the cylinders is filled with 124 ml of 4% Calgon solution and diluted to 

1000 ml to be the control jar. The hydrometer and thermometer are left in this 

cylinder to be temperature stabilized when they are needed. 

3- The soaked sample is transferred to the stirrer cup and filled with distilled water to 

two-thirds full. The soil and water are stirred for one minute. 

4- The well-mixed soil is transferred to another cylinder completely (if the soil 

particles are stuck to the cup, they can be washed off using distilled water in 

plastic squeeze bottle). The cylinder is covered with No.12 rubber stopper and 

agitated very well for one minute. It is turned upside down and back 60 times in 

one minute. 

5- The first reading is taken at an elapsed time of two minutes after setting down the 

cylinder. The hydrometer is inserted 20 seconds before each reading except for the 

first three readings in two minutes, they are known as zero time (the sooner time 

that can be read the hydrometer), first and second second. Also the next elapsed 

times are 4, 8, 15, 30, 60 minutes, 2, 3, 4, 24, 48, 72 hours. The temperature is 

taken once during the first two minutes and at the time of each hydrometer 

reading. 

Calculations 

In order to plot the particle size distribution curve, diameter of the soil particles and 

percent finer should be calculated. 

1- Diameter of the soil particles: 

Sedimentation is based on Stokes’ law. The velocity of the spherical particles with 

diameter less than 0.075mm is calculated as 
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2)(
18

)/( Dscm ws

η
γγ

ν
−

=  

as: 

ν  = velocity (cm/s) 

sγ  = specific weight of soil sample (g/cm3)  

wγ = unit weight of water (g/cm3) 

η  = absolute or dynamic viscosity of the fluid, (dyn.s/cm2 or g/(cm.s)) 

D = the diameter of the soil particle (cm) 

 

as we know: 

(min)
)()/(

t
cmLscm =ν  

L = the soil-water suspension effective depth (cm) 

 t = the time from beginning the test soil particles settle down beyond the measurement                             

zone (min) 

 

2)
10

)((
1860(min)

)( mmD
t

cmL ws

η
γγ −

=
×

 

 

 
(min)

)(30)(
t

cmLmmD
ws γγ

η
−

=  

where:  

sγ  = Gs wγ  
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Gs = specific gravity of the soil  

 

=)(mmD   
(min)

)(
)1(

30
t

cmL
Gss −γ
η  

 

(min)
)()min()( 2

1

t
cmL

cm
KmmD =  

There is a standard table for K, the K values are calculated for different soil at different 

temperatures. 

 

 

2- Percent finer 

  

Percent finer = 100×
s

c

M
Ra

 

 

where 

 

a = correction factors for unit weight of soil 

Rc = the amount of soil in suspension at some elapsed time (g) 

Ms = the amount of original soil in suspension (g), about 50 g 

 

Rc = Ractual – zero correction + CT 
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where 

 

Ractual = the exact hydrometer reading  

Zero correction = the hydrometer reading in the control jar, it can be positive or negative 

CT = temperature correction factor, for which the numbers are available in standard tables. 

 

For most tests, the sample is considered with Gs = 2.65, according to the standard tables 

correction factors for unit weight for this soil is one (a = 1) 

 

C-3. Density test 

This test defines the physical property of the earth samples. 

 

Equipment 

1- Scale sensitive up to 0.1 g 

2- Oven with a temperature of 105 °C 

3- Precise ruler 

4- Calipers 

5- Chamois leather 

 

Procedure  

1- The height, length, and width of the sample are measured.  Each dimension is 

measured in the middle of each face and the mean will be calculated. 

2- The sample should be dried by using an oven at 105 °C.  The sample will be kept 

in the oven until its weight reaches a constant amount and after 24 hours the 
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difference between each weighing does not exceed 0.1% of the mass from the 

preceding day. 

3- The dried sample is weighed accurately to 0.1 g. 

 

Calculation 

Density: 

ρd = V
m  

as: 

ρd = dry density of the sample in (g/cm3 ) 

m = the mass of the sample in (g) 

V = volume of the sample (cm3) 

 

C-4. Porosity test 

This test defines the porosity property of the earth samples. 

 

Equipment 

1. Scale sensitive up to 0.1 g 

2. Dewar flask 

3. Liquid nitrogen 

4. String 
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Procedure 

1. The sample is suspended by a string from a scale to measure its dry weight (D). 

The sample is held just above the level of the liquid nitrogen for few seconds to let 

the sample cool and reduce the risk of thermal shock (liquid nitrogen temperature 

= -196 ° C). 

2. The sample is submerged in the liquid nitrogen until it reaches constant weight, 

then the saturated sample is weighed in the liquid nitrogen (S) (The required time 

for weight stabilization differs due to the number and the size of pores. It varies 

from three to 30 minutes). 

3. The sample is lifted up and the saturated sample is weighed in air (W). 

 

Calculation 

Porosity: 

p = 100×
−
−

SW
DW % 

as: 

P = porosity  

D = the weight of the dry sample (g) 

W = the weight of the saturated sample (g) 

S = the weight of the saturated sample suspended in nitrogen tank (g) 

 

C-5. Water content test 

This test defines the amount of water in the soil sample. 
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Equipment 

1- Scale sensitive up to 0.1 g 

2- Oven with a temperature of 105 °C 

 

Procedure  

1- 500 g of the representative soil sample is collected. The amount of the sample is 

calculated by using the following equations: if the size of the soil grains is less 

than 0.4 mm then m ≥ 10D, where m is the mass of the sample in grams and D is 

the maximum size of the coarsest particles in millimeters. If the size of the soil 

grains is greater or equal to 0.4 mm the mass of the sample should be more than 

200 g, and m ≥ 200D. 

2- The proper amount of the soil will be calculated and weighed. 

3- The weighed sample will be dried by using an oven at 105 °C.  The sample will be 

kept in the oven until its weight reaches a constant amount and after 24 hours the 

difference between each weighing does not exceed 0.1%. 

4- The dried sample is weighed accurately to 0.1 g. 

 

Calculation 

Water Content: 

 

W (%) =
d

w

m
m 100×

 

as: 
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W = water content 

mw = the amount of water in the soil sample 

md = mass of the dried soil sample 

 

C-6. Water absorption (capillary absorption) test 

This test method determines the behavior of the masonry subjected to moisture.  The 

amount of absorbed water is calculated when the samples are at the saturated level.  

 

Equipment 

1- A tray including tap water 

2- Scale sensitive up to 1 g for masses greater than 10 kg 

3- A precise ruler graduated in mm 

4- A chronometer 

5- Oven with a temperature of 40 °C 

6- Chamois leather 

 

Test specimens 

For this test three specimens are necessary. 

 

 

Procedure 

1- The samples should be dried by using an oven at 40 °C.  The sample will be kept 

in the oven until its weight reaches a constant amount and after 24 hours the 
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difference between each weighing does not exceed 0.1% of the mass from the 

preceding day. 

2-  The samples will be left in the laboratory for six hours. 

3- The samples will be weighed. 

4- The dimensions of the samples which are immersed in water will be measured in 

cm. 

5- The smooth surface of the sample is immersed in the tray containing tap water and 

the smooth surface will be kept five mm beneath the water level.  A flask of water 

will be placed upside down in the tray during the test to ensure that the level of the 

water remains constant.  After one minutes the sample will be removed and dried 

with chamois leather, before being weighed. 

 

Calculation 

The water absorption coefficient, Cb, is calculated as follows: 

 

Cb = 
tS

mm dh )(100 −×
 

 

as: 

             Cb = the water absorption coefficient  

dm  = the mass of the dried soil sample 

hm  = the mass of the hydrated soil sample 

)( dh mm −  = the amount of water absorbed by the sample during ten minutes 
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              S = the surface area of the immersed face of the sample in (cm2) 

   t = the duration of time that the sample is immersed in ten minutes (t=1 min 

here) 

 

C-7. Abrasive strength test 

This test method determines the abrasive strength of the earth block samples.  

 

Equipment 

1- A ruler  

2- Scale sensitive up to 1 g for masses greater than 10 kg 

3- A steel wire brush carrying a 3 kg weight attached to the back of the handle, over 

the centre of the bristles.  The height and the length of the brush wires are 28 mm 

and 135-140 mm respectively.  

 

Test specimens 

For this test five specimens are necessary. 

 

 

Procedure 

The five samples should be weighed and sorted in order of increasing weight.  The 

samples should be placed horizontally and abraded under the weight of the brush.  The 

surfaces of the samples are brushed while the 3 kg weight is kept in the middle of the 

brush. Brushing is applied on the surface for 60 cycles in one minute. Each forward and 

backward movement of the brush is considered one cycle.  The width of the brushed area 
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is acceptable if it does not exceed the width of the brush by more than 2 mm. While 

brushing, at least half of the surface of the brush should be in contact with the sample 

surface. After brushing, all loose matter should be removed. 

 

 

Calculation 

The abrasive strength is calculated as follows: 

 

Ca = 
)( 21 mm

S
−

 

 

as: 

 

Ca = abrasive coefficient in (cm2/g)  

 S = the brushed surface in (cm2) 

1m  = the mass of the sample before abrasion 

2m  = the mass of the sample after abrasion 

)( 21 mm − = the mass of the detached matter by the brushing in (g) 

 

C-8. Compressive strength 

This test method determines the compressive strength of the earth block samples.  
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Equipment 

1- Specimen molds: designed to make 50 mm3 specimens.  The molds shall be tight 

fitting and the parts of the molds shall be positively held together.  The molds will 

not have more than three cube compartments and will not be able to be 

disassembled into more than two parts. 

2- Bearing plates: these plates are made of hard metal with a Rockwell hardness of 

not less than 60HRC.  The surfaces of the plates which are in contact with the 

specimen shall be 40.0± 1 mm by 50.8 mm rectangles, with the 50.8 mm 

dimension at right angles to the longitudinal axis of the sample.  Also, the 

thickness of the plates should not be less than 25 mm. 

3- Device for aligning the bearing plates: A device will be used to align the bearing 

plates to ensure the proper location of the upper plate with reference to the lower 

plate. 

4- Testing machine: it will be either the hydraulic or the screw type with a sufficient 

opening between the upper bearing surface and the lower bearing surface. The 

applied load is indicated with an accuracy of ± 0.1%. 

 

Test specimens 

For this test three specimens are necessary. 

 

Procedure 

The sample is placed in the testing machine below the centre of the upper bearing plate 

block. The load is applied to the sample faces that were in contact with the true plane 

surfaces of the mold. Before applying the load it must be determined that the sample can 
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tilt freely. No bedding materials are used.  The load rate will be determined through 

experimentation; however, the load rate will correspond to the applied load on the 

sample, which differs from 1MPa to 20 MPa.  The load rate can be adjusted to the nearest 

0.02mm/sec. The sample should not fail in the first fifteen seconds of the test. 

 

Calculation 

The compressive strength is calculated as follows: 

 

f = 
S
F
×10 

as: 

 

f = compressive strength in (MPa) or (MN/m2) 

F = total maximum load in (kN)  

S = area of loaded surface (cm2) 

 

C-9. Bending test 

The set up diagram of the bending test is illustrated in Figure 49; also the information for 

the bending test presented here is as follows: 

• The required load is 1050 N which is calculated in section C-9-1. 

• The maximum stress of the plate with 2 mm thickness is calculated in            

section C-9-2. It is 2368.5 kg/cm2; this is close to the yield stress of steel which is 

2400 kg/cm2. So the thickness of the plate should be more than 2 mm, which is 

considered as 3mm. 
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• The maximum strain for the plate with 3mm thickness is calculated in section      

C-9- 3. It is mm02548.0 . This amount is negligible. 

•  

Fig. 49: Four-point bend testing diagram  

 

 

 

 

 

 

 

 

 

 

According to the following calculations and regarding Figure 49, the required equipment 

to set up the bending test are as follows:  

The top plate to which load is applied should be a rectangular solid plate that is 7 cm 

long, 5 cm wide and more than 2.5 mm (3 mm) high. In the centre of the plate, a small 

spot should be curved to be the support for the load. The bottom plate is the rectangular 

solid plate that is 15 cm long, 5 cm wide, and with any thickness. 

The four steel rollers have a 1.5 cm diameter and are 7cm in length. For the upper plate 

one of the rollers should be positioned 2 cm from the left side. For each test, the other 

roller will be placed 2 cm from the other end of the plate. 

 
Note: All dimensions are in centimeters 
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C-9-1. Required load 

The brick samples are rectangular solids, 12.6 cm long, 3 cm wide and 3 cm high. 

 

cmh
cmb

cmL

3
3

6.12

=
=
=

 

 

The Q must be calculated: 

)1.(2 equFQ =  

 

F  is calculated from stress formula which is: 

 

mxmxhY

cmaaFM
m
Nx

where

equ
I

MY

2
2

2
6

105.1
2

103
2

)3(.

.105.3

)2.(

−
−

===

==

=

=

σ

σ

 

Also the inertia of the sample is calculated as: 

12
)103)(103(

12

3223 mxmxbhI
−−

== =6.75x10-8 m4 

using equation 2: 

NQNF
mx

mxmxF
m
N 1050525

1075.6
)105.1()103)((3.5x10 48

22

2
6 =⇒=⇒= −

−−

  

 

σ  is max stress from compression test 
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C-9-2. The maximum stress for the plate with 2mm thickness 

The upper plate should be a steel plate with 7 cm long, 5 cm wide and its height should be 

more that 2.5 mm. The maximum stress of the plate with 2 mm thickness is                

2368.5 kg/cm2 (calculated below) which is close to the yield stress of steel which is                 

2400 kg/cm2.  In order to avoid the plate bending, its thickness should be greater than    

2.5 mm. 

The calculation is as follows: 

 

The plate is a rectangular solid that is 7 cm long, 5 cm wide and more than 2.5 mm high. 

The distance ( L ) between the two supports is 3 cm. 

mmh
cmb
cmL

2
5
3

=
=
=

 

I
YM max

max =σ  

where 

mNmNLxQM .875.7
4
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3
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C-9-3. The maximum strain for the plate 3mm thick 

The maximum strain for the plate with 3mm thickness is calculated as follows: 

mm

mx
mx

m
Nx

mxN
EI

QL

mxmxmxbhI

m
NxsteelE

cmL
NQ

where
EI

QL

02548.0

1048.25
)1025.11)(1006.2)(48(

)103()1050(
48

1025.11
12
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This amount of strain is negligible. 
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APPENDIX C 

 

RESULTS OF SOIL PREPAPARTION 
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Soil preparation 

As mentioned in Chapter 3, the prepared coarse sand and fine sand from the first sieve 

analysis, were sieved again to find out how much change they showed.  Table 20 and 21 

shows the sieve analysis of the coarse sand and fine sand. 

Table 20: Sieve analysis of the coarse sand 
W (g) W Coarse W Fine W Silt ΣC+F+S ∆ 

500.26 393.43 61.09 44.15 498.67 1.59 

% 78.90 12.25 8.85 100.00   

            

500.14 367.22 73.04 58.25 498.51 1.63 

% 73.66 14.65 11.68 100.00   

            

500.29 356.53 85.01 58.20 499.74 0.55 

% 71.34 17.01 11.65 100.00   

            

500.02 367.89 73.25 57.17 498.31 1.71 

% 73.83 14.70 11.47 100.00   

            

Average 371.27 73.10 54.44 498.81   

Average% 74.43 14.65 10.91 100.00   

 

As calculated before, the required coarse sand was 9.0 kg, therefore 12.10 kg of this 

coarse sand should be taken, which consisted of 9.0 kg coarse sand, 1.77 kg fine sand, 

and 1.32 kg silt and clay. The calculation is as follows: 

(9.0 x 100) / 74.43=12.10 kg,  

where this 12.10 kg coarse sand has 

(12.10 x 14.65=1.77 kg fine sand  

(12.10 x 10.91) =1.32 kg silt 
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Table 21: Sieve analysis of the fine sand 
W (g) W Coarse W Fine W Silt ΣC+F+S ∆ 

500.15 0.44 334.80 164.64 499.88 0.27 

% 0.09 66.98 32.94 100.00   

            

500.23 0.71 325.98 173.03 499.72 0.51 

% 0.14 65.23 34.63 100.00   

            

500.32 0.52 337.30 161.75 499.57 0.75 

% 0.10 67.52 32.38 100.00   

            

500.15 0.66 323.00 175.90 499.56 0.59 

% 0.13 64.66 35.21 100.00   

            

500.1 0.58 330.12 168.95 499.65 0.45 

% 0.12 66.07 33.81 100.00   

            

500.11 1.47 320.39 177.70 499.56 0.55 

% 0.29 64.13 35.57 100.00   

            

Average 0.73 328.60 170.33 499.66   

Average% 0.15 65.76 34.09 100.00   

 

The required fine sand was 26.7 kg. Since the coarse sand had 1.77 kg fine sand, the 

required fine sand would be 24.93 kg (26.7-1.77=24.93 kg), therefore 37.90 kg of fine 

sand was taken. The calculation is as follows:  

 (24.93 x 100) / 65.76= 37.90 kg. Therefore 37.90 kg fine sand had 24.93 kg fine and 

12.97 kg silt.                                                                                                                           

 

The required silt for the test was 13.5 kg. According to Figure 7, 15.85 g (silt and clay) 

has 4.5 g clay so the proportion of silt to clay is 3.52. Therefore (1.32+ 12.97+ 3) = 17.3 g 
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from coarse, fine and from 8 kg prepared silt. Therefore 17300 g x 4.5/15.85=4900 g or 

4.9 kg clay, also 17.3 kg silt has 12.38 kg pure silt. 

 

The required clay was 10.8 kg, in which the silt had 4.9 kg clay, then 10.8- 4.9=5.9 kg 

clay in 100 g kaolin there is 20% silt and 80% clay, Therefore 5900 x 100/80= 7375 g or 

7.37 kg kaolin is needed, hence, 7.37 kg kaolin has 5.9 kg clay and 1.47 kg silt. 

Therefore, total pure silt is 13.85 kg (12.38+1.47) and total clay 10.8 kg (4.9+5.9). Table 

22 shows the summary of these calculations. 

 

 Table 22: Summary of the amount of the components that should be mixed  
 
 
 
 
 
 
 
 
 
 

All of these components were mixed in 3 kg batches and in the end, all 20 batches were 

mixed with each other to prepare the most homogenous soil with 17.5 % coarse sand, 

32.5% fine sand, 30% silt and 20% clay. After mixing, five different samples were chosen 

for sieve analysis. Table 23 shows the data. 

 

 

 

 

 

Particle size Weight of the prepared components that 
should be mixed with each other (kg) 

Coarse sand 12.10  

Fine sand 37.9 

Silt 3 

Kaolin 7.375 
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Table 23: Sieve analysis of the mixture 

W W Coarse W Fine W Silt ΣC+F+S ∆ 

500.24 83.68 275.06 140.51 499.25 0.99 

% 16.76 55.09 28.14 100.00   

            

500.1 81.01 328.02 89.83 498.86 1.24 

% 16.24 65.75 18.01 100.00   

            

500.39 82.24 333.47 83.54 499.25 1.14 

% 16.47 66.79 16.73 100.00   

            

500.42 88.75 276.45 134.18 499.38 1.04 

% 17.77 55.36 26.87 100.00   

            

500.22 80.22 349.76 66.88 496.86 3.36 

% 16.15 70.39 13.46 100.00   

            

Average 83.18 312.55 102.99 498.72   

Average% 16.68 62.68 20.64 100.00   

 

In order to find out how much silt was trapped in fine sand, the sieve analysis on the 

batch with 500.22 g was continued. According to table 23, the sieve analyses were done 

four times and it showed that 500.22 g soil has 193 g silt. Table 24 shows the percentage 

of the coarse sand, fine sand, silt and clay in the mixture. 
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Table 23: Continuing of sieve analysis of the fine portion of 500.22 

 

 

 

 

 

 

 

 

 

Therefore, total silt from sieving 500.22 g soil is 6.88+76.50+23.27+18.55+8.40) = 

193.60 g 

 

Table 24: Percent of the coarse sand, fine sand, silt and clay in the mixture 

 

 

 

 

 

In order to find out how much of the silt was mixed with clay, sedimentation was applied 

on 50 g of sample of the silts collected from continuous sieving of 500.22 g soil.  

 

 

 

 

W W Coarse W Fine W Silt ΣC+F+S ∆ 

349.76 4.53 268.32 76.50 349.35 0.41 

% 1.30 76.81 21.90 100.00   

            

268.32 0.00 244.84 23.27 268.11 0.21 

% 0.00 91.32 8.68 100.00   

            

244.84 0.00 226.00 18.55 244.55 0.29 

% 0.00 92.41 7.59 100.00   

            

226 0.00 217.34 8.40 225.74 0.26 

% 0.00 96.28 3.72 100.00   

W W Coarse W Fine W Silt ΣC+F+S ∆ 

500.22 g 84.75  217.34  193.60  495.69  4.53 

% 17.10 43.85 39.06 100.00   
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         Table 25: Sedimentation results for kaolin 

 

 

 

 

 

 

Date start 
time 

 t              
(elapsed 
time) 

t                   
(elapsed time)     
(min) 

 Ra                      

(Actual 
reading) 

Tempe-   
rature 

CT L L/t RC(Correctio
n reading) = 
Ra-Zero 
correction(5)
+CT) 

% Finer = 
RC(a)/Ms for 
kaolin a = 0.99 
Ms = 50.02 

K (Kaolin) D = K(L/t)1/2   
(mm) 

23-Nov 10:47 0:00:30 0.5 52 26 1.65 7.8 15.600 48.65 96.29 0.0125 0.0494 

    0:01:00 1 52 26 1.65 7.8 7.800 48.65 96.29 0.0125 0.0349 

    0:02:00 2 52 26 1.65 7.8 3.900 48.65 96.29 0.0125 0.0247 

    0:04:00 4 52 26 1.65 7.8 1.950 48.65 96.29 0.0125 0.0175 

    0:08:20 8.33 51 26 1.65 7.9 0.948 47.65 94.31 0.0125 0.0122 

    0:16:27 16.45 51 26 1.65 7.9 0.480 47.65 94.31 0.0125 0.0087 

    0:30:17 30.28 50 26 1.65 8.1 0.268 46.65 92.33 0.0125 0.0065 

    1:00:10 60.16 49 27 2 8.3 0.138 46 91.04 0.0124 0.0046 

    2:00:00 120 46 27 2 8.8 0.073 43 85.11 0.0124 0.0034 

    3:00:00 180 44 27 2 9.1 0.051 41 81.15 0.0124 0.0028 

    4:00:00 240 42 28 2.5 9.4 0.039 39.5 78.18 0.0123 0.0024 

24-Nov   24:00:00 1440 33 28 2.5 10.9 0.008 30.5 60.37 0.0123 0.0011 

25-Nov   48:23:00 2903 30 28 2.5 11.4 0.004 27.5 54.43 0.0123 0.0008 

26-Nov   72:00:00 4320 26 28 2.5 12 0.003 23.5 46.51 0.0123 0.0006 
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     Table 26:  Sedimentation results for the mixed soil 

 

 

Date start 
time 

 t              
(elapsed time) 

t                 
(elapsed  
time)        
(min) 

 Ra                   

(Actual 
reading) 

Tempe
-rature 

CT L L/t RC(Correc
tion 
reading) = 
Ra-Zero 
correction
(3)+CT) 

% Finer= 
RC(a)/Ms 
for silt 
and clay 
a = 1   
Ms = 
59.95 

modified %finer                
the percent of silt and 
clay from seive 
analysis is 39.06% so 
%finer should multiple 
by 0.3906 

K (silt 
and 
clay) 

D = 
K(L/t)1/2   
(mm) 

100 -
modified 
%finer 

26-Jan 2:07 0:00:15 0.25 49 27 2 8.1 32.400 48 80.07 31.27 0.0126 0.0717 68.73 
    0:00:35 0.58 42 27 2 9.2 15.862 41 68.39 26.71 0.0126 0.0502 73.29 
    0:01:04 1.06 38 27 2 9.9 9.340 37 61.72 24.11 0.0126 0.0385 75.89 
    0:01:37 1.62 33 27 2 10.7 6.605 32 53.38 20.85 0.0126 0.0324 79.15 
    0:02:09 2.15 31 27 2 11.1 5.163 30 50.04 19.55 0.0126 0.0286 80.45 
    0:02:45 2.75 30 27 2 11.2 4.073 29 48.37 18.89 0.0126 0.0254 81.11 
    0:03:08 3.3 29 27 2 11.4 3.455 28 46.71 18.24 0.0126 0.0234 81.76 
    0:04:10 4.17 28 27 2 11.5 2.758 27 45.04 17.59 0.0126 0.0209 82.41 
    0:08:26 8.43 27 27 2 11.7 1.388 26 43.37 16.94 0.0126 0.0148 83.06 
    0:10:55 10.92 26 27 2 11.9 1.090 25 41.70 16.29 0.0126 0.0132 83.71 
    0:15:00 15 25 27 2 12 0.800 24 40.03 15.64 0.0126 0.0113 84.36 
    0:20:09 20.15 24 27 2 12.2 0.605 23 38.37 14.99 0.0126 0.0098 85.01 
    0:30:00 30 23 27 2 12.4 0.413 22 36.70 14.33 0.0126 0.0081 85.67 
    0:45:00 45 22 27 2 12.5 0.278 21 35.03 13.68 0.0126 0.0066 86.32 
    1:00:44 60.73 21 27 2 12.7 0.209 20 33.36 13.03 0.0126 0.0058 86.97 
    2:00:00 120 20 27 2 12.9 0.108 19 31.69 12.38 0.0126 0.0041 87.62 
    3:00:00 180 18 28 2.

5 
13.2 0.073 17.5 29.19 11.40 0.0124 0.0034 88.60 

    4:00:11 240.16 17 28 2.
5 

13.3 0.055 16.5 27.52 10.75 0.0124 0.0029 89.25 

27-Jan  24:00:00 1440 13 29 3.
1 

14 0.010 13.05 21.77 8.50 0.0123 0.0012 91.50 

28-Jan  48:00:36 2880.6 11 30 3.
8 

14.3 0.005 11.8 19.68 7.69 0.0122 0.0009 92.31 

29-Jan  72:00:00 4320 10 28 5 14.5 0.003 9.5 15.85 6.19 0.0124 0.0007 93.81 


