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ABSTRACT 

THE USE OF MODIFIED UREA-FORMALDEHYDE RESINS IN SOIL BINDER SYSTEMS 

by 

Willem Andreas Gennishuizen 

Supervisor: 


Professor W. W. Focke 


Department of Chemical Engineering 


Co-supervisor: 


Professor A.T. Visser 


Department of Civil Engineering 


University of Pretoria 


Amino resins are fonned when an amide or an amine (such as urea or melamine) reacts with 

an aldehyde. When urea and fonnaldehyde react, an amino resin is formed that has many 

important industrial and commercial applications. Although urea-formaldehyde (UP) resin 

technology is mature, new applications, such as the use in soil binder applications, are still 

being found . 

The aim of this study is to investigate the factors that influence the properties of specific UP 

resins and consequently their effectiveness as a soil binder. Important reaction parameters that 

affect physical and application properties of these resins are the reactant stoichiometry i.e. the 

fonnaldehyde to urea ratio, the type and concentration of catalyst used and the temperature 

and pH. These factors affect the reaction rate and therefore also the time required for 

achieving a specified conversion. In this study two modified urea-formaldehyde resins were 
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investigated The resins were obtained by reacting urea, either with a 37 % formaldehyde 

solution, or with a formaldehyde precondensate, i.e. Inkunite®. 

Soil samples were compacted using the Marshall apparatus after appropriate treatment. Soil 

stabilisation efficiency was evaluated in terms of the indirect tensile strength (ITS). The soil 

used in this study was a brown shale that had an intrinsic indirect tensile strength of ca. 160 

kPa. It was found that for best soil stabilisation performance, the soil moisture content, at the 

time of compaction, had to correspond to the optimum moisture content (OMC). 

The optimum formaldehyde to urea molar ratio was found to be 2: 1. It was also found that the 

ITS of the stabilised soil increased as the resin cure pH was decreased. The lowest usable 

value was pH = 4. Below this value the cure reaction proceeded so fast that insufficient time 

was available for effective application. 

The ultimate dry strength of the soil was found to be independent of the two resin types used. 

The wet strength was poor, but could be improved dramatically, for at least one of the resins, 

by adding an anionic bitumen emulsion. A low resin dosage at a constant anionic bitumen 

emulsion content of 2 % caused a decrease in strength. Further increase in resin dosage 

improved strength until a plateau value was reached at about 2,5 % resin. Using the best lJF 

resin and bitumen emulsion, both at 2 % dosage, resulted in a soil strength increase that 

exceeded 150 % that of the dry natural soil. This proves that urea-formaldehyde resin 

formulations are effective soil stabilisers for the brown shale. It was also found that the soil 

organic content plays a key role in the stabilisation efficiency of these resins. 

Keywords: urea, formaldehyde, resin, soil, binder, stabiliser 
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Aminoharse word gevonn wanneer 'n amied of 'n amien (byvoorbeeld urea of melamien) met 

'n aldehied reageer. As urea en formaldehied reageer word 'n aminohars gevonn met 

belangrike industriele toepassings. Alhoewel die tegnologie rakende urea-forrnaldehied harse 

reeds tot 'n groot mate ontwikkel is, word nuwe toepasings, soos die gebruik daarvan as 

grondstabiliseerders, steeds ontdek. 

Die doel van die studie was om die faktore wat die fisiese eienskappe van die hars be'invloed 

te ondersoek en daarvolgens dan die effektiwiteit van die hars as 'n grondstabiliseerder te 

bepaal. Belangrike reaksieparameters wat die fisiese sowel as die gebruikseienskappe van die 

hars bei'nvloed, is die stoichiometrie, dit wil se die fonnaldehied tot urea verhouding, die tipe 

en konsentrasie van die katalis wat gebruik word en die temperatuur en pH. Hierdie faktore 

be'invloed die reaksietempo en gevolglik ook die tyd benodig om 'n sekere omsetting te 

bereik. Twee verskillende urea-fonnaldehied harse was in hierdie ondersoek gebruik. Die 

 
 
 



- v ­

harse was berei deur die reaksie van urea met Of 'n 37 % formaldehiedoplossing Of 'n 

formaldehied voorkondensaat (Inkunite®). 

Die grondmonsters was gekompakteer met 'n Marshall apparaat na die toepaslike behandeling 

van die grond. Die indirekte treksterkte (ITS) van die monsters was gebruik om die 

effektiwiteit van die stabilisasie te evalueer. 'n Bruin skalie met 'n natuurlike treksterkte van 

ongeveer 160 kPa was in die studie gebruik. Daar was gevind dat, vir die beste stabilisasie, 

die grond tydens kompaksie by die optimum voginhoud moes wees. 

Die optimum formaldehied tot urea molere verhouding was 2:1. Daar was ook gevind dat die 

indirekte treksterkte van die gestabiliseerde grond toeneem as die pH van die reaksiemengsel 

afneem. Die laagste praktiese pH het 'n waarde van 4 gehad. Onder hierdie waarde het die 

reaksie te vinnig plaasgevind om die hars maklik aanwendbaar te maak. 

Die finale droe sterkte van die grond was onafhanklik van die twee tipes harse wat gebruik is. 

Alhoewel die natsterkte baie laag was, was dit moontlik om dit vir ten minste een van die 

harse te verbeter deur die byvoeging van anioniese bitumen emulsie. 'n Lae hars dosering, 

tesame met 'n konstante bitumen emulsie konsentrasie van 2 %, het gelei tot 'n afname in 

sterkte. As die dosering van die hars verhoog word, neem die sterkte toe tot 'n konstante 

limietwaarde bereik word by 'n dosis van 2,5 %. Deur die beste dosering vir beide die hars en 

die bitumen emulsie te gebruik (2 % vir albei) het die natuurlike droe grondsterkte met meer 

as 150 % toegeneem. Dit bewys dat die urea-formaldehied harse effektief was as 

grondstabiliseerders van die bruin skalie. Dit was verder gevind dat die organiese inhoud van 

die grond 'n sleutelrol speel in die effektiwiteit van die harse. 

Sleutelwoorde: urea, formaldehied, hars, stabiliseerder, bindmiddel 
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2 Chapter 1: Introduction 

CHAPTER 1 


INTRODUCTION 


1.1 INTRODUCTION 

Amino resins are formed when an amine or amide (such as urea or melamine) reacts with an 

aldehyde (Diem and Matthias, 1986). When urea and formaldehyde react, an amino resin is 

formed which has many important industrial and commercial applications. Urea­

formaldehyde resin is a mature product with little or no recent advances in the resin chemistry 

(Ebdon, Hunt and AI-Kinany, 1990). However, new applications such as the use of amino 

resins in soil binder applications are still found. 

The polymerisation reaction proceeds with two distinct steps, addition and then condensation, 

to form either a white powder or viscous milky or clear concentrates, depending on the end 

use. Although only two reagents are used the reaction rate and end product are influenced by 

many parameters. 

1.2 THE HISTORY OF UREA-FORMALDEHYDE RESINS 

According to Meyer (1979) the history of UF-resins can be divided into SiX overlapping 

periods. These are: 

• Discovery and synthesis of the raw materials 

• The first reaction products were identified and reaction conditions were explored 

• Discovery of the commercial potential of the resin 

• Full-scale commercialisation 

• Product maturing 

• Renewed interest in basic resin chemistry, as a result of modem analytical techniques 

G. Rouelle first identified urea in 1773, but only in 1824 did Wohler manage to synthesise it 

(Meyer, 1979). This event shook the scientific world because it bridged the gap between 

organic and inorganic chemistry. Commercial production of urea was only possible after A. 

Basaroffs discovery in 1870 that the reaction intermediate, ammonium carbonate, can be 

obtained directly from the reacting gases, ammonia and carbon dioxide (Meyer, 1979). A. 
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prepared fonnaldehyde in 1859 but it was about that the 

on urea and fonnaldehyde products was 

Goldschmid in 1 reported the first product. 

poorly understood until well after 190 l. Only by 1908 was 

a understanding chemistry and products reason for this was V"""U'-'H 

phenol-fonnaldehyde cellophane were more economically products at 

Until 1925 the cost urea-fonnaldehyde was twice that 

third period in of in 1918 H. John filed the 

important patent application. From this point onward commercial of UF-resins was 

and both and "\J~,a1l1\J interested commercial 

that, various identified and the as well as 

reaction Different products were commercially applied 

of products were Meyer (l 

provides a more discussion on this the history of urea-fonnaldehyde 

fourth period the Second World War when the AV'U,"'"'''' industry boomed 

demand for plywood adhesives increased. that time particleboard was introduced 

'"HUV~ because of use as a wood ...."',.'v".and became fully 

use ofUF-resins mouldings ti",,~r':>'lC'c'ti more competitive 

universally "'-"'<.4"4'-' more ac(:eotea industry. period 

is difficult to the period of full commercialisation, 1935 to 

not much had concerning the chemistry of the Although many new 

applications were not much further went into research. 

last period there was rpr,pu!p" interest in chemistry, came 

about with the of new analytical technology as Nuclear 

Resonance spectroscopy (NMR) and Infrared (IR) and Raman This in 

analysis between urea fonnaldehyde This means 

can on a molecular Toward the end the 

twentieth century lower production 

became important '0",."'." adapt an product such as to 

it is 

occupational 
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meant renewed rp",p<'l,cf'h formaldehyde emissions, water solubility, material 

control and more reaction conditions. of its low production cost 

mexpenslve raw UF-resin is a product that has many important 

applications and which will still be in use for a long 

1.3 THE REAGENTS 

major raw manufacture are urea and formaldehyde. 

It is relatively low cost raw materials that amino resins so popular. 

use of melamine and sources of aldehydes as furfural and glyoxal are not 

to this even though they are 

important subjects in amino 

Chemicals that are added amounts to cause desirable, 

will not be '-U",'-'''''''"...'.... 

chemical or of the modifiers. They 

alcohols, amines and inorganic salts. and the influences 
. . 

on vanous resm will discussed in chapter 2. 

FORMALDEHYDE 


production of urea 
 resins, the source can either 

paraformaldehyde, typically formaldehyde) or a urea­

precondensate as Inkunite® (Diem and 1986). Formalin is the 

most used source of It is a clear liquid with a sharp odour and is 

miscible with water. it contains 5 - 10 % In aqueous solutions 

formaldehyde is normally as methylene glycol (HO-CH2-0H). is in equilibrium 

with its oligomers according to reaction: 

+ (n- 1. 

is 2,5 to 4,5 (Meyer, 1979). acidity is due aqueous solutions 

n 

to of formic acid, which is a consequence of the reaction. It is a 

disproportiation reaction between two to form an acid an alcohol as described 

m following reaction: 
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On long-term storage aqueous solutions formaldehyde become hazy. 

paraform.aldehyde that precipitates out solution. stabiliser such as 

to slow down the precipitation It is thus clear at moment 

IS va,,,,,,,... the 

solution co-exists with water derivatives in solution 

never contain pure 

are various ways of One of them is the catalytic ~".'~~.. 

according to Reaction 3: 

2 --------> 2 3. 

can be catalysed by the following 1 

(the "silver crystal" r'lU'f'PC 

of metal oxides (the 

nf()ce:SSt~S methanol is vaporised by mixed with air and possibly 

into a vessel containing a The catalyst assists the oxidation 

into formaldehyde and is highly After leaving the catalyst chamber, 

containing the formaldehyde are uu",,,,-,u a heat exchanger to remove heat 

cooled gases then pass into absorption formaldehyde 

traces of unreacted methanol are absorbed 

formaldehyde. The source In formaldehyde 

is thus the unreacted methanol 

solution through a de-acidification 

process, heat produced istower to remove traces of formic acid. At various 

steam. The "mixed oxide" has a very high raw material 

environmental aspects ofrate 90 %) and energy efficiency is 

plants are: 
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(II are no effluents 

(II emanates the plant 

(II on site before to sewer 

(II to atmosphere are 	 to carbon dioxide 

1 

known as carbamide or ,",""UJ'Y,", IS supplied as a 

is synthesised in a catalytic ammoma 

used as a fertilizer, which is contaminated with arrlm~)m 

Vv'""u...",'" these salts act as hardeners resin reaction, care must be taken 

grade urea. 

1.4 	 '-'JU"-"",,::::,S'Tn''l' OF AMINO 

vU''''v,",U industrially in a vessels ranging up to 30 tOlmes 

capacity. '-'JU,,,,,JV'-U manufacturing JU"'"."";.J_ is charged to the reactor, at 

contents made alkaline during which time 

to about 40°C. The contents are u"...",",u to about 95 °e, the 

to 5,0 and the reaction is allowed to until the desired 

has occurred. The reaction is with alkali and the contents '""V'l" ....''"' 

stripped off in a dehydration stage and some urea charged to react 

excess LVJ,'UU,,,,,,",,, 

of urea-formaldehyde as stabilisers, however, IS 

at room temperatures urea Formalin, with the addition anU'>"'UJ'", ­

the resin controlled as effectively as 

but as a soil binder The necessary n1'('>:''''''''1", 

with urea to use 

1.4.1 ADDITION REACTIONS 

Addition 	 result in hydroxyrnethylation, formaldehyde being added to urea. 

are associated with the on the amine groups. Thus a 
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four molecules of formaldehyde can react with urea. However, tetrahydroxymethylurea is 

very rarely found. Mono-, di- and trihydroxymethylurea are more common in urea­

formaldehyde resins. If urea and formaldehyde are reacted in a slightly acidic (pH> 6) or 

basic medium a white precipitate can be observed after a few hours. This is a mixture of 

insoluble monohydroxymethylurea or monomethylolurea (MMU) and dihydroxymethylurea 

(DMU). The formation ofMMU and DMU is shown in the next two Reaction schemes: 

NH2 HN-CH 20H
I I 
0=0 + H­

;>=0 Monome tJiylol lIreaI H 
NH2 NH2 

Formal­

Urea dehyo'e 


4. 

HN-CH20H HN-CH20H 
&0 + H- c-/o___~) &0 Dime tJiylol urea
I 'H I 

NH2 HN -CH 2JH 
5. 

Other reaction conditions such as excess water and a high formaldehyde to urea ratio also lead 

to the formation of other products such as acetals i.e. ether compounds. At high pH and low 

temperature methylene ethers are formed, but at higher temperatures they convert to methyl 

bridges ( - N -- CH2 - N - ). According to Meyer (1979) the most reactive formaldehyde to 

urea molar ratio is 1,5. The maximum molar ratio used commercially is 2,81 because, above 

that, no change in resin properties is observed (Duvenhage, 1992). 

1.4.2 CONDENSATION REACTIONS 

Condensation reactions only take place in acidic conditions. The reaction is illustrated in the 

Reaction scheme given below: 

6. 

The pH influences the reaction time as well as the texture and water permeability of the resin. 

Addition reactions occur in either alkaline or acidic conditions and proceed faster in alkaline 

conditions. vVhen the reaction takes place in an acidic medium addition is directly followed 

by condensation reactions. This means that the time needed for the complete reaction to take 
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place decreases as implies that shorter chain will form 

which will give texture. Longer reaction in longer 

chains and the product texture a hard geL 

It is difficult to derive equations reaction rate because of 

species present. From above it can be seen that the condensation 

responsible for chain and VP"'''''',,"U''''',:;. During the condensation 

increases slowly at first, and a critical time, very steeply. 

Urea-formaldehyde condensates a to urea molar ratio of about I 

not any adhesive but molarin insoluble 

is decreased from a (such as 4) during the course of reaction 

(such as addition of more properties can be obtained. 

PHYSICAL AND 

Table 1 summarises the chemical properties of typical amino It should 

noted that actual values may differ, epe:llamg on the grade of the resin. 

1,07 * 


% Volatile by 

Solubility in Water 

PH (25°C): 

Viscosity @ 25°C (cP): 

Solids content (%): 

1 

25-50 

50 

4,5-8,2 

150-250 

64--66 . 

* for formaldehyde 

Urea-formaldehyde resin is a to a faint formaldehyde 

It is soluble in water and GU\.AJHV content of urea-formaldehyde 

is usually less than 5 cent 0,5 per cent depending on 

(Duvenhage, 1992). 
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1.6 USES OF AMINO 


of their urea-fonnaldehyde found widespread 

and cornmlerc application resins is their use in the 

woodworking industry. based on fonnaldehyde are used as binders in 

production of reconstituted wood panels such as particleboard, plywood, medium density 

fibreboard, laminated veneer joints and laminated UF resins and 

related fonnaldehyde resins are used in resin impregnated paper 

fibre insulation foundry cores, pulp and papers O[()CeSSlng aids, paper sizing, 

textile treatments, paints and miscellaneous applications. Another 

important use of amino is as a sand binder in moulds metal casting (Ebdon et aI., 

1.7 PROBLEM STATEMENT 

Although literature on resms IS especially 

parameters a product with a 

use, for example as an urea-fonnaldehyde 

soil binder systems is a more recent application, there is not literature on this subject. 

of this thesis is to the factors that physical properties of a 

urea-fonnaldehyde thus the effectiveness resin as a soil stabiliser. 

factors that properties are reaction pH catalyst 

temperature, reactant molar the addition of bitumen Additional .,. .... ,,'",....,...., 

that influence the soil properties are the amount bitumen emulsion 

drying time, and the emulsion and 

cement. 
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CHAPTER 2 

INFLUENCING RESIN 

2.1 

urea-formaldehyde resin is important u",",au.".., it can of 

system itself is not waterproof, but the 

applied in aqueous environments. as a 

and Matthias, 1986) the which 

heavy load applications such as roads with a By 

as carbon fibre (Hollaway, 1990; Hollaway, 1 it can as a 

concrete in construction. 

Adding not way of changing such as 

cross linking can be manipulated by correct reaction 

conditions. HU".,.,"'''',." are temperature and amount with specific 

for a certain use, can thus be 

Critical that physical properties of are 

formaldehyde to urea ratio 

of catalyst used 

which affect the rate of reaction and • 

• 
• 

converSIOn 

amount of modifier added to the reaction and • 
time spent on addition and • 

{1p,rn"p,p of 

source of formaldehyde 

reactions, which can be 

amount of formaldehyde 

m could be emitted during 

OaJ~anleters on the physical properties of 

temperature, formaldehyde to urea 

influences of the 

resins. The 

source 

part of the investigation is to eX1Jerlmem:all 

1,.,U.IV11YU 
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v-'--'-'_v ..... on thewere investigated. was in a laboratory. Only 

itself not in a soil-resin binder were 

EXPERIMENTAL PROGRAMME 

purposes commercially urea was (46 % 

Fonnalin (37 % I 7 % methanol) and Inkunite® (supplied by Resinkem (Pty) 

Umbogintwini, Natal, 41 were as sources In all 

experiments g urea was added g Fonnalin used (Resin A) and 0,7 g urea per g 

Inkunite® (Resin In both cases resulting had a fonnaldehyde to urea ratio 

1,25: 1. All the experiments were carried out at room temperature and an atmospheric 

pressure about 85 After adding the was to 

ensure that all urea been ",rr,"''''rl was continued. 

Citric was catalyst and sodium hydroxide (NaOH) as an alkaline 

catalyst. When it was necessary to adjust the acid or the 

NaOH, depending on had to or It should noted that 

to urea ratio to ratio not mass 

2.2.1 ANALYSIS OF REAGENTS AND PRODUCTS 

The importance Raman this study it was useful in was 

comparing the on molecular the of urea with 

spectra obtained were 

Table 2 and 1990;U.lU,.U..." and 1990). 

The numbers the is the wave number cm -1 . 

2. Characteristic Raman absorption positions. 

4000 2000 1800 1650 1550 

C=N 

Few 

O-H C-H 
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C-N 

(C,O,N,S) 
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Raman spectra Formalin, Inkunite® and urea are in Appendix The 

spectra of Resins A B are shown in Appendix A. These indicate chemical 

differences the and products. 

2.2.2 	 THE INFLUENCE OF pH ON RESIN PROPERTIES 

The of on the resin properties as texture and time was investigated. 

About 100 g Resin A was prepared and the pH adjusted to a of 7. reactions at 

lower pH was incrementally by approximately units a 10 ml 

sample being at each pH varied from 3 to about The needed 

the to milky (when reSIn water as as the 

time was noted. experiment was repeated using B. The experiments were 

carried out in a water bath at 25 0C, 

2.2.3 THE INFLUENCE OF TEMPERATURE ON RESIN PROPERTIES 

In this the of the temperature on gel of Resin A was 

Temperature according to changing seasons atmospheric conditions. 

air and temperature the available for application the 

strength development stabilised soils. 

this experiment 1,5 of A was The was lowered to 4 by adding citric 

acid. Six water baths were prepared at constant temperatures 13, 24, 26, and °C 

spanning the 500 beakers were 

with 200 of and placed these water baths and the time 1H\,,'«"',U 

2.2.4 	 THE INFLUENCE OF FORMALDEHYDE TO UREA MOLAR RATIO ON 

RESIN PROPERTIES 

In experiment influence of the at of pH 

on Ratios between 1 and 1:1 wereof Resin was V.:JU'F,U",",,,,,. 

applicable to used as and mould bindersthis is 

werevalues of 6,5 and 8,5 were(Duvenhage, 1992). 

to get an UprU1F""" of properties over a broad 
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The gel time (time needed for the resin to become a solid) was then noted for each of the 

samples at a specific pH and urea-formaldehyde ratio. The viscosity of a reaction mixture 

with a molar ratio of 2: 1 was measured by using a Brookfield viscometer and the result 

compared to that of a resin with a molar ratio of 1,4: 1 (formaldehyde to urea). 

2.2.5 	 THE INFLUENCE OF FORMALDEHYDE SOURCE ON RESIN PROPERTIES 

The source of formaldehyde can influence the resin properties in several ways. Critical factors 

that influence the final amino resin include: 

• Amount of dilution 

• The change in formaldehyde/urea ratio 

• pH 

• Reaction progress before addition of more urea 

The experiments were conducted by adding Formalin and Inkunite® to urea in the same ratio 

as used in preparing Resin A. Three different mixtures were prepared and left to react and 

details are shown in Table 3. 

Table 3. Reacting mixtures used in Experiment 2.2.5. 

Formaldehyde source added to urea End pH FlU ratio in final product. 

1. Inkunite® 5,45 1,37 

2. Formalin 5,45 1,23 

3. Formalin 3,85 1,23 

The viscosities of all three mixtures were measured from the moment when all the urea was 

dissolved up to the gel point. 

2.2.6 	THE INFLUENCE OF BITUMEN EMULSION ADDITION ON RESIN 

PROPERTIES 

Bitumen emulsion is added to the urea-formaldehyde mainly because of its waterproofing 

qualities. It was decided to investigate the effects of different types of bitumen emulsion 

(anionic and cationic) on the reaction time, viscosity, water resistance and product quality of 
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Resins and B. Three U''''Vll, supplied by (Pty) Ltd., 

Wadeville, Gauteng, 14159, were used Appendix B for specification 

• KRS60 Cationic bitumen emulsion at 4-5, 

• 	 bitumen emulsion at 

• SS60 Anionic bitumen emulsion at pH 11. 

influence each the different of bitumen emulsions on -'''-''''>AUu A and B were 

determined by viscosity of the reacting mixture at the 

product and product was left for 7 days and the 

inspected was used to measure the in viscosity as C'f'f'.rYll'·TAY 

2.3 RESULTS AND DISCUSSION 

2.3.1 RAMAN SPECTRA 


From the Formalin the following can be identified (Meyer, 1979): 


• The methanol are C-O = 1 cm -I 

• 	 -1 cm 

• 
• 	 C-H bending 1400 cm-1 

1
It 	 cm­

• Methylol 	 = 910 

Appendix A it can be seen that 	 IS a the 

of urea and IS although hydroxymethylation 

condensation reactions have only partially taking place before it was inhibited by pH 

adjustment, it still contains urea and formaldehyde. 

There are a few and similarities of the different products: 

It The at 950 cm- I is present the spectra, means that C-N bonds are 

present all the products were not broken during reaction 

 
 
 



17 Chapter 2: Influences on Resin Properties 

• 	 In the product from Resin B the C-O-C peak is very strong, which suggests that methylene 

ether bridges are present because of the fast reaction rates and mechanism of product 

formation at low pH 

• 	 Resin B has a strong N-H peak, which suggests that less of the urea has reacted than is the 

case for Resin A. In Inkunite® the C-H and N-H peaks fall together, but in Resin B they 

are separate 

• 	 Both products contain the O-H peak, which means that there are still umeacted 

hydroxymethyl groups present. These can be formed by either the condensation reaction 

proceeded too fast and the molecules became trapped in the crosslinked molecular mass. 

Alternatively the reaction did not proceed to completion. 

2.3.2 THE INFLUENCE OF pH ON THE AMINO RESIN 

Figure 1 shows the influence of pH on the gel time of Resin A. Although there are 3 distinct 

products that are obtained at different pH (white solid, gel and precipitate), the curve is still 

continuous. It should also be noted that the graph of the time needed for the solution to 

become milky is not defined at pH higher than about 5,8 because only a precipitate is formed 

from the clear liquid. 
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Figure 1. Influence ofpH on the gel time of Resin A (formaldehyde to urea molar ratio of 

1,25:1). 
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The gel time increases with an increase in pH, as expected. The reason for this is that both the 

hydroxymethylation and condensation reaction rates increase at a lower pH, but as the pH is 

increased the condensation reaction rate decreases until it stops at a pH of about 7,2 (Meyer, 

1979). At higher pH the rate of hydroxymethylation reaction increases again to yield more 

soluble products. 

Figure 2 shows the influence ofpH on the gel times of Resins A and B. The gel times increase 

quite drastically with an increase in pH. The main reason for the differences is the fact that 

Resin B is closer to complete conversion that Resin A. In Resin B, the formaldehyde source is 

already substituted with urea in order to stabilise it. 

The substitution reaction of urea with formaldehyde is highly pH dependent (Diem and 

Matthias, 1986). Thus, the H+ ion plays a role in chain formation (condensation reactions) and 

formaldehyde addition to urea (hydroxymethylation reaction) and that is why different 

products can form at different pH when formaldehyde and urea is reacted. 

35 ----------------------------.­ "-,}- -l 
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25~-----------------------~./------~ 
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10~-----------/~'_~U·~/_____________ __~ 

./ .' 

.. j/'/" 
5+---------~~~------------------~ .. -......... / 
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pH 

Figure 2. Influence ofpH on the gel times ofResins A and B 

When Inkunite® is used, the urea is already substituted and so the H+ ion is only involved in 

catalysing chain growth. That is why only the gel time changes, but not the product 
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properties. This means that similar final products can be obtained using different reaction 

protocols. All the reaction products were hard, homogeneous, strong and had excellent water 

resistance. 

2.3.3 	 THE INFLUENCE OF TEMPERATURE ON RESIN PROPERTIES 

The influence of temperature on the reaction time of urea-formaldehyde can be seen in Figure 

3. From the figure it is clear that the reaction rate increases and gel time decreases as the 

temperature increases. These results correlate well with the literature (Duvenhage, 1992; 

Diem and Matthias, 1986; Meyer, 1979). 

The kinetic rate equation for a curing reaction can be generalised as follows: 

dx 
-= f(x).g(T) 	 7. 
dt 

where geT) = ko e -£ I RT is the Arrhenius temperature dependence of the rate constant with ko 

a constant, E the activation energy, R the gas constant and T the temperature in K. For 

isothermal reactions: 

Xgtf

f--dx 
= constant 8. 

o f(x) 

So that the temperature dependence of the gel time can be written as: 

E 
In t " J = - + constant 	 9. 

g RT 

From the graph the activation energy can be obtained as 47,64 kllmol and the constant is 

2,89x10-5 when tgel is measured in seconds. 

Temperature has a large effect on the reaction rate, but does not influence the product 

properties (Duvenhage, 1992). The temperature range in which the experiments were 

conducted, conforms to that found in practice. At lower temperatures dimethylolurea is 

formed as intermediate, rather than the carbonyl diurea derivative (as with high pH). This 

means that the urea becomes substituted. However, the final chain growth is independent of 

temperature. 

At higher temperatures the chains grow faster because the formation of diurea derivatives are 

favoured above the formation of the substituted urea. This also means that cross linking at 
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higher temperatures is not that effective since a complex crosslinked structure depends on the 

substitution of urea in order to form more nodes for chain formation and connections. 
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Figure 3. Influence ofthe temperature dependency on the isothermal reaction ofResin A 

At low temperatures the time required for the resin to cure after it became milky is nearly 

constant. At higher temperature this is not true since there are fewer substituted urea products 

and thus less condensation reactions. The products formed at lower temperatures were 

stronger and more homogeneous than the products formed at high temperature. 

It should be noted that at very high temperatures (above 45°C) urea could react with water in 

the weak acid medium to yield C02 and NH3. This leads to the decrease of substituted urea 

compounds and thus fewer building blocks to increase chain length and cross linking. 

2.3.4 THE FORMALDEHYDE TO UREA MOLAR RATIO 

In Figure 4 the influence of the formaldehyde to urea molar ratio on the gel time of Resin A 

at a pH of 3,9 is shown. From the figure it can be seen that the time needed for the solution to 

become milky decreases with a higher formaldehyde to urea ratio. The reason for this is 

because of the higher molar ratio the reactions (hydroxymethylation and condensation) can 
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take place faster as a result of more formaldehyde being available. The polymer chains gain 

length and crosslinking takes place faster because of the higher concentration of 

formaldehyde and that is why it becomes milky at an earlier stage. On average it takes about 

10 minutes for the resin to harden once it has become milky, i.e. for the resin and the water to 

phase separate. This time also decreases as the molar ratio increases. 

90 

.I(milky) I 

.1 (solid) .. --• --~ 
-so ~ 

- --•---­70 ... ­• - y =-25.582x + 106.62-f-- • -- R' =0.9654- . ­c - · . . -• . --­·e 
-; 60 

. --. . - . . --~--
E • - . . - .

i-

-­;:: y =-19.097x + 84 .32 1• . . - . . R' =0.9353• - . ..- . . 
50 ~--=---=-1 

40 

30 

1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.S 1.9 

Formaldehyde 10 urea molar ratio 

Figure 4. Influence ofurealformaldehyde ratio on the gel time ofResin A at a pH of3,9 

The influence of molar ratio on gel time of Resin A at a pH of 6,6 and 8,5 is shown in Figure 

5. From the figure it can again be seen that the time needed for a precipitate to form (because 

of the high pH the product is a white precipitate) decreases with a higher molar ratio. It should 

be noted that the time needed for a solid product to form increases with an increase in pH. 

Figure 6 shows the fraction of the total weight of Resin A that has precipitated after 120 hours 

as a function of molar ratio at a pH of 6,6 and 8,5. From the graph it is clear that the amount 

precipitated increases at higher molar ratios. As the pH is increased, fewer solids are 

precipitated because less insoluble products are formed. 
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Figure 5. Influence of the formaldehyde to urea ratio on the time needed for a precipitate of 

Resin A to form at pH 6.6 and 8.5 
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The viscosity is an important property when it comes to comparing two reactions because it 

affects processability. Figure 7 shows the difference in viscosity of the two different resins . It 

was found that Resin A at a molar ratio of 2:1 gelled rapidly, but took three days to solidify 

completely. With the addition of more urea (formaldehyde to urea molar ratio of 1,4: 1) the 

solidification reaction proceeded faster. In this case there are more nodes to effect 

cross linking of the substituted urea compounds. Crosslinking happens relatively quickly 

because there are enough links between the substituted urea nodes. 

In the case of the higher ratio (2: 1) there is less free urea to react with the formaldehyde and 

other substituted urea molecules. Chain growth proceeds quickly because most of the urea 

present is already substituted (and results in much quicker insoluble product), but the 

crosslinking takes much longer because there are fewer nodes for chains to connect and 

branch. Resin A, with the molar ratio of 2: 1, initially reacted faster because the free urea first 

reacts with the formaldehyde (hydroxymethylation) before chain growth started. 
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Figure 7. Influence of molar ratio on the viscosity change of Resin A with formaldehyde to 

urea ratio of2:1 and 1,4:1 during the curing stage. 
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The product derived from the 2: 1 molar ratio was smooth, hard and crack free. The other 

product (with the ratio of 1,4: 1) was more brittle and had small cracks caused by the water 

trapped inside the crosslinked matrix. Both these products become soft when placed in water 

for a while, but when they were dried thereafter, they became hard again. No swelling was 

observed when the resinous products were placed in water. 

Although it took about three days for Resin A to become completely solid, the final product 

had much better water resistance. Another advantage is the fact that much less (40 %) urea is 

needed to produce the resin, which implies a decrease in production cost. 

2.3.5 	 THE USE OF FORMALIN AND INKUNITE@ AS A SOURCE OF 

FORMALDEHYDE 
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Figure 8. InJluence ofpH and molar ratw on the gel time and viscosity oj :3 dijferenl resinous 

products (detail given in Table 3). 

Table 4 shows the gel times of the different products obtained for the mixtures described in 

Table 3. The influence of the molar ratio cannot be clearly seen, but the pH has a large effect. 

Product 3 has a shorter gel time, as expected for the lower reaction pH. Although products 1 
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and 2 reacted at the same pH, product 1 reacted much faster because the urea-formaldehyde 

precondensate used contains urea and formaldehyde that was already partially reacted. At the 

gel time the slope of the viscosity curve is almost infinite, as seen from Figure 8. 

Table 4. The gel times ofthe various reaction products 

,I Formaldehyde source 
I 

End pH FlU molar ratio in final product Gel time (min) 

Inkunite® (product 1) 5,45 1,37:1 310 

Formalin (product 2) 5,45 1,23:1 600 

Formalin (product 3) 3,85 1,23:1 65 

2.3.6 THE INFLUENCE OF BITUMEN EMULSION ADDITION 

Figure 9 shows the influence of bitumen emulsion (KRS60) on the viscosity of Resin A at pH 

4 and 5. The viscosity (which is related to the rate of the reaction) increases faster for the 

reaction at low pH than for the one at higher pH, as is expected. The influence of the different 

bitumen emulsions on the curing of Resins A and B at pH 4 and 5 are presented in Appendix 

C. The trends are similar to the ones observed in Figure 9. The viscosity changes with any 

specific bitumen emulsion were slight except for Resin B in combination with KMS60, where 

the viscosity increased more linearly, and for SS60 where the reaction rates were slightly 

faster. This means that in all cases the bitumen emulsion did not significantly influence the 

cure reactions. 

However, the way in which the bitumen emulsions were incorporated into the crosslinked 

resin, did differ. The properties of the different products can be seen in Table 5. Most of the 

different bitumen emulsions caused the Resin A product to become softer. At low pH the 

product tends to be granular and brittle, but some improvement can be observed with an 

increase in pH. SS60 produces a smooth, hard and brittle product at all pH values . When 

SS60 is used with Resin B the product was again smooth and hard, but became ductile and 

homogeneous at pH 4 and 5. The other bitumen emulsions resulted in better properties at 

higher pH when used with Resin B in comparison to Resin A. 
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Figure 9.1njluence ofKRS60 on the viscosity ofResin A at pH 4 and 5 

Table 5. The different urea-formaldehyde bitumen products 

Source of formaldehyde Bitumen Reaction 

pH 

Texture 

Resin A KRS60 4 Brittle, soft, granular 

5 Soft, brittle, smooth 

KMS60 4 Brittle, soft, granular 

5 Soft, brittle, smooth 

SS60 4 Brittle, hard, smooth 

5 Brittle, hard, smooth 

Resin B KRS60 4 Brittle, hard, granular 

5 Ductile, hard, smooth 

KMS60 4 Brittle, hard, granular 

5 Ductile, hard, smooth 

SS60 4 Ductile, hard, smooth 

5 Ductile, hard, smooth 
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The reason for the differences in the products can be attributed to the emulsifying agent used 

in the different emulsions. At higher pH the anionic surfactant is stable in the SS60 and 

allows the bitumen emulsion to be evenly distributed throughout the resin matrix. At lower 

pH the anionic bitumen emulsion becomes unstable and poor distribution results , leading to 

droplet formation. This is the result of the neutralisation of the emulsifying agent. In the case 

of Resin A where the reactions (hydroxymethylation and condensation) have to proceed from 

the beginning, the polarity of the bitumen emulsion can cause slight differences in the rate of 

reaction (especially the addition of the methylol to the urea), but in the case of Resin B the 

hydroxymethylation is already carried out and is not appreciably influenced by the presence 

of the bitumen. As a rule the bitumen emulsions cause the final products to take a longer time 

to dry out. At pH values above 7, the cationic resin-bitumen mixtures were very slow to react 

to completion. Instead a high viscosity liquid was formed that did not solidify, even after 48 

hours. 

From Figure 10 it can be seen that at the same pH the reactions of Resins A and B proceeded 

in the same way (the other combinations are shown in Appendix C). However, at higher pH 

values the cure reaction of Resin A took longer than the reaction of Resin B. 
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Figure 10. Influence ofKRS60 on the viscosity ofResins A and B at pH 4 
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The SS60 resulted in better At high pH and as a 

Ki'v1S60 and KRS60 in good products, pH 

the products were brittle and not very 

source of ~VLHLa.lU""H 

7 under water only cationic 

emulsions with while the were unaffected. 

2.4 CONCLUSIONS AND RECOMMENDATIONS 

From the n.<1UJQ.l1 it can be seen that ""'''LeA,",'''' products (Resins are 

essentially albeit with some in the functional 

spectra of both are combinations urea and Formalin or urea 

Inkunite®. 

Three products can be on the pH: a strong, 

solid at a slow-hardening gel between 6,4 and a powdery precipitate 

a clear liquid above The solubility of these at higher molar 

and lower with lowering of 

of fonnaldehyde to urea. 

The resin at apR had a gel time than the 

made from viscosity data it is hydroxymethylation 

place first followed by condensation. low these reactions cannot 

di fferenti ated short gel time. Longer reaction resulted in longer chains 

with subsequent' behaviour. 

Although the gel B increased quite an pH, it 

approached a limit. properties for both means that 

the same product can times. Under conditions, all 

the products were hard and strong with water resistance. It is 

of the different products to see if there are 
. .

any mIcroscoPIc 

The curing rate of was measured and found to increase with .....UJ,,",Vl as expected. 

Although the temperature the reaction rate, it did not influence final 

product properties. products formed at were slightly 

with the 
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stronger and slightly more homogeneous than the products formed at high temperature. It is 

suggested that the influence of temperature on the cure reaction of Resin B also be 

investigated. 

Resin A with a formaldehyde to urea molar ratio of 2: 1 gelled rapidly but took three days to 

solidify. With a molar ratio of 1,4: 1 the reaction was slower at first, but solidification 

occurred earlier. The product obtained at a 2: 1 molar ratio was very smooth, hard and crack 

free. The other product was brittle and had small cracks caused by the water that was trapped 

inside the crosslinked matrix. 

SS60 addition generally resulted in a better product, independent of the reaction conditions 

used, including pH. At high pH and with Inkunite® as a source of fOlmaldehyde KMS60 and 

KRS60 also resulted in good products, but at lower pH the products were brittle and not very 

useful. After 7 days of water immersion, only Resin A with cationic emulsions (KMS60 and 

KRS60) softened, while the others were unaffected. It is therefore concluded that the addition 

of bitumen emulsions did not materially affect the result of the cure reactions, except for 

slowing them down at higher pH. 
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CHAPTER 3 

THE SOIL STABILISING PROPERTIES OF UREA-FoRMALDEHYDE 


RESINS 


3.1 INTRODUCTION 

Soil stabilisation is the treatment of road building materials such as soils to improve their 

engineering properties. Increased durability, workability, strength and a decrease in water 

permeability and shrinkage are the desired effects of soil stabilisation. All these contribute to 

sustained resistance of the stabilised material to deformation under repeated loads in wet and 

dry conditions (Ballantine and Rossouw, 1989). The substances most often used for soil 

stabilisation include cement, lime, bitumen and tar. Extensive testing has been done on these 

materials and their proven effectiveness as soil stabilisers has lead to their widespread use. 

Polymers are used in civil engineering mostly in the form of geotexti1es (Koerner, 1998). The 

use of polymeric stabilisers, however, is a relatively new application and much work still 

needs to be done to prove their effectiveness as soil stabilisers. Some polymers could be 

viable alternatives to traditional stabilising materials such as cement and lime. In many cases 

the difficulty of properly mixing the stabilising agent with soil poses problems. In others, their 

environmental impact prevents them from being used as soil stabilisers. 

Effective polymers should be able to bind the soil particles together to withstand applied 

forces and to eliminate the destabilising effects of water. According to Van Heerden and 

Goddard (1997), the ideal polymer for road stabilisation must have the following 

characteristics: 

• 	 The polymer used in soil stabilisation must be stable at application temperatures. 

• 	 In the final state the polymer must not be too elastic, since this can lead to large 

deformations. A too rigid polymer, on the other hand, will fracture under applied stress. 

• 	 There should be a strong bond between the polymer and the soil particles in order to be 

able to withstand large loads. 

• 	 The polymer should not leach from the soil. 
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are many influence of a stabiliser and include 

following: 

(I) amount of added to the soil 

(I) moisture content the soil and stability of the m of 

(I) type of soil. amount of and silt will its plasticity and 

natural strength thus the type and amount of that needs to 

(I) The application of the soil 

compaction can influence of 

(I) case cement and lime after application plays an 

(I) Modifying agents. include hardeners additives such as 

reduced water 

this part of study is to the suitability of modified urea-formaldehyde 

as soil stabilisers, taking into account the results of the section. Various tests 

were conducted to the of the on 

were investigated the 

role 

of the 

the amount bitumen added and the type reSll1 

differ with to the source of formaldehyde used). 

tensile (ITS) was as a measure of 

in a soil 

to determine 

using the 

amounts 

standard 

are used. 

methods. 

tests were 

3.2 TERMINOLOGY 

following are some 

IS 

the basic 

to clarify some 

used m engineering 

chapter: 

soil 

Atterberg limits. 

and plasticity. 

mm. They are in further 

to 

(LL), 

fraction of the 

below. 

a soil in terms 

(PL) and 

a particle 

water 

Plasticity 

than 

are the soil nrf',np.,-n 

(PI). It is 
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California bearing ratio. This is a test capacity of a soil, expressed as a 

percentage of a standard 

Cohesive soil. A soil, usually particles strongly adhere at 15 

together. 

soil is nl","p""prl by packing the soil particles Compaction. A process where the 

more closely together, using mechanical means as 

Gravel. Soil particles larger than 2,0 mm in 

Liquid limit. The moisture content at which soil plastic to state. 

Modified AASHTO density. The highest dry 

hammer as the compactive effort. IS 

Association of State Highway and Transport 

Moisture content. The loss in mass as a Del~centalge when a 

soil is dried to constant mass at 1 

Optimum moisture content (OMC). That content at a amount of 

will lead to the 

Plasticity index (PI). The numerical difference the liquid 

a 

limit (PL). The moisture content at which the material 

state to the plastic state under specified test conditions. 

I""<<<'"v''' 

Soil. Usually consists of naturally occurring rock all 

particle sizes below 75 mm. 
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Standard AASHTO density (Proctor density). The maximum dry density obtained when 

using the Proctor hammer as the compactive effort. 

3.3 SOIL STABILISATION 

Soil properties can be modified in various ways, for example chemical, mechanical, thermal 

and others (Ingles and Metcalf, 1972). It is generally accepted that none of these methods can 

treat all the available soils and that some stabilising methods are used specifically with certain 

types of soil. The important soil properties are its volume stability, strength, permeability and 

durability (Ingles and Metcalf, 1972). An effective soil stabiliser should be able to upgrade 

most or all of these properties simultaneously. 

Because of the low cost of soil and its availability, it is an ideal engineering material. Often, 

however, it is not suited for a specific use in construction because of its water permeability, 

swelling or low wet strength. Either this material can be used with its poor properties taken 

into account during design, or it can be removed and replaced with a different material. 

Another alternative is to modify the existing soil properties to such an extent that it becomes 

useful. This process is called soil stabilisation. 

Stabilisation can be divided into two categories, namely modification and cementation. 

Modification is used to change the effect of clay soils, and this is done by addition of lime to 

the soil. This is a fast process and a notable increase in workability and strength and a 

decrease in the plasticity index results. Cementation is a long-term process where the soil 

particles are bound together to increase the soil strength (Ballantine and Rossouw, 1989; 

Visser, 1994). 

The characteristic of a soil to withstand any swell or shrinkage due to a change in its moisture 

content is called its volume stability. It is known that many clay soils shrink or swell with 

changes in their moisture content and this can cause disruption of road surfaces and cracking 

of buildings. This characteristic of certain soils can thus lead to great economic loss. There are 

two ways of preventing shrinkage or swelling: the first is to convert the soil to a granular 

mass by chemical or thermal treatment and the second is to block the pores by means of a 

sealing process, e.g. with bitumen or by using impermeable membranes. 
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ability of a soil to withstand deformation it is to loading is a measure of 

(Ingles and Metcalf, 1 There are a that can 

a soil, and type of With few 

an "",",',...,,-,,", into strength. The density can be 

by mechanical e.g. compaction. conversion of a material to a 

mass also increases It is also important to that the exclusion water 

can soil strength. 

is the measure water can move the soil. Bulk flow of 

water can occur when large are present in the soil capillary action takes 

as found in clays. can lead to many in the construction 

roads, etc. because of "'U''''h''' problems and reduced of the soil. .0.<"..... ,.'.... 

pore dissipation can failures and can lead to 

and brE:aclhmg failures. High can be reduced or bypVAAU,.'''VA 

sealants. do not serve to reduce rate 

of water additives can partly hydrophobic. 

The to weathering or erosion of soils is called its durability. Poor durability leads to 

loss of of roads and other and results in maintenance cost 

and 1972). In natural durability can factors such as 

insufficient content and in to an incorrect choice 

stabiliser or an durability of soils greatly 

that of natural due to the increased to chemicals and water. 

3.4 CONVENTIONAL STABILISING 

3.4.1 LIME 

Most road stabilisation is hydrated or slaked (calcium and/or 

calcium-magnesium hydroxide), although quicklime (calcium and/or 

oxide) is also (Ballantine and Rossouw, 1989). Lime has no causes 

hardening when water is added. Any increase is caused of the'V",U.VU'-JH 

lime with clays or This means that increases soil clayey 

soils are used. 
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stabilisation both modification and takes place. modification 

in the reduction the liquid limit as well as the lLU"""S'" and an increase in 

strength and compaction. The lime reacts the clay physically and 

takes immediately, which 

clay with calcium from the lime. 

dramatically clay, as the sodium cation can hold 

of water, calcium can only hold 2. This means that changed from a 

hydrophilic to a hydrophobic condition. Bound water is released and limit of 

is raised above moisture content and 1989). Another 

reaction is the of calcium ions on the lime surface, 

its to a positively one. Interaction with the negatively 

clay particles causes flocculation of the 

uv,a""'v,,­ of the soil presence of IS a free 

not interact m "-",.'U>,v,,, •.,vu reaction) reacts with the 

In the DrClce:ss clay minerals are and finely crystalline 

similar to the formed in the hydration of Portland cement. The reaction is 

and consequently little or no lime leaches out of the stabilised over time. 

Carbonation is the lime is {,Al·nl~·rr"'.rt its reacts 

with carbon dioxide of calcium prevents 

because the component, calcium or calcium-magnesium hydroxide, is 

into an inactive that has no properties, to prevent 

the layer of soil should be as soon as 

Carbonation can cement 

3.4.2 PORTLAND CEMENT 

cement is the cement most frequently in stabilisation, although such 

as resisting cement cement are used. Cement is 

shale is temperature to to a quantity 

of is added. The ground to a powder. Cement tri­

di-calcium needle-like silicate hydrates when water 

The 

....V.H.""-."'-

Ull"U!C1H'" and Rossouw, 1 
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is added. These needles lock into each other and around soil particles to increase the strength 

of the stabilised material (Ballantine and Rossouw, 1989). 

The cement is self-hardening when water is added and can consequently be used for 

stabilisation of sand and gravel (Ingles and Metcalf, 1972). The hardening is the result of the 

hydration process, which takes place and will continue as long as water is present. Although 

the strength increases continuously over a long period of time, much of the increase in 

strength occurs during the first 28 days. 

Another reaction also takes place when cement is added to soil in the presence of water. 

During the hydration of the calcium silicates calcium hydroxide is formed, which in turn can 

contribute to the ion exchange occurring on the clay surface. This results in modification of 

the soil and thus a reduction in plasticity (Ballantine and Rossouw, 1989), but has a limited 

effect on the increase of soil strength. 

3.5 STABILISATION WITH POLYMERS 

Many polymers have been proposed as soil stabilisers because of their properties and 

mechanism of stabilisation. Although many of them can be potential soil stabilisers, they are 

not used simply because of economical constraints. Other factors that influence their 

applicability are the ease of mixing and enviromnental stability (resistivity to chemical and 

ultra-violet degradation). Much work on materials for soil stabilisation was conducted by the 

United States Army and the effectiveness of many agents, including polymers, were reported 

(Oldham, Eaves and White, 1977). Since it falls outside the scope ofthe report to list them all, 

only the basic types will be discussed. 

3.5.1 CATIONIC POLYMERS 

Cationic polymers carry positively charged substituent groups and can form ionic bonds with 

negatively charged clay and silica. This causes flocculation of the soil (Ingles and Metcalf, 

1972) and results in increased resistance to shear forces. On the other hand, this can lead to 

resistance to compaction and thus a lower density of the compacted soil. This also results in 

greater water permeability. Cationic soil stabilisers that have been proposed include 
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(PAA) quaternary compounds such as cetyl trimethyl ammomum 

bromide (CTAB). 

3.5.2 ANIONIC POLYMERS 

are typical anionic stabilisers. electrical charge UY,JllJH'VU~""'''' and 

is the same as reduces and enhances 

compactibility. These can thus be as compaction (Ingles and 

1972). 

NON-IoNIC POLYMERS 

stabilisers polyvinyl "'~'JU'-' (PVA) and 

types of polymers are also when used with The hydroxyl on the 

(CMC). 

reacts to fonn bonds with the surface oxygen of clay minerals and 

1972). The cause coagulation and flocculation of the 

material can m material. 

3.5.4 RESINS 


~"~CHHU fonn a network and can be advantageous because 

the soil and traps the particles, 

physically or It also provided a means of impact In the 

resms were used as waterproofing agents with or no mcrease 


factor 
 their use was acidity of the only acid to 

treatment. natural resins are susceptible to biodegradation. A possible advantage 

can the which can improve the 

mechanical of the soiL include and 

«OQ'","" .....,,,,.but their uses are limited to the environmental Impact toxic 
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Chapter 3: 

3.6 

bitumen emulsions is to explain their on urea­AttAr>lcC'A basic 

formaldehyde as well as to solve problems use 

in resin-soil ''''''''''1Tl 

Bitumen emulsion is traditionally used in road maintenance as a and 

waterproofing 1982). This it a potential amino additive. 

Waterproofing mixture is important it prevents binder 

integrity, which can occur through soil particles that are not 

bound. Since only about 2 to 3 % of the soil-resin consists of the 

soil particles do occur, it is advantageous to that acts as an extra 

3.6.1 THE MANUFACTURE BITUMEN 


IS a consisting mainly naphtene aromatics, 

and saturates as paraffin. The primary source of bitumen is 

and Urban, 1986). Distillation is necessary to cpr''''''''Cltpdistillation of crude oil 

bitumen-containing residual from the more such as 

oils, kerosine and bitumen-containing IS treated 

recover the small quantities of volatile and to 

crude oils are more bitumen manufacture than (Corbett and Urban, 

The lower API gravity or heavy crudes, have bitumen content 

the lowest percentage of 

emulsions have T'lr>,rl1r"".. locally from 1 1982). These 

are prepared by warm liquid water containing 

agent In a colloid bitumen emulsions consist two phases: the an 

phase, which is and the distributed phase, IS bitumen. The 

agent ensures that the bitumen drops are suspended water. 

is then stabilised bitumenis absorbed onto 

on surface of thecauses a specific with electrical charges. 
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and charges repel other the droplets are prevented to 

Mainly two types of are used. are: 

emulsifiers 

emulsifiers 

• 

3.6.2 	 PROPERTIES OF BITUMEN EMULSIONS 

are important of a bitumen emulsion: 

• of emulsifying 

of the bitumen 

amount of bitumen emulsion and 

potassium saIts acids are usually used as amomc These 

induce a negative on the surface the bitumen have an 

alkaline reaction. Cationic have an reaction because positive 

are usually chloride ammes Cationic 

contain a amount of an which water from 

particles to the bitumen 1991). 

grades are usually differentiated in terms penetration value. 

u"",""-,,v is allowed to bear on of bitumen for a length at a standard 

usually 25 of penetration needle into the is termed 

the is measured in 0,1 mm The needle more 

into and less into grades. The penetration of bitumen is an 

indication softness. The or grade of bitumen in a bitumen 

on penetration emulsion. The is specified 

account climate of the area it is conditions at of 

application traffic the road that is (CSIR, 1982; 1). 

The of the bitumen is a property of itself and 

on of the bitumen. viscosity is 	 by the amount 

m and the bitumen 	 bitumen content mass 

""''''''''''...... '._.... J 

on method of application theis usually between to 

1 
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3.6.3 THE CHEMICAL REACTIONS OF BITUMEN EMULSIONS 

It is important to keep in mind that bitumen and bitumen emulsions react with the 

environment and that this determines its suitability for a specific application. When bitumen 

emulsion is used as a modifier in urea formaldehyde resins it is necessary to realise the 

influence of water, acids and bases and other chemicals on the stability of the emulsion, as 

well as its hardening and binding properties. 

Bitumen emulsions are usually resistant to mild chemicals (Corbett and Urban, 1986). Strong 

acids react with bitumen to give substitution products. Weak acids can cause the bitumen to 

harden slowly. Any disturbance of the pH as a result of acid or base addition to an anionic or 

cationic emulsion can cause the emulsifying agent to react and destabilise the droplets (refer 

to the results presented in Chapter 2). 

Under ambient conditions bitumen emulsions oxidise slowly when exposed to air and 

sunlight. This causes the viscosity of the bitumen to increase. In road building this effect is 

minimised by compacting the aggregate mixtures to decrease the exposed fraction of bitumen. 

In waterproofing applications the bitumen is applied in thick layers and here the weathering of 

the top layers protects the inner layers. 

A bitumen emulsion is used mainly for easier application of the bitumen to the soil because of 

a lower viscosity. When the emulsion is applied the water must first evaporate before the 

bitumen droplets can combine to cover the surface of the aggregate. 

3.6.4 THE CHOICE OF BITUMEN EMULSION 

The behaviour of anionic emulsion differs significantly from that of cationic emulsions when 

they are applied in practice (CSIR, 1982). It is logical to assume that anionic emulsions will 

give the best results when it is applied to basic aggregate such as dolerite and dolomite. When 

applied to acidic aggregates such as quartzite and granite the anionic emulsions give varying 

results. 

Cationic emulsions have a great affinity for basically any type of aggregate, whether it is 

acidic or basic. This can be attributed to the type of emulsifier used in their manufacture. 
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These emulsions also have better wetting characteristics and binding properties and can easily 

displace any water present on the aggregate surface (Green, 1991). 

When bitumen emulsions are applied to an aggregate the soil moisture content and the 

atmospheric conditions play an important role in the effectiveness of the bitumen to cover and 

bind the soil particles. This study is only concerned with the use of bitumen emulsions as an 

additive to amino resins in a soil binder system. It will therefore be highly dispersed in the 

soil and only a small portion will be exposed to the atmosphere. Atmospheric factors will not 

be discussed in further detail. The bitumen is used as an additive primarily for its 

hydrophobic characteristics and not as a soil binder. Its effectiveness as a soil binder and the 

influences of atmospheric and soil conditions on that are therefore not important, and since 

these factors do not influence its water permeability they are not considered. 

The choice of bitumen emulsion as an additive depends primarily on the way it influences the 

pH and the water resistance properties, and consequently other properties such as reaction 

time, resin elasticity and strength. It should be noted that the optimum reaction pH is about 

4,9 to 5,2 and that it is possible to achieve this pH without addition of catalyst when a cationic 

bitumen emulsion is used. On the other hand, when an anionic emulsion is used, more acid 

catalyst must be added to reach a pH of about 5. This can also cause destabilisation of the 

emulsion. 

3.6.5 THE HANDLING OF BITUMEN EMULSIONS 

The following are important when handling bitumen emulsions (CSIR, 1982): 

• 	 Bitumen emulsions are generally not stored for longer than three months. When bitumen 

emulsion was stored for a long time, the drums or containers must be rolled a few times to 

ensure that the emulsion is homogeneous. This also increases the life of the pump that is 

used because it lowers the wear caused by viscous emulsions. 

• 	 Cationic and anionic bitumen emulsions should never be mixed. Mixing will cause 

coalescence and consequently phase separation. The high viscosity of bitumen cause 

damage to pumps, pipelines and equipment and is difficult to clean. 

• 	 Containers must be stored at room temperature. Low temperatures can cause the emulsion 

to become highly viscous and difficult to handle. 
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When water is added to that the water 

not a high COllcemr::Ulcm This can lead to 

destabilisation of the 

3.6.6 ENVIRONMENTAL SAFETY 

and 	 are "''''''\..;H'',",<>'Y products 1991). Numerous 

an occupational risk to IJI.JU'Ulv 

to it, nor threat care is taken good 

working practice are to. 

Health are only likely to circumstances IS IV','!".",,", skin contact 

or and Bitumen is usually applied at high temperatures there 

IS a of in the case of emulsions is no such since it is used at 

room temperature. Inhalation can limited when worker is working upwind of 

bitumen source or when there is ventilation when working indoors. Skin contact can 

be minimised by wearing rlr{~tp,rt" clothing. Usually clothes with long 

and trousers is 

3.7 	 TYPES OF SOIL 

type of soil is important the of a soil of soil 

the amount 

and that needs to and clay 

are classified in terms of '-'H\.,Ullv<u composition (Das, 1 Soil 

particles 2,0 and mm are smaller than that 

are visible to the naked are termed sand. It consists Silt and 

clay are too to be seen by the eye. Silt refers to particles 

and 0,002 mm. All than 0,002 mm are flake-shaped and 

fraction the soiL 

Clay (Das, 1990) and a negative 

normally resulting in a basic pH. include 

kaolinite, and montmorillonite. chemical composition clay and the 

rest constituents of soil are beyond of this but Das (1990) and '_d,J~",",,'--" 
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(1964) provide further detail. The above-mentioned types of material are mostly found 

together, in different proportions, to make up a soil. Table 6 summarises the composition and 

resulting properties of some soils. 

Table 6. Soil composition and its resulting properties (Ingles and Metcalf, 1972) 

Sandy soils Good engmeenng propeIiies but will need 

stabilisation if they do not have a good grading. 

Good properties when dry, but lose all strength when 

wet. 

Silty soils (high silt content, some 

clay) 

Silty soils (high silt content, no clay) Dusty and with poor cohesion when dry and no 

strength when wet. 

Clayey soils (high clay content) Large volume changes owmg to moisture content 

variations. Basic pH. Poor load-bearing capabilities 

when wet. 

Clayey soils (open-textured) Good, useful properties when well-compacted 

3.8 TEST METHODS 

Standard methods exist for the testing of materials as soil stabilisers. Only a brief description 

of the tests procedures used in this investigation IS gIven. Full descriptions of the test 

procedures are given in TMH1 (CSRA, 1990). 

• 	 The wet preparation and sieve analysis of gravel, sand and soil samples (Method 

Al(a)). The preparation of the soil sample involves the qualitative separation of the fines 

portion of the soil (the material passing the 0,425 mm sieve) from the coarse portion as 

well as the sieve analysis of the coarse material. The fines are required for the 

determination of the Atterberg constants and the mechanical analysis. 

• 	 The dry preparation and sieve analysis of gravel, sand and soil samples (Method 

Al(b). In this method the fines portion of a soil is separated from the coarse material by 

dry sieving where heating of the fines may influence the test results. The sieve analysis is 

done by washing the material through certain sieves and includes the detennination of the 

fraction passing the 0,075 mm sieve, as described in TMH 1 Method A5 (CSRA, 1990). 
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• The determination of the maximum dry density and optimum moisture content 

(Method A 7). The maximum dry and optimum content are flP1r"'FI(rt 

by compacting at moisture contents with Modified 

relationship of the The 

is the density 

IS moisture contents. The """"1'>1,11 

content a specific and COITIO;aC{][ve effort is moisture content at 

which the maximum density is obtained. 

• determination the unconfined compressive strength (UeS) of a soH (Method 

A14). The a material (stabilised or is the load in required to a 

cylindrical specimen (1 mm high and 1 mm m to total at a rate 

to obtaincompaction 

maximum 1J'-',",H1'-' compaction 

the 

ofload of 140 kPa/s. 

• determination of the indirect tensile strength (ITS) of stabilised materials 

(Method The tensile of stabilised soil, gravel or stone is 

the to a cylindrical speCImen 

a constantly load is applied to curved sides speclmen. 

3.9 EXPERIMENTAL PROGRAMME 

1 EXPERIMENTAL TEST PROCEDURE 

of cold-setting modified urea-formaldehyde as a soil agent 

was the liquid with the soil, compacting the mixture and 

some subjecting it to the test. The ITS was as a measure of 

the resin as a of the amount 

available. In all the cases same soil was (a brown with properties as outlined in 

D). 

subjected to determination were usmg theAll the soil 

testing the to a cylindrical briquette of aMarshall apparatus 

The method used for compacting the soil mixture 

differed from C2 in sense that instead compacting the sample with blows on 
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each side, as for bituminous mixtures, only 50 blows on each side were used. All the samples 

were prepared in standard moulds, which had an inside diameter of 101,6 mm. The height of 

the sample is a function of the compaction and was approximately 60 mm. The actual indirect 

tensile strength of the sample is calculated from the following formula: 

ITS = 2 x Gauge Value x 0.0225 
10. 

lrxDxh 

where D is the diameter of the mould (101,6 mm), h is the height of the sample in mm and 
, 

Gauge Value is the value obtained from the instrument used for determining the ITS in kPa. 

Due to a lack of specific tests for polymer-stabilised materials, the standard tests were used as 

a basis for preparing and treating the samples, but because of the different mechanisms of 

stabilisation of the resin and conventional agents, different preparation methods had to be 

used. The resin was prepared and additional water was added to bring the amount of liquid 

stabiliser to the value needed to obtain the optimum moisture content when introduced into 

the soil. The soil had an optimum moisture content of 9,6 % and a hygroscopic moisture 

content of 2,6 %. This means that a total of 70 g liquid had to be added to bring 1 kg of the 

soil to its optimum moisture content (OMC). In most of the cases 2 % (by mass of the dry 

soil) resin was added and 2 % bitumen emulsion (unless otherwise noted). This means that 30 

g water had to be added. Because the bitumen emulsion contains 60 % bitumen and 40 % 

water and the resin also consists of about 40 % solids, an additional 20 g of water had to be 

added to compensate for the mass of solids in the mixture. So 50 g of water was added in 

most cases to bring the soil to its optimum moisture content, which is beneficial in 

compaction. If no bitumen was used 60 g of water was added to the resin. The moisture 

content of the soil was kept constant for all the experiments by keeping it in an air-tight 

container to prevent it from taking up moisture from the atmosphere, or drying out. 

In the experiments urea-formaldehyde resin was used as a soil stabilising agent. Resin A is a 

resin prepared from 1,67 gram Formalin per gram urea, while Resin B is a resin prepared 

from 1,67 gram Inkunite® per gram urea. For experimental purposes commercially available 

urea fertilizer was used (46 % nitrogen). Formalin (37 % formaldehyde / 7 % methanol) was 

used as a source of formaldehyde for Resin A. When 20 g of the resin had to be added, it 

meant that 7,5 g urea and 12,5 g of the formaldehyde source were used. 
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Bitumen emulsion is used in non-cohesive soils to add cohesive strength and in cohesive 

materials as a waterproofing agent. It fonns a thin film on the surfaces of sandy particles and 

blocks pores in clayey soils (Ingles and Metcalf, 1972). Bitumen emulsion (anionic SS60, 

unless otherwise stated) was used to achieve better stabilisation, based on the earlier tests 

reported in Chapter 2. 

The liquid resin was prepared by dissolving the urea into the required amount of water. The 

source of fonnaldehyde was then added followed by the bitumen emulsion (where necessary). 

Citric acid was used as the acid catalyst: the pH of the whole mixture was adjusted to 4,5. The 

required quantity of the mixture was then added to 1 kg of dry soil and thoroughly mixed to 

ensure a good distribution of the reagents throughout the soil phase. The sample was 

compacted by using the Marshall apparatus (as described above) and left to air-dry for a pre­

detennined time. For the wet strength tests the samples were soaked in water for 24 hours, 

unless otherwise stated. 

All the experiments were carried out at constant temperature of 23°C and an atmospheric 

pressure of about 85 kPa. In each experiment the temperature, pH, mass and height of the 

sample were noted. Most experiments were conducted in triplicate in order to detennine the 

variability of the results (see Appendix E). 

3.9.2 INVESTIGATION OF THE FACTORS INFLUENCING SOIL STABILISATION 

3.9.2.1 DRYING TIME 

In this experiment the increase in strength of samples stabilised with Resin A and Resin B 

was detennined as a function of the air-drying time of the stabilised soil. For Resin A the 

strength of soil and resin with and without bitumen emulsion as a function of drying time was 

detennined in wet and dry conditions. 

Another test was conducted by covering the Resin A samples (with and without bitumen 

emulsion) in a plastic bag to simulate conditions where the loss of moisture from the 

stabilised material is appreciably slower. Again the strength development as a function of 

time was detennined. For Resin B the strength of the resin without bitumen emulsion and the 

wet strength of the resin with bitumen emulsion was detennined as a function of time. Table 7 

describes the experimental design (in all cases 2 % resin and 2 % bitumen emulsion was used, 
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where applicable). The strength was determined after 6 hours and 1, 2, 3, 4, 6, 8, 17, 24 and 

60 days . The wet tests with Resin B without bitumen was not conducted because the tests 

done with Resin A it was clear that bitumen emulsion was necessary in order to provide water 

resistance. In another experiment samples stabilised with 2 % Resin A and 2 % bitumen 

emulsion were soaked in water and their strength as a function of the soak time was 

determined. These samples were dried for 21 days prior to soaking them in water. 

Table 7. The experimental setup for determining the time-strength relationship of the 

stabilised material 

Resin used Dry test Wet test 

Bitumen 

emulsion added 

Covered Bitumen 

emulsion added 

Covered 

Resin A No No No No 

Resin A Yes No Yes No 

Resin A No Yes 

Resin A Yes Yes 

Resin B No No 

Resin B Yes No 

3.9.2.2 INITIAL MOISTURE CONTENT 

The amount of water added to the pure urea-formaldehyde resin (Resin A and Resin B) is an 

important factor in formulating the soil stabiliser for optimum effectiveness. The amount of 

water added will determine the moisture content of the soil when the sample is compacted. 

Too little or too much water will result in ineffective compaction. Compaction will be optimal 

if the sample is at its OMC (for a specific compactive effort). Water, on the other hand, is a 

diluent and is necessary for good mixing and distribution of the resin throughout the soil 

phase. In one experiment samples were prepared by using 20 g (2 %) Resin A and 40, 50, 60, 

70, 80, 90 and 100 g of water respectively. The resin/water mixture was then mixed 

thoroughly with the soil (1 kg soil in each case) and compacted. It was decided to allow 7 

days for the samples to air-dry. At this point the soil strength was above that of its natural 

value (210 kPa) and the strength values of the soil stabilised Resin A and Resin A with 

bitumen emulsion were still approximately the same. This means that the influence of factors 

such as compaction and moisture content can be readily compared. 
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The same experiment was repeated to determine the contribution of the bitumen emulsion 

towards the moisture content. This was done by adding 20 g Resin A and 20 g bitumen 

emulsion, mixed with 30, 40, 50, 60, 70, 80 and 90 g of water to 1 kg soil respectively. The 

amounts of water used as a diluting agent is in each case 1 °g less than in the experiment 

without bitumen emulsion because the emulsion contributes about 1 °g of water when added 

to the mixture. It is important to note the density of the sample since it is an indication of the 

OMC of the soil with the compactive effort used in the Marshall apparatus. This compactive 

effort is different from the one used to determine the OMC value reported in Appendix D. 

When the samples were air-dried for only 7 days, it was observed that not all the surface 

moisture had evaporated from the samples, especially if the initial moisture content was high 

or when bitumen emulsion was added. The remaining moisture can influence the strength of 

the sample, and in order to exclude this from the investigation, it was decided to repeat certain 

tests, but this time allowing 21 days for drying. Samples were prepared by adding 2 % Resin 

A and 2 % bitumen emulsion and 30, 50, and 70 g of water to 1 kg soil, respectively. Both 

wet and dry tests were conducted. The experiment was repeated, but Resin B was used in 

place of Resin A. 

3.9.2.3 COMPACTION 

Compaction of the stabilised soil is an important parameter because the compaction will 

influence the density of the sample, which is critical when water permeability is considered. 

The densification resulting from compaction also leads to the interlocking of soil particles 

(depending on the type of soil) and thus a stronger end product. The particles become more 

closely packed and, in the case of resin stabilisation, bonding of the particles is improved 

since they are closely orientated in the resin network. Coating of the particles can also be 

improved because less resin is used to fill the voids resulting from the shape and packing of 

the soil particles. 

In this experiment the effect of compaction on the strength of the stabilised material was 

determined by compacting samples stabilised with 2 % Resin A and 2 % bitumen emulsion 

(with the addition of 60 g of water) with 10, 20, 30, 40, 50, 60, 70, 80 and 90 blows per side 

respectively. The samples were dried for 7 days at ambient conditions after which their ITS 

were determined. 
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3.9.2.4 THE UREA-FORMALDEHYDE DOSAGE 

The amount of resin added is important because it is the active reagent in the stabiliser 

mixture and will determine the surface coating performance of the resin and to a lesser extent 

the water permeability. Increasing the Resin A applied to the soil will increase the particle 

surfaces which will be coated and can thus increase the bond strength between the particles 

and the resin network. The effect of dosage on the stabilisation efficiency was determined by 

adding 0; 0,5; 1; 1,5; 2; 2,5 and 3 % Resin A with 2 % bitumen emulsion to 1 kg of dry soil. 

The influence of the resin dosage on the wet strength was also determined by repeating the 

above experiment, but this time soaking all the samples for 24 hours before determining their 

ITS. All the samples were weighed to determine whether the amount of Resin A had an 

influence on the water uptake and evaporation rate (these are reported in Appendix F). Again 

all the samples were air-dried for 7 days. 

An experiment was conducted to determine the influence of the Resin A and Resin B dosage 

on the wet and dry strength of the soil after the stabilised samples were dried for 21 days. 1, 2 

and 4 % Resin A and 2 % bitumen emulsion was used to stabilise the samples respectively. 

Both wet and dry strengths were determined. The experiment was repeated by using Resin B 

in place of the Resin A. 

3.9.2.5 THE BITUMEN EMULSION DOSAGE 

In this experiment 2 % Resin A for all the samples was used with differing amounts of 

bitumen emulsion. The influence of bitumen emulsion dosage on the dry strength of the 

stabilised soil, as well as the wet strength, after being soaked for 24 and 48 hours respectively, 

was determined. The bitumen emulsion dosage was varied from 1 % to 5 %. All the samples 

were dried for 7 days before testing. 

Another experiment was conducted to determine the influence of the bitumen emulsion 

dosage on the wet and dry strengths of the soil after the Resin A and Resin B stabilised 

samples were dried for 21 days. 2 % Resin A and 2, 3 and 5 % bitumen emulsion was used to 

stabilise the samples respectively. Both wet and dry strengths were determined. The 

experiment was repeated by using 2 % Resin B in place of the Resin A. 
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3.9.2.6 REACTION pH 

In this experiment the effect of the pH of the stabilising properties of Resin A was 

investigated. The urea, formaldehyde source, the water and the bitumen emulsion were added 

together and the mixture pH adjusted to about 7, 6, 5 and 4 respectively. This mixture was 

then added to the soil and mixed properly. 2 % Resin A and 2 % bitumen emulsion was used. 

The experiments were conducted in both dry and wet conditions. The above procedure was 

repeated, excluding the bitumen emulsion. 

To eliminate the influence of moisture content on the strength of the stabilised material, soil 

was stabilised with 2 % Resin A and 2 % bitumen emulsion at a pH of 6,2; 4,55 and 3,9 

respectively and the samples dried for 21 days. Both wet and dry strengths were determined. 

The experiment was repeated by using Resin B in place of the Resin A. 

3.9.2.7 THE FORMALDEHYDE TO UREA MOLAR RATIO 

In this experiment the effect of the reactant molar ratio on the wet and dry strength was 

determined. The resin mixtures were prepared by adding 2 % Resin A, 2 % bitumen emulsion 

and 6 % water. Table 8 outlines the composition of the resin mixtures. The samples were 

dried for 7 days before testing. The wet strengths were determined after a 24 hours soak in 

water. 

Table 8. The formulation ofresin mixtures with different formaldehyde to urea molar ratios 

IWater (g) Molar ratio . F ormali n- (g) Urea (g) Bitumen 

emulsion (g) 

1:1 11,5 8,5 20 60 

1,5: 1 13,4 6,6 20 60 

2:1 14,6 5,4 20 60 

3:1 16,1 3,9 20 60 

4:1 16,9 3,1 20 60 

The above experiment was repeated using formaldehyde and urea in molar ratios of 1: 1, 2: 1 

and 4: 1 respectively. Both wet and dry strengths were determined after the samples were air­

dried for 21 days . In a further repeat, Resin B was used in the place of Resin A. Molar ratios 

of 1,4:1,2:1 and 3:1 was used. 
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3.9.2.8 TYPE OF BITUMEN EMULSION 

In this experiment the influence of different types of bitumen emulsion on the effectiveness of 

Resin A and Resin B was determined. SS 60 was used as an example of an anionic bitumen 

emulsion, while KMS 60 and KRS 60 were used as examples of cationic bitumen emulsions. 

KRS 60 has a pH of 4 to 5, while KMS 60 has a pH of 5 to 6. Table 9 outlines the different 

tests that were conducted. In all the cases the wet and dry strength of the stabilised soil was 

determined. The samples were air-dried for 21 days prior to determining their dry and wet 

ITS. 

Table 9. The resin and bitumen emulsion used to determine the influence of the type of 

bitumen emulsion on the wet and dry strength ofsoils stabilised with Resin A and Resin B 

Resin used Bitumen emulsion 

2 % Resin A 2 % SS 60 

2 %KMS 60 

2 %KRS 60 

2 % Resin B 2 % SS 60 

2 %KMS 60 

2 %KRS 60 

3.9.2.9 ADDITION OF PORTLAND CEMENT 

In this experiment the influence of Portland cement on the effectiveness of Resin A as a soil 

stabiliser was determined. Alpha Portland Cement type CEM 142,5 was used in all the cases. 

As control, the effect of cement addition on its own to soil was determined at dosage levels of 

2, 4 and 6 %. After thorough mixing, 70 g of water was added to bring the moisture content to 

the OMC. After the samples were left for 4 hours, they were compacted and placed in a 

humidity chamber. After 7 days the samples were taken out and left to dry for 24 hours to 

deterrnine their dry strength. The experiment was repeated, but after 7 days in the humidity 

chamber the samples were placed in water for 24 hours before measuring their ITS. This was 

done to measure the wet strength of the samples. This method corresponds to the standard 

method for deterrnining the strength of a material stabilised with cement (TMHl, Method 

A13 T). 
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An experiment was conducted by using the same method as outlined above, but by using 2 % 

Resin A with 2, 4 and 6 % cement respectively. Again both the wet and dry strengths were 

detennined. In this case 60 g of water was added to each of the samples to increase the 

moisture content to the OMC. 

Another experiment was conducted by usmg 2 % Resin A wi th 2, 4 and 6 % cement 

respectively, but this time the samples were compacted immediately after the cement, Resin A 

and water was added. The samples were then left to dry for 7 days at room temperature before 

measuring their wet and dry ITS . 

3.9.2.10 ADDITION OF LIME 

In this experiment the influence of lime on the effectiveness of Resin A as a soil stabiliser was 

determined. The effect of lime addition to soil without Resin A was detennined to act as a 

control. 2, 4 and 6 % lime was added to soil samples (1 kg each) and mixed properly. 70 g of 

water was then added and mixed properly with each of the samples to bring it to OMC. After 

the samples were left for 4 hours, as in the case of the experiments conducted with cement, 

they were compacted and placed in a room with a very high humidity. After 11 days the 

samples were taken out and left to dry for a day to determine their dry strength. The 

experiment was repeated, but after 11 days in the high humidity chamber the samples were 

placed in water for 1 day before measuring their ITS. This was done to measure the wet 

strength of the samples. This method corresponds to the standard method for determining the 

strength of a material stabilised with lime (TMH 1, Method A 13 T). 

The experiment as outlined above was repeated, but 2 % Resin A was added to the 2, 4 and 6 

% lime respectively. Both the wet and dry strength tests were conducted. 

3.9.2.11 THE INFLUENCE OF ADDITIVES AND RESIN PREPARATION ON 

STABILISATION 

For the purposes of these experiments the acid catalyst was modified by adding 33,3 g sugar 

to 66,6 g citric acid and then diluting it with 110 g water. The additives that were used in each 

test are described in Table 10. 2 % of Resin A was used with the required amount of water. 

After mixing the resin and compaction the samples were dried for 7 days. 
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Table 10. The experimental outline describing the additives used to determine their influence 

on the effectiveness ofResin A as a soil stabiliser 

Acid Additive 

Citric acid and sugar None 

Citric acid and sugar 20 g Bitumen emulsion 

Citric acid and sugar Colourant 

Citric acid and sugar 5 g (NH4)zS04 

Citric acid None 

In another experiment the difference in ITS values for different sequences of adding the 

reagents were investigated. Firstly urea, Formalin and citric acid added and then the bitumen 

emulsion, while in the next run urea and the Formalin was added and then the bitumen 

emulsion, followed by adjusting the pH to 4,5 with citric acid. The case where urea and 

bitumen emulsion were added first, then Formalin and finally the citric acid, in order to 

increase working time on the resin, was also investigated. 

3.10 	 RESULTS AND DISCUSSION 

3.10.1 	 THE INFLUENCE OF DRYING TIME ON THE STRENGTH OF THE 

STABILISED SOIL 

The influence of bitumen addition to the Resin A stabilised soil strength as a function of time 

can be seen in Figure 11. Although both systems showed the same initial strength increase, 

the Resin A bitumen emulsion combination, resulting in higher ultimate strength of the 

stabilised material. The raw experimental data is given in Appendix F. 

Although the reSlll solidified after about 3 hours, the strength continued to increase for 

between 17 to 24 days before it remained constant. This can be attributed to the presence of 

moisture in the prepared sample. The strength increased as the water evaporated out of the 

sample (as seen in Figure 12). Evaporation takes place until all the free water is removed. 

Water · evaporated faster from samples that were not treated with bitumen emulsion, so 

initially those had higher dry strengths. But this also means that water ingress will be retarded 

by the bitumen emulsion and those samples treated with bitumen emulsion normally have 

higher wet strength values (see Appendix F). 
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Figure 11. The influence ofbitumen emulsion addition on the time-strength dependence ofthe 

soil stabilised with Resin A 
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Figure 12. The relationship between the percentage residual moisture in the sample and the 

dry strength increase ofthe soil stabilised with 2 % Resin A and 2 % bitumen emulsion 
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The dependence of the strength on the moisture content of the samples can also be seen in 

Figure l3. In the case where the samples were covered with bags relatively little strength gain 

can be noted. From Figure 13 it is clear that in order to obtain any notable increase in soil 

strength, the moisture in the stabilised soil must be allowed to evaporate. The addition of 

bitumen emulsion did not have any effect on the strength increase when the samples were 

covered because there was no noticeable difference between the strength values of the 

samples treated with Resin A and those treated with Resin A and bitumen emulsion. 
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Figure 13. The influence ofrestricted moisture loss on the strength ofboth Resin A and Resin 

A and bitumen emulsion stabilised soil 

In Figure 14 the influence of water ingress on the stabilised soil strength can be seen. After 

the samples were dried for the specific length of time, they were soaked in water for 1 hour. 

The samples that were not treated with bitumen emulsion failed. The untreated soil sample 

disintegrated in water after about 5 minutes and the soil sample treated with only 2 % 

bitumen and no Resin A had an ITS value of 120 kPa after being dried for 7 days and soaked 

for 1 hour. These can be used as control values for the other tests. It is also clear that the resin 

and bitumen emulsion mixture have a synergistic effect on the wet strength on the soil, and 

after an hour the water had not penetrated through the samples and this had a negligible effect 

on the strength of the samples. Only the outer layer of 3 mm thickness of the samples was 
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wetted. From this it was decided to soak the samples for 24 hours when determining the wet 

strength for all the following experiments, since 1 hour was an insufficient time for the 

sample to become completely soaked. 

As the sample, after it had dried out, took up moisture the strength decreased again. Figure 15 

shows the decline in strength as the samples took up moisture while being soaked for a 

specific time. Since the moisture uptake is a function of time the strength decreased over 

time. 
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Figure 14. The influence of bitumen emulsion addition on the wet strength of the soil 

stabilised with Resin A 

Resin B-stabilised soil initially had a lower strength than that stabilised with Resin A. 

However, with time the strengths increased to values exceeding those obtained with Resin A. 

Resin B with bitumen emulsion resulted in lower wet strength than the same samples treated 

with Resin A and bitumen emulsion. It is speculated that the reason for this can be found in 

the mechanism by which the stabilisation takes place. Resin B has superior adhesive 

properties than Resin A, and this can result in higher bonding strength. However, it is also 

more viscous than Resin A, and therefore has a lower surface wetting capability. The latter 
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can lead to incomplete coating in places, making the system vulnerable to attack by water. 

Presumably the bitumen film provides only partial protection. Figure 16 shows these effects. 
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Figure 15. The decrease ofstrength ofsoils stabilised with 2 % Resin A and 2 % bitumen as a 

function oftime soaked. The samples were dried for 21 days before soaking. 
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There are several advantages in using Resin B as a soil stabiliser instead of Resin A. Resin B 

is more environmentally friendly than Resin A. The formaldehyde in solution is stabilised by 

urea, with which it is partially reacted. Reduced emission of formaldehyde fumes also 

contributes to safer and easier handling and application. 

3.10.2 THE INFLUENCE OF THE INITIAL MOISTURE CONTENT ON THE 

STABILISED MATERIAL 

Figure 17 shows the effect of initial moisture content on the stabilised material strength. The 

influence of water added on the strength of the soil when stabilised with Resin A and bitumen 

emulsion is also shown. The values for the soil stabilised with Resin A in the presence and 

absence of bitumen emulsion are similar. This implies that bitumen addition does not affect 

the interfacial bonding characteristics of the Resin. From the statistical analysis (Appendix E) 

it can be concluded that the variability of the data is low (standard deviation equals 18 kPa) 

and that the strength generally decreases with water addition. 
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The strength generally declines as more water is added, although the highest density, and thus 

the OMC, is reached when the total moisture content is about 9 % (from Figure 18). The 

reason for this could be that although better compaction is reached at higher moisture levels, 

the moisture in the sample causes a weaker bond between the resin and the particle surfaces 

and after longer drying times the strength of the samples will more closely correlate with the 

density of the sample. It should also be noted that the California Bearing Ratio (CBR) is 

higher below the OMC and this could also contribute to the higher strength values at lower 

moisture content. From Figure 18 the trend can be observed that more moisture is lost from 

the sample at higher moisture levels since a higher driving force for evaporation from the 

sample exists. 
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Figure 18. Influence of the initial water content on the density of the compacted material and 

the amount ofwater evaporated after 7 days. 2 % Resin A was added. 

In Figure 19 it can be seen that the strength of most of the samples increased with drying 

time. The effect that any remaining moisture might have had on the soil samples was 

compensated for by drying them for 21 days. These results therefore give a more reliable 

indication of the influence of initial moisture content on the stabilised material. The wet and 

dry strength of the soil samples dried for 21 days had a maximum value at a total moisture 

content of 9 %, This is the amount of water needed to bring the sample to its optimum 
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moisture content. At this moisture content the maximum compaction is obtained, as described 

previously and shown in Figure 18. Since the trend in strength correlates with the trend in 

density (Figure 20), it is concluded that the initial moisture content only acts as a compaction 

aid. 
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Figure 19. Influence ofthe initial water content on wet and dry strength ofsoil stabilised with 

2 % Resin A and 2 % bitumen emulsion after 7 and 21 days ofdrying, respectively 

400 r--------·------------------------------------------·------~ 

.2 % Resin B + 2 % bitumen emulsion (dry strength)
.2 % Resin B + 2 % bitumen emulsion (wet strength) ........... . .. .. ..

350 I- .,... ..........
• 2 % Resin A + 2 % bitumen emulsion (dry strength) .......... 


... .• 2% Resin A + 2 % bitumen emulsion (wet strength) . .... 
300 1------------------ .....,..... ................ --~--------------------

........ 


250 -+- ------------7'.'-..······-·....-·····-····.··- 7'.-<./- --- ----' -- --------- - --- - -------1 
•.......... ... ..... "" 

r;- ... "" 
0.. /.- _------ - . - - • ...--.- -.- ... -.--- -----.-._._._. 

~ 200 +-------------:r::....----.-....-<'o.:..::..--------------------'-=-=-.~--- ­/ ,,... 
t:: ,.' 
~ .. 

150 r- ---- -------- - ------- ---------- ------.----­

100 - ------ - -------- ------ - -------------_ .._-- -------_.---­

501-----------------------------------------~ Ir·-·_ ·_----·---· .-,-.-.-.---.-.-.- .-.- -. 
-'- '-'-' 

o+------~-------~------~-----~-----__-----~ 
6 7 8 9 10 11 12 

Total moisture content ('!o) 

Figure 20. Influence ofthe initial water content on wet and dry strength ofsoil stabilised with 

Resin A and Resin B after 21 days ofdrying 
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From Figure 20 it can be seen that the influence of initial moisture content was approximately 

the same for both Resin A and Resin B stabilised soil. All the results indicate that the 

optimum strengths of the samples were obtained when the OMC was reached. Samples 

stabilised with Resin A and Resin B had about the same dry strength values, but when soaked 

in water for 24 hours the samples treated with Resin B had a much lower wet strength. While 

Resin B is marginally effective as a soil stabiliser in wet conditions, Resin A provides much 

higher wet strength values. 

3.10.3 	THE EFFECT OF COMPACTION ON THE STRENGTH OF THE STABILISED 

SOIL 

The strength of the stabilised material increased as the amount of compaction increased and 

follows the trend observed for the change in density (Figure 21). The density increased as the 

compaction increased, but approached an asymptotic value. 
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Figure 21. The influence ofcompaction on the density and strength of the stabilised soil after 

7 days ofdrying. 2 % Resin A and 2 % bitumen emulsion were added. 
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Better packing of the soil particles probably resulted in the increased strength. Since the 

particles were more closely spaced the resin bridges between them were shorter and thus 

stronger. Coating of the particles was improved because the voids were smaller and less resin 

was required to fill them. The resin and soil were more intimately bound together and this 

means that the wet strength of the stabilised material could also be improved since water 

penetration to the interface between the resin and the soil particle surfaces was greatly 

reduced at higher compaction. 

3.10.4 THE EFFECT OF RESIN DOSAGE ON STABILISATION 

Figure 22 shows that bitumen emulsion, on its own, also had a stabilising effect on the soil 

samples. However, addition of a small amount of resin had a destabilising effect and the 

strength decreased. At higher dosage levels, both the wet and dry strength of the samples 

increased as the amount of Resin A was increased (Figure 22), up to an upper limit. The 

relatively low dosage level at which the limit was reached is typical for surface-active agents. 
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Figure 22. The effect of increasing resin dosage on the stabilised soil strength after 7 days of 

drying 
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Figure 23. The effect o/increasing Resin A and Resin B dosage on the stabilised soil strength 

after 21 days 0/drying 

From Figure 23 it can be seen that both the wet and dry strength of the stabilised soil 

increased with resin dosage. Resin B resulted in lower dry strength values as compared to 

samples treated with Resin A, with very low wet strengths. The strengths of the samples 

treated with Resin A and dried for 21 days were generally higher than those dried for only 7 

days, but in both cases it is clear that the strength increase reached an asymptote as more resin 

was added. 

3.10.5 THE INFLUENCE OF THE BITUMEN DOSAGE ON STABILISATION 

From Figure 24 it can be seen that the dry strength of the soil stabilised with 2 % of Resin A 

was not noticeably influenced by an increase in bitumen emulsion dosage. However, higher 

bitumen emulsion dosages resulted in better retention of strength following soaking. The resin 

network is protected from water ingress and this is verified by noting the decrease in water 

uptake of the soaked samples at higher bitumen dosages (see Appendix F). At 5 % bitumen 

emulsion dosage the sample was particularly stable in water. Note, however, that the lower 
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moisture permeability of the samples at higher bitumen emulsion dosages, will affect the 

required drying times accordingly. 
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Figure 24. The effect of bitumen emulsion dosage on soil stabilised with Resin A. Samples 

were dried for 7 days before testing. 

Figure 25 shows the increase in wet strength for samples treated with Resin A and Resin B as 

the bitumen emulsion dosage increased. Again, as in Figure 24, the bitumen dosage did not 

have a noticeable influence on the dry strength of both Resin A and Resin B stabilised 

samples .. The longer drying time required at a high bitumen content can explain the dramatic 

increase in wet strength of the samples after 7 days of drying, as compared to the lower 

increase in wet strength observed after 21 days of drying. Again the use of Resin B resulted in 

lower wet strength values when compared to Resin A It should also be kept in mind that 

these trends are valid for the specific soil investigated. There might be differences in other 

types of soiL In addition the compression strength may be affected differently than the tensile 

strength. 
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Figure 25. The effect of bitumen emulsion dosage on the Resin A and Resin B stabilised soil 

strength. Samples were dried for 21 days before testing. 

3.10.6 THE INFLUENCE OF pH ON STABILISATION 

The strength of the stabilised soil increased as the reaction pH was lowered from 7 to about 4 

and this increase was enhanced by the addition of bitumen emulsion. At higher pH the 

strength decrease reached a limit, which was the strength of the soil stabilised with bitumen. 

The measured mass loss of the soil sample following complete drying showed that the resin 

did cure. Curing at high pH results in products that are brittle and weak, with large pores, 

explaining the poor soil strength obtained. 

At lower pH longer chain, crosslinked products form, which are more effective in binding the 

soil particles together. At pH less than 3.5 the condensation reaction proceeded too fast and 

caused the resin to set even before it could be applied to the soil. 

The synergy between Resin A and the bitumen emulsion can be as a result of hydrogen or 

ionic bonds between the resin and the bitumen, which is facilitated at lower pH. It can also be 
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seen from Figure 26 that the reaction pH and thus the composition and properties of the resin 

network did not influence the wet strength since all the wet strength values were proportional 

to the dry strength values. 
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Figure 26. The effect of reaction pH on the stabilised soil strength. The samples were dried 

for 7 days before testing. 
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Figure 27. The effect of reaction pH on the strength ofsoil stabilised with Resin A and Resin 

B. The samples were dried for 21 days before testing. 
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The same trend 27, when the were dried 

21 days. the increased as pH was lowered. The wet 

strength of treated with A was proportional to dry strength and from it 

is concluded that only the water ingress a wet strength the 

_"J-,'H~ for of 7 and 21 can be attributed to the 

that both cases about the same amount water was evaporated, implying moisture 

contents Appendix F). Resin B dry values were slightly lower than 

those for Resin A, but the soil strength dramatically reduced when soaked water. 

3.10.7 THE INFLUENCE OF REAGENT RATIO ON STABILISATION 

At formaldehyde to urea ratios the formation of high molecular weight products is 

acidic At very low there is insufficient to 

complete condensation reactions and this a network with weak 

and little crosslinking. high ratios solid content a liquid 

28 it can be seen that there was an optimum value for 

at which a high molecular crosslinked network was 

of the wet samples was proportional to strength of the dry 

samples, it can be concluded that molar did not a on the water 

of 

At a molar ratio of '1 the of stabilised soil was than that of natural 

soil (about 200 but at lower and higher the resin proved lH'-d. .l'-.v as a 

stabiliser. 

29 confirms trends observed In all the cases the strength (both wet 

dry strength) of the reached an optimum at formaldehyde to urea molar 

ratio of 1. The average strength in 29 is higher than Figure 28, as as a 

of the as more water samples. 

with B generally the same strength values, but wet strength of 

Bwas 
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Figure 28. The effect offormaldehyde to urea molar ratio of Resin A on the stabilised soil 

strength. Th e samples were dried for 7 days. 
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Figure 29. The effect offormaldehyde to urea molar ratio of Resin A and Resin B on the 

stabilised soil strength. The samples were dried for 21 days 
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3.10.8 THE EFFECT OF THE TYPE OF BITUMEN EMULSION 

Table 11 shows a summary of the results obtained to indicate the effect of different types of 

bitumen emulsion on the effectiveness of Resin A and Resin B as soil stabilisers. From the 

Table it can be seen that the type of bitumen emulsion did not significantly affect the dry 

strength. However, the type of bitumen emulsion influenced the wet strength, with only the 

anionic bitumen emulsion, SS 60, proving effective. Both types of the cationic bitumen 

emulsion lead to failure of the samples when soaked in water. This can be attributed to the pH 

of the soil used. Anionic bitumen emulsion will associate more closely with positively 

charged soil particles, while cationic bitumen emulsion will be attracted by negatively 

charged soil particles. This specific soil had a pH of 6,52, which means that it was a slightly 

positively charged soil and this could explain why anionic bitumen emulsion had a better 

stabilising effect on the soil. It must be kept in mind that the tests were conducted only with 

one type of soil, and that different results may be obtained when a different soil is used. 

Table 11. The effect ofdifferent types ofbitumen emulsion on the strength ofsoil treated with 

Resin A and Resin B. 2J days were allowed for drying ofthe samples. 

Resin used Bitumen emulsion Dry strength (kPa) Wet strength (kPa) 

2 % Resin A 2 % SS 60 357,68 219,14 

2 % KMS 60 269,74 9,90 

2 %KRS 60 316,76 0,00 

2 % Resin B 2 % SS 60 236,77 39,59 

2 % KMS 60 282,11 0,00 

2 % KRS 60 252,41 0,00 

3.10.9 THE EFFECT OF PORTLAND CEMENT ADDITION ON STABILISATION 

Figure 30 shows the dramatic effect that Resin A has on the strength of soil stabilised with 

cement. Even though the stabilised samples were in the humidity chamber for 7 days, they 

still had high wet and dry strength values (as compared to the low values when only Resin A 

was used). There existed a synergistic relationship between Resin A and cement. The soil 

treated with Resin A needs to be dried before it reaches its ultimate strength, while water 

needs to be added to soil stabilised with cement. Separately the Resin A in moist conditions 

and the cement with that specific soil are not effective as soil stabilisers, but together they 

significantly improve the wet and dry strength of the soil. 
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Figure 30. The effect of Resin A addition to cement stabilisation of soils. The samples were 

prepared as prescribed in TMHI, Method Al3T and placed in humidity chamber for 7 days. 
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Figure 31 . The effect ofcement on the wet and dry strength ofsoil treated with 2 % Resin A. 

The samples were dried for 7 days. 
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The wet and dry strength of the soil increased as the cement dosage increased. When cement 

was added to soil stabilised with Resin A, it lead to high initial wet and dry strength. This may 

be due to the fact that cement used the water added to the sample, while for the Resin A to be 

effective the moisture needed to be removed. So cement can be added to Resin A treated 

samples where high initial strength is required, or when the Resin A treated soil is prevented 

from drying. At higher dosages there might exist an antagonistic effect when the resin and 

cement start to oppose each other. Figure 31 shows the effect of cement on the samples 

prepared normally. It shows that the strengths are generally higher, as can be expected. 

It should agam be noted that these results apply to the soil tested. Different results are 

possible if other soils are tested, especially more sandy soils. The results may also be different 

when the compression strength, rather than the tensile strength, is measured. Also, bitumen 

emulsions were not used in any of these experiments. When bitumen emulsion is used in the 

presence of cement, it will break sooner. 

3.10.10 THE EFFECT OF LIME ADDITION ON STABILISATION 
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Figure 32. The effect of lime on the wet and dry strength ofsoil treated with 2 % Resin A. The 

samples were dried for 7 days. 
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Figure 32 shows that addition of lime had no obvious beneficial effect on the strength of the 

soil treated with Resin A. Addition of lime to Resin A resulted in higher strength values 

compared to lime alone. However, they were lower than those for Resin A on its own. Thus, 

lime lowered the wet and dry strength of the treated soil. Again this was specific to the 

particular soil used. In more clayey soils, the addition of lime might lead to improved results. 

3.10.11 THE INFLUENCE OF ADDITIVES AND RESIN PREPARATION ON 

STABILISATION 

The effectiveness of Resin A as a soil binder is highly dependent on the pH during reaction 

and thus the amount and composition of the acid catalyst. Catalyst modifiers can include 

sugar, which can form both hemiacetals and more stable methylene ethers. These products are 

water-resistant, but it should be noted that up to 5 moles of formaldehyde could be absorbed 

by each mole of sugar. Table 12 summarises the results obtained from the initial experiments. 

Table 12. The effect of modifiers and colourants on the performance of 2 % Resin A (after 7 

days drying time) 

Acid 
I 

Additive ITS (kPa) 

Citric acid and sugar None 274 

Citric acid and sugar Colourant (3 drops) 257 

Citric acid and sugar Bitumen 403 

Citric acid and sugar 5 g (NH4)2S04 267 

Citric acid None 276 

It can be seen that adding sugar to the citric acid did not significantly influence the acid 

catalyst, while adding colourant and (NH4)2S04 slightly lowered the indirect tensile strength 

of the stabilised material. The difference in values could be due to experimental variation and 

do not necessarily reflect a direct influence of the modifier. 

Typical strengths obtained with bitumen emulsion and citric acid were of the order of 360 kPa 

(see Figures 19, 20, 23 and 25). The strength was significantly increased (from 360 to 403 

kPa) when adding sugar to the acid catalyst as shown in Table 12. This may be the result of 

the sugar reacting with the resin. 
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3.11 CONCLUSIONS AND RECOMMENDATIONS 

Soils stabilised with Resin with or without bitumen emulsion had the same initial increase in 

strength, but the addition of bitumen resulted in a higher maximum strength of the stabilised 

material. The maximum strength was reached after most of the water had evaporated from the 

sample (about 17 to 24 days), after which it remained constant. The strength of the stabilised 

material increased as the water evaporated out of the sample. In order to obtain any notable 

increase in soil strength, the moisture in the stabilised soil must be allowed to escape. 

The stabilised samples that were not treated with bitumen emulsion inevitably failed in water. 

Combinations of resin and bitumen showed a synergistic effect with respect to the wet 

strength of the soil. However, the strength of the stabilised material decreased as water was 

taken up during soaking. 

Resin B stabilised soil initially had a lower strength than that stabilised with Resin A. 

However, ultimate values were higher than those obtained with Resin A. Addition of bitumen 

emulsion was more effective in Resin A for strength retention during soaking. 

Maximum strengths of the treated soils were attained when the required amount of water was 

added to bring the soil to its OMC. This was also true when bitumen emulsion was added to 

the resins. 

The strength of the stabilised material increased with the amount of compaction up to a limit. 

It correlated well with the change in soil density. The strength increase is attributed to the 

more efficient packing of the soil particles. The resin and soil are more intimately bound 

together and this means that the wet strength of the stabilised material was also improved. 

Water penetration is significantly reduced at higher compaction levels. 

Both the wet and dry strength of the stabilised material increased up to a plateau level as the 

resin dosage was increased. Adding increasing amounts of resin to soil containing 2 % 

bitumen showed a more complex behaviour. When just a small amount of resin was added, a 

lower strength was observed. However, at higher resin dosage levels the strength recovered. 

In general, Resins A and B resulted in the same dry strengths. On the other hand, Resin B 
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bitumen formulations showed very poor wet strength values in contrast with the results for 

Resin A. 

The strength of the stabilised soil was increased as the reaction pH was lowered from 7 to 

about 4 and this increase was enhanced by the addition of bitumen emulsion. At higher pH the 

strength decrease reached a limit, which was about the strength of the soil stabilised with 

bitumen alone. Again both Resin A and Resin B resulted in the same dry strength values, but 

when soaked the samples treated with Resin B retained very little strength. 

The dry strength of the stabilised material was not influenced by an increase in bitumen 

emulsion dosage, although there was a dramatic increase in the wet strength of Resin A 

treated soils. This might be the result of a pore blocking mechanism for the protection of the 

resin network against water. Resin B treated soils were not appreciably influenced by bitumen 

addition and had very low wet strength values. 

At a molar ratio of 2: 1 the dry strength of the Resin A and Resin B stabilised soil reached a 

maximum value. At higher molar ratios the wet strength of soil treated with Resin B was 

improved. This could indicate that Resin B did not work effectively in wet conditions in any 

of the experiments because the desired degree of polymerisation was not achieved, owing to 

an insufficient amount of formaldehyde available for bridging the addition products. 

All the bitumen emulsions resulted in adequate dry strength but most failed when soaked in 

water. Only the anionic bitumen emulsion (SS60) gave satisfactory wet strengths. 

The addition of cement to Resin A treated soil resulted in higher initial wet and dry strengths. 

Resin A also increased the strength gained from cement stabilisation of the soil. When Resin 

A has to be applied in wet conditions the addition of cement can thus be beneficial. 

The strength of the resin with bitumen was significantly increased by adding sugar to the 

citric acid, but none of the other additives tested had a positive effect on the effectiveness of 

Resin A as a soil binder. Resin A increased the strength obtained from lime stabilisation, but 

the addition of lime lead to lowering of the Resin A strength. 
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Resin B is an effective replacement for Resin A only when the dry strength is considered. It is 

recommended that creep, erodibility, as well as compression strength tests, be carried out to 

augment the results obtained here. 
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CHAPTER 4 


THE SOIL ORGANIC CONTENT 


m 

4.1 	 INTRODUCTION 

substances are most abundant naturally occurring organic macromolecules 

and are major components of the organic matter humified soils (Wilson, et al., 199 

They are also the least understood materials (Davies, Ghabbour and Khairy, 1998). 

ecause of the wide variety of precursors in a broad spectrum of biological and chemical 

of the of the and 

composition of humic are 

Not do differ in terms of origin and physical 	 e.g. their particle 

but also in terms their content. Soils from different have 

different constituent proportions of organic content, resulting from different sources and 

reaction conditions (Davies, Ghabbour and Khairy, 1998). organic 

soil properties even at low concentrations Ghabbour and 1998). 

The aim of part of the study is to make a preliminary experimental determination as to 

the organic content of the soil stabilisation. The of organic 

matter on urea-formaldehyde stabilised soil was by 

(a washed sand and the brown shale described in Appendix D). content the soil 

was artificially controlled by adding either a lignosulphonate or formaldehyde derived 

formose. The the part of soil studied this investigation was 

also considered. 

SOIL ORGANIC CONTENT 

matter (SOM) to non-living components of the organic material found 

m sediments. SOM is a mixture of unaltered such as 

fresh debris and untransformed older material, and transformed products, or humic substances 

(Davies, Ghabbour and Khairy, 1998; Kumada, 1987). 
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Humic substances are classified by their pH dependent aqueous solubility, which depends on 

the molecular mass, chemical composition and physical state (Davies, Ghabbour and Khairy, 

1998). They are classified into 3 major groups: 

• 	 Fulvic acids. Fulvic acids are the smallest constituents of humic substances with Mw < 

5000 Daltons. They are part of the dissolved organic matter and are soluble at all pH' 

values. 

• 	 Humic acids. These are highly functionalised biopolymers that can stabilise soils. Their 

adsorption on clays and minerals decreases their solubility at a specific pH. 

• 	 Humins. Bumins are insoluble at all pH values. They are "coal-like" materials that have 

an aromatic character. They are weaker metal binders and water retainers than fulvic or 

humic acids. 

Organic substances that can contribute to the humic substances in soils are the following: 

• 	 Fats and similar substances 

• 	 Carbohydrates and related substances (mono- and disaccharides, pentoses and hexoses, 

cellulose, hemicellulose and pectins etc.) 

• 	 Proteins and their derivates, amines and amino-acids 

• 	 Lignins and their derivates 

• 	 Tannic substances in simple and condensed form 

• 	 Resins and terpenes 

The amount of humic substances in soils is determined by the amount of organic material 

present and its rate of decomposition, the soil texture and climatic conditions (Beck, Jones et 

al., 1993). For any given soil type and land use the concentration of humic substances tends to 

an equilibrium value. 

The major effects of humic substances on soils are the following (Beck, Jones et al., 1993): 

• 	 Formation and stabilisation of soil aggregate structures 

• 	 Retention of plant nutrients by ion-exchange processes 

• 	 Enhancement of the buffering capacity of soils 

• 	 Improvement of water retention by soils 
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4.3 EXPERIMENTAL PROGRAMME 

For the experiments an 18 formose solution was used to act as an artificial soil 

compound. formose solution was prepared by condensing a formaldehyde solution in an 

alkaline medium et al., 1980). 100 g water was added to 100 g of a 

fonnaldehyde solution and heated to boiling point. 1 g of Ca(OH)2 was added to boiling 

mixture 15 to 20 minutes until a total 9 g was added. reaction mixture turned 

dark brown after hours. After 6 hours mixture was allowed to cool to room 

temperature. Lignosulphonate, supplied by Lignotech S.A., P. O. 743, Umkomaas, 4170, 

was to augment the results obtained with formose. 

In the experiments urea-formaldehyde was used as a soil stabilising was 

from 1 Formalin per urea. The liquid resin was prepared by adding 

water and was shaken to ensure that urea was properly 

before the experiment was continued. The source of was then added. 

that the organic additive followed, as well as an adequate amount water to 

total moisture content to that OMC of the soil Chapter 3). Citric acid was used as 

acid to the of the whole . The was added to 

I required amount and to ensure a good distribution the 

_~,..,~u.v throughout soil phase. sample was then compacted by using the Marshall 

Chapter 3) and to air-dry. all cases only dry was 

same brown was used as the previous experiments (with properties as outlined in 

Appendix D), as as a well ,,,,,N',,,,.. sand~ All were carried out at 

constant of an of about 

pH, mass and height sample were noted, are 

important in the investigation, 

first experiment the plain soil (already containing naturally occurnng humic 

substances) was used. 1, 3 and 5 (by the dry soil) of the solution was 

added to soil with enough water to total content to the OMC. 

samples were compacted and air-dried for 7 before the ITS was measured. This 

provided a control to determine whether artificial humic substance had any 
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stabilising effects of its own. The experiment was repeated by added 2 % of Resin A to the 1, 

3 and 5 % organic substance. In the next experiment 5 % lignosulphonate was used instead of 

the formose solution with and without 2 % of Resin A. 

In the third experiment the natural humic substance content of the soil was removed by 

heating it at 500°C for 30 minutes before washing it thoroughly with water. Again 1, 3 and 5 

% (by mass of the dry soil) of the formose solution was added to the washed soil as well as 

enough water to bring the total moisture content to OMC. The samples were compacted and 

air-dried for 7 days before the ITS was measured. The experiment was repeated by adding 2 

% of Resin A to the 1, 3 and 5 % organic substance. In another experiment 5 % 

lignosulphonate was used instead of the formose solution with and without 2 % of Resin A. 

Thirdly washed sand was used. 1, 3 and 5 % of the formose solution was added to the sand 

with and without 2 % of Resin A. The samples were air-dried for 7 days before their ITS were 

determined. 

4.4 RESULTS AND DISCUSSION 

~.---------------------------------------------------------------~ 

• No urea-fonnaldehyde resin added I 
.2 % urea·fonnaldehyde res in added 	 i 

250 -1- --------. -......-....-._--.. ..-......-.......-.....-.. -....... ...-.. -........_-... -----------------------------------~,. 

....................... • ............ _--_.... ..... ......• , 


200 - .------ -------------------------------------------.---------------: 

IV 
0.. - - - . - - - - - .- - - - - ­ . 
o i50 ,------------------~==~----==- - -~-r - -------------------------------~- =· = · -·-
III .-- .-- -	 • 
~ 

100 ,----------------------------------------------------------- - ------­

50 ,-------------------------------------------------------­

o~--------~----------~--------~----------~--------~--------~ 

o 	 2 3 4 5 6 

Organic solution Added (o/~ 

Figure 33 . The effect of adding a formose solution on the dry strength of the brown shale 

treated with 2 % Resin A. The samples were dried for 7 days. 
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The addition of extra humic substances had no significant effect on the strength of the soil 

stabilised with Resin A alone when the naturally occurring organic substances were present. 

Figure 33 shows that increasing the artificial humic substance concentration had no effect on 

the soil strength or the effectiveness of Resin A as a soil stabiliser. The value of 150 kPa is 

approximately the same value as for natural soil. Adding 5 % lignosulphonates raised the ITS 

to 165 kPa. In the presence of 2 % of Resin A, this value increased to 182 kPa. 

Figure 34 shows the effect of adding artificial organic substances to washed soil stabilised 

with Resin A. When the soil was stripped of its organic content it lost its natural cohesion and 

had virtually no natural strength left. Urea-formaldehyde resin without added organic content 

had no stabilising effect on the clean soil, but when formose was added the stabilising 

efficiency of the resin improved dramatically. The organic substance itself had some 

stabilising qualities, but only at higher concentrations. Addition of 5 % lignosulphonate 

resulted in an ITS of 32 kPa, but in the presence of 2 % of Resin A the value increased to 152 

kPa. This represents a dramatic improvement in soil strength. 

60 ~--------------------------------------------------- -------------~ 
.. .. .. 

• No urea-formaldehyde resin added • 
• 2 % urea-form aldehyde resin added 

50 I __ .------------------------------------------------------------------ ·~
•......... 


40 T-------------------~/~/-
/" 

/ ------------------------------------------~ 
/ / 


/ .. 
.. 
0.. 

==- 30 
If) 

t:: 

.1/ 
20 T-----~r_--------------------------------------------------------- ! 

./l 
/' 

! . -. 

10 ----/~---------------------------------------------~7~~-----· ------~ 

/ 

./O ~' ---------.==-=-- - .-- - -~--------~~--------~----------__--------~- === -----

o 2 3 4 5 6 

Organic solution added ("!o) 

Figure 34. The effect oforganic compound addition on the dry strength ofwashed soil treated 

with 2 % Resin A. The samples were dried for 7 days. 
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l.2 % urea-fonnaldehyde resin added 

2~ ,------------------------------------------------------------_c~---~ 

200 r-----------------------------------------------~~.~---------------1 

'ru' 
e. 

c1SO 1-------------------------------------~~
.----------------------------. ,.-­til 
~ 

100 

~ 

0 
0 0_2 OA 0.6 0.8 1.2 1.4 1.6 1.8 2 

Organic solution added (·/ei 

Figure 35. The effect offormose solution dry strength ofsand treated with 2 % Resin A. The 

samples were dried for 7 days. 

Figure 35 shows the effect of added formose on the stabilising effect of Resin A with sand. It 

must be kept in mind that adding urea-formaldehyde resin to washed sand had no stabilising 

effect on the soil. By adding humic substances alone resulted in a slight increase in strength, 

but the stabilised sand was very brittle and had no impact strength. The combination of urea­

formaldehyde resin with 2 % formose solution resulted in adequate strength. 

4.5 CONCLUSIONS AND RECOMMENDATIONS 

Addition of synthetic organic substances (formose and lignosulphonates) to the unstabilised 

and Resin A stabilised soils had no effect on strength. This is attributed to the naturally 

occurring humic substances being present in sufficient quantities. 

When the soil was stripped of its naturally occurring organic content, it lost all its strength. In 

the absence of this organic part, the stabilising effect of Resin A was lost as well. The natural 

stability of the soil and the stabilisation properties of the resin were recovered when the 

organic part was replenished by adding formose or lignosulphonates. Even washed sand could 
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be stabilised by such additions. It is therefore concluded that presence of appropriate 

organic matter is critical soil stabilisation with urea-formaldehyde resins. 
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CHAPTERS 


CONCLUSIONS 


The utility of two different urea-formaldehyde resins as soil stabilisers was evaluated. Resin 

A and B were prepared by reacting respectively Formalin or Inkunite® with urea in a 5:3 

mass ratio. Raman spectra showed that the final resin products (Resins A and . B) are 

chemically similar although there are small differences in the functional groups. At a pH of 

5,4 Resin A had a much longer gel time than Resin B; this translates into a longer application 

time. The final product properties for both resins were similar. This means that the same 

product properties can be obtained with different reaction times. Under appropriate reaction 

conditions, all the products were homogeneous, hard and strong with excellent water 

resistance. 

Three different amino resin products can be identified, depending on the cure pH: a strong, 

brittle solid is obtained below pH = 5,2. Above pH = 6,4 the reaction results in a powdery 

precipitate in a clear liquid. At intermediate pH values a slow-hardening gel is obtained. The 

solubility of these precipitates decreases at higher formaldehyde to urea molar ratios and 

lower pH. Gel time decreased with pH and increased with the molar ratio. 

The curing rate of Resin A was found to increase with temperature as expected. Although the 

temperature affected the reaction rate, it did not significantly influence final product 

properties. Nevertheless, the products formed at lower temperatures were slightly stronger and 

more homogeneous than those formed at higher temperatures. 

Changing the formaldehyde to urea molar ratio of Resin A to 2: 1 resulted in rapid gelling but 

it took three days for the resin to solidify completely. With a molar ratio of 1,4: 1 the reaction 

was slower at first, but solidification occurred in a shorter time. The product obtained with a 

2: 1 molar ratio was smooth, hard and crack-free. The other product was brittle and had small 

cracks. 

Addition of an anionic bitumen emulsion (SS60) to Resin A generally resulted in a better 

product, independent of the reaction conditions used, including pH. At high pH, cationic 
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bitumen (KMS60 and KRS60) also in products when 

combination with Resin B, but at pH the products were brittle. 7 water 

A-cationic combinations while the were 

unaffected. It is therefore concluded that addition bitumen emulsions did not materially 

result of the cure reactions, except slowing them down at higher pH. 

Most of the stabilisation tests were conducted a brown shale. The ultimate wet and 

dry of A and B (with or without bitumen emulsion) treated 

vu.v.uvu an optimum value when water was added to bring the soil to its OMC during 

the sample preparation stage. 

Soil stabilised with Resin A with and without bitumen emulsion had the same initial 

in strength, but the addition of resulted in maXlmum of the stabilised 

material. Full the complete removal of moisture 

A maximum 460 was when all the moisture was evaporated about 

17 to days air-drying). strength also increases to a maximum value of ca. 

160 as the moisture content is 

However, the of the material decreases as water is taken up during soaking. 

The addition of ""T11rY\"" especially case of improved the water 

significantly. 

Resin jJ-,,,a.IJl soil initially had a lower dry strength A stabilised soil. Ultimate 

values were, Resin combinations 

lower wet strengths than r-A,-r",,,,,,,,,.., Resin A and bitumen emulsion samples. 

The of the as the amount of (and thus 

density) increased and a of where density carmot 

increased. 

the wet and dry stabilised material as Resin and B 

dosage was in the case the an upper limit of 380 300 kPa, 

respectively, was reached. 
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The strength of the stabilised soil reached 380 kPa as the reaction pH was lowered from 7 to 

about 4 and this increase was enhanced by the addition of bitumen emulsion. Again both 

Resin A and Resin B resulted in the same dry strength values, but when soaked the samples 

treated with Resin B had very little wet strength. At a molar ratio of 2: 1 the dry strength of the 

Resin A and Resin B stabilised soil reached an optimum value. 

Anionic bitumen emulsion (SS60) was the only bitumen emulsion that gave satisfactory wet 

strengths with both Resin A and Resin B. Although all the different bitumen emulsions used 

provided adequate dry strength, only samples treated with SS60 did not fail when soaked in 

water. 

The addition of cement to Resin A treated soil resulted in higher initial wet and dry strength 

of the particular soil. Resin A also increased the strength gained from cement stabilisation of 

the soil (from 60 to 290 kPa). Resin A increased the strength obtained from lime stabilisation, 

but this lead to lower strengths than when Resin A was used on its own. The strength of the 

resin with bitumen was significantly increased by adding sugar to the citric acid, but none of 

the other additives had a positive effect on the effectiveness of Resin A as a soil binder. 

The addition of Resin A did not have a stabilising effect on the soil when stripped of its 

naturally occurring organic content. Only with the addition of organic substances did the 

strength of the stabilised soil increase. The same is true for the washed sand. It can be 

concluded that for the sand and soil tested, the resin is only effective when organic substances 

are present. 

This shows that the use of modified urea-formaldehyde resins can significantly improve the 

properties of the material evaluated. 
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ApPENDIXB 

BITUMEN EMULSION SPECIFICATION SHEETS 


~ATA SHE!:!" : 1110 El 

PRODUCT ANIONIC S560 (SABS 309) 

U98S Slurry IHISI6, stabilisation 01 beae and fogspravs, een be diluted to 

BxtrBmely lew binder contents for Burface enrichmBnt 

Application rate See TRH3 ­ 1986 

Sprayinglapplic8tion temperature Ambient for hand spraYIng between SO' C . 70·C ior bulk spraying 

Physi cal ~nd Chemical properties 

• 
1 Appearance· Brown 

2 Viocosity et so·e, see, Saybol: Furol 

3 Binder Content. % (mimi 

4 Re6iduo on s ievi ng. gil 00 ml 

5 S acimBntation ahar 60 complete tot3tions 

6 Coagulation valuB , % (mimi 
Dolerite Chippings 
Ponland Camenl 

L.IMITS 

MIN MAX 

50 62 

0.25 

Nil 

2 

Surface preparation Surface must be well compacted wiln no loose material. 

Package 200 litr. drums J Available at Felbitem 
Bulk I Available at Felbitem 

Point of supply Felbitem 

Conver,ion Kg to litre ; Divide by 1.00 
Litre to kg ; Multiply by 1.00 

Cleaning of hand. and 1001. Use wo.er when wet, poraffrn or suit.bl. hend cleoner if emul.ion has .el. 

Sefel)! U$e protective clQthing . Non flemmeble end non hatardou6 . 

NOTE : 

Ihis da.a ~h~et is issued a~ 8 guide to !he us. of the product(,1 concerned . and whiltit every effort i. made to en~ure the accuracy 
of the text which if; in accordance with 1ne i4le$l techniCAl d~yclopmantti we cannot 8CCCP\ responsibility for any WOlk: ctlrrit:.d OIIT 
with our materiel:5, as we have "Q control over the method of ,pplicatiCH'I u,ed, or condition of site involved . 

In viflW of the ~onstllnt res Barch and development being undertaken in our Laboratoricos we advise eustomtJrs in their own interest 
to .'\Sure that this dats sheet hft£ not been superseded bv a mOre up·to-dale publication. All products are sold subjec\ \0 our 
standard conditionS of $81e which are available on demand . 

Tel (011\902-1905 \ Fax: (011) 902-2755 P.o . BOX 14159 


Is.ued July 1995. OES -WAOeVlLU, 
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DATA SHEET . NO E3 

PRODUCT : KRS 60%., 65%, 70% (SABS 548) 

Uses 

Apphc:ation rate 

Sprayin~application 
temperatae 

Physical and Chemical 
properties. 

Chip and SfF8Y with electro negative aggegates. 
+ Tack coat for chip and SlJay. 

See TRH 3-1986. Variable depenling on type of seal. 

Ambient for hand spraying. Between 50'C - 7O"e bulk spraying. 

60 

1 Appearance - Brown Ie black 
2 Viscosity lit 5O-C, Saybolt Furol 20-50 
sec::onds 
3 Binder Content, % (rnJrn) 60·63 
4 Fluxing agent ccnten~ % (m/m) of 5 
binder, max. 
5 Residue on sieving. ~1 00 ml. max 0,25 

6 Particle chargs 
a) Modified procedure Positive 
b) Standard procedure 

7 Binder deposit on the cathode after 30 
tnin.g. min 1,0 
8 Sedimenlation after 60 complete 
rotations Nil 

65 

51 ·200 

65-{l8 

5 

0,25 

Positive 
. 

1,0 

Nil 

70 

51-400 

70-73 
5 

0,25 

Positive 

-

1,0 

Nil 

I 

SlKface preparation 

P~ckage 

Surface must be well compacted iMth no loase material. 

60 % and 85 % available in dnIns at Febtem 

60 %, 85 % and 70 % avallab1e in bulk at Felbitem 

Point of supply 

Conversion 

Cleaning of hands and tools 

Safety 

Felbitem 

Kg to litre: Divide by 1,00 
Litre III kg : Multiply by 1,00 

, 

Use water I'ilen wet p..affin or suitable hand cleaner if emulsion has set 

Use protective clothing. Non 1Iammable and non haz<Irdous. 

NOTE: 

This data sheet is issued as a guide to the use of the prcduct(s) ~. and whilst evl!ty elfcrt is made to ensure the accuracy of the 
!ext ~Jch is in accmIance with lilt! latest technical developments we CIIMot accept respcnsibi5ty for any WOI1< carried out will1 our 
materials, as """ haVe no ccrrtrol aver the method of aw1cation uSljlj, CJ' condi1ion of zite involved. 

In view of !he const.anf research and deve/~ent being undertaken in our Laboratories we advise customers in tt-.e.ir own interest to 
I!!lS1J1e that this data sheet has not been superseded by a rmre up-Io-dala publlcatian. All products en sold subject to our standard 
condition::! of sale which are a~'lliable on demand. 

Tel: (011) 902·1905 \ F;;Il(: (011) 902-2755 P.O. BOX 14159 
~ : July 1995. DES WADEVilli 
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PRODUCT: KMS 60% &65% (SASS 548) AS 
Uses ' Prartixe5 of medum or coarse grading. single sized aggregate when mixed cold. 

Used let repairing pot hojes 

Application rate :: 7Parts stone to 1part KMS 60/65 

Sprayin[1spplication t~lure Mixing at ambient lemperiltlles 

Physil:al 811d Chemical propBrties 
60 65 

1 Appearance· Brown 
2 VIScosity at 50·C, Saybolt Furol 
seconds 
3 Binder Content, %(mlm) 
4 Fluxing agBnt con lent. % (mlm) 01 
binder 
5 Residue on sieving, gil 00 mi. max 

20-50 

60-63 
5-10 

0,25 

51·200 

6S-QB 
5·10 

0,25 

6 Particle charge 
a) Mod"lfied procedlJre 
b) Standard pncedure 

Positive Positive 

7 Sedimentation alter 60 complete 
rotations 

Nil Nil 

Mix Slop mixing 'MIen aggs!JlIte is coated:: , minule. 

Package Drums 200 litre I Available : Felbrtern 
Bulk I Available : Febtem 

Point of s!.WIy Felbitem 

C<JnvBr>iion Kg to litra ; DividB by 1.00 
litre 10 kg : Multiply by , ,00 

Cleaning of haflds and tools Usa WIlier when we~ paraffin or suimble hand cleaner 

Safety Use protectivB clothing. Non ftanvnabie and non hW:lrdous. 

NOTE: 

This data shafit is issued as a guide 10 the use of the product(s) concerned, and whilst INert effort is made tn ensure the accuracy of the text 
YAlich is in accordance 'Mth lIle latest technical developments we cannot accept responsibility for any work carried out with our materials , as we 
have no ~onlrol over the method of application used. at: condition of sits invdved. 

In view of the constant research and develOfIllent being undertaken in our Laboratories we advise customers in their own interest to ensure that 
this data sheet has not been superseded 'r1y a more ~-to-daIB publication. All products all! sold subject Ie our standard conditions of sale which 
are available on demand. 

Tel ; (01 t) 902·1905 \ Fax: (Ot 1) 902·2755 P.O. BOX 14159 
Issued ; July 1995, DES WAOEVILLE 
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ApPENDIX C 


INFLUENCE OF BITUMEN EMULSION ON RESINS A AND B 
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Figure 36. Influence ofKRS60 on the viscosity ofResin A at pH 4 and 5 
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Figure 37. Influence ofKMS60 on the viscosity ofResin A at pH 4 and 5 
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30c0 ,-----~--·------------------·-----I 
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Figure 38. Influence ofSS60 on the viscosity ofResin A at pH 4 and 5 
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Figure 39. Influence ofKRS60 on the viscosity ofResin B at pH 4 and 5 
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Figure 40. Influence ofKMS60 on the viscosity ofResin B at pH 4 and 5 
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Figure 41 . Influence ofSS60 on the viscosity ofResin B at pH 4 and 5 

 
 
 



APPENDIXD 


SOIL PROPERTIES 

 
 
 



111 Appendix D: Soil Properties 

ApPENDIXD 

SOIL PROPERTIES 
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ApPENDIXE 


STATISTICAL ANALYSIS 


Influence Experiment ITS 
{gauge) 

i'ts 
(gauge) 

. ITS 
(gq\Jge) 

A.verave 
.. ITS 

VarianCe Standard 
Deviation 

Coefficient 
of Variation ' 

6.30Time 2 % Resin A, no Bitumen (dry), 4 days dried 137 121 132 130 67.00 8. 19 

2 % Resin A, no Bitumen (wet), 28 days dried 13 4 23 13 90 .33 9.50 73 .11 

2 % Resin A, 2 % Bitumen (wet), 6 days dried 180 174 156 170 156.00 12.49 7.35 

2 % Resin A, 2 % Bitumen (covered), 4 days 
dried 

25 8 3 12 133.00 11 .53 96.10 

2 % Resin B, 2 % Bitumen (dry), 17 days dried 95 127 87 103 448.00 21.17 20.55 

2 % Resin A, 2 % Bitumen, 6 hours in water 141 123 45 141 2604 .00 51 .03 36.19 

Initial 
MOisture 
Content 

2 % Resin A, 2 % Bitumen (dry), 7 days dried, 
20 g water 

113 78 103 98 325.00 18.03 18.40 

2 % Resin A, 2 % Bitumen (dry), 21 days 
dried , 50 g water 

97 171 158 142 1561.00 39.51 27.82 

2 % Resin B, 2 % Bitumen (dry) , 21 days 
dried, 50 \lwater 

78 120 168 122 2028.00 45 03 36.91 

Compaction 2 % Resin A, 2 % Bitumen (dry), 50 blows 92 78 100 90 124 .00 11.14 12.37 

Resin 
Dosage 

2 % Resin A, 2 % Bitumen (dry), 7 days dried 121 143 126 130 133.00 11 .53 8.87 

4 % Resin A, 2 % Bitumen (wet), 21 days dried 32 68 128 76 2352.00 48.50 63.81 

1 % Resin B, 2 % Bitumen (wet), 21 days dried 0 9 12 7 39.00 6.24 89.21 

Bitumen 
Dosage 

2 % Resin A, 3 % Bitumen added (dry), 7 days 
dried 

81 105 120 102 387.00 19.67 1929 

2 % Resin A, 5 % Bitumen (wet 24 h), 7 days 
dried 

39 78 87 68 651 .00 25.51 37 .52 

2 % Resin B, 2 % Bitumen (wet), 21 days dried 27 9 12 16 93 .00 9.64 60.27 

pH 2 % Resin A, 2 % Bitumen (wet), 7 days dried, 
IpH 7.33 

87 93 99 93 36.00 6.00 6.45 

2 % Resin A, 2 % Bitumen (wet), 7 days dried, 
pH 4.55 

143 127 96 122 571 .00 23.90 19.59 

2 % Resin A, 2 % Bitumen (dry) , 21 days 
dried, pH 3.85 

76 153 152 127 1951 .00 44 .17 34.78 

2 % Resin A, 2 % Bitumen (wet), 21 days 
dried , pH 6.2 

0 12 9 7 39.00 6.24 89.21 

Molar 
Ratio 

2 % Resin A, 2 % Bitumen (wet), 7 days dried , 
1.5: 1 

23 25 30 26 13.00 3.61 13.87 

2 % Resin A, 2 % Bitumen (dry), 21 days 
dried , 1:1 

136 139 124 133 63.00 7.94 5.97 

2 % Resin B, 2 % Bitumen (dry), 21 days 
dried, 2:1 

83 106 105 98 169.00 13.00 1327 

2 % Resin B, 2 % Bitumen (wet), 21 days 
dried, 3: 1 

45 27 42 38 93.00 9.64 25.38 

Type of 
Bitumen 

2 % Resin A, 2 % Bitumen (dry), KMS 60 137 67 123 109 1372.00 37.04 33.98 

2 % Resin A, 2 % Bitumen (wet), KRS 60 1 0 0 0 0.33 0.58 0.00 

2 % Resin B, 2 % Bitumen (dry), KMS 60 104 121 105 110 91.00 9.54 8.67 

2 % Resin B, 2 % Bitumen (wet), SS 60 4 7 37 16 333.00 18.25 114.05 

Cement o% Resin A with 4 % Cement, Cement 
Method (dry) 

13 34 13 20 147.00 12. 12 60 .62 

2 % Resin A with 6 % Cement, Cement 
Method (wet) 

63 43 50 52 103.00 10.15 19.52 

2 % Resin A with 2 % Cement, Experimental 
Method (dry) 

45 48 72 55 219.00 14.80 26.91 

Lime 0 % Resin A with 4 % Lime, Lime Method (wet) 0 3 9 4 21.00 4.58 114.56 

2 % Resin A with 4 % Lime, Experimental 
Method (wet) 

12 8 19 13 31.00 5.57 42.83 
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ApPENDIXF 

EXPERIMENTAL DATA 


Influence of Time on Stabilised Soil Properties 

2 % Resin A, no Bitumen emulsion (dry) 
Time dried (daY'l) pH Mass (g) Dry mass (g) Water lost (%) Height (m) Density (kglm3) ITS (gauge) ITS (kPa) 

0.25 4.54 975 969 0.62 0.056 2148.62 45 115.41 

1 4.52 969 939 3.10 0.055 2174.22 40 102.59 

2 4.53 969 928 4.23 0.055 2174.22 18 46.16 

3 4.53 971 928 4.43 0.055 2178.71 60 153.88 

4 4.5 975 920 5.64 0.056 2148.62 130 333.40 

6 4.51 974 911 6.47 0.056 2146.42 110 282.11 

8 4.52 975 909 6.77 0.056 2148.62 120 307.76 

17 4.52 973 903 7.19 0.056 2144.21 130 333.40 

24 4.56 978 906 7.36 0.056 2155.23 124 318.02 

60 4.54 976 904 7.38 0.056 2150.82 130 333.40 

2 % Resin A, no Bitumen emulsion (wet) 
Time dried (daY'l) pH Mass (g) Dry mass (g) Water lost (%) Height (m) Density (kglm3) ITS (gauge) ITS (kPa) 

0.25 4.54 973 968 0.51 0.056 2144.21 0 0.00 

1 4.52 970 940 3.09 0.056 2137.60 0 0.00 

2 4.53 969 930 402 0.055 2174.22 0 0.00 

3 4.53 971 929 4.33 0.056 2139.80 0 0.00 

4 4.5 972 915 5.86 0.056 2142.01 0 000 

6 4.51 969 909 6.19 0.055 2174.22 6 15.39 

8 4.52 972 903 7.10 0.055 2180.95 6 15.39 

17 4.52 971 900 7.31 0.055 2178.71 12 30.78 

28 4.56 970 901 7.11 0.055 2176.47 13 33.34 

60 4.54 969 899 7.22 0.055 2174.22 31 79.50 

2 % Resin A, 2 % Bitumen emulsion (dry) 
Time dried (daY'l) pH Mass (g) Dry mass (g) Water lost (%) Height (m) Density (kglm3) ITS (gauge) ITS (kPa) 

0.25 4.52 979 976 0.31 0.056 2157.43 38 53.00 

1 4.53 977 940 3.79 0.056 2153.03 12 89.00 

2 4.54 975 940 3.59 0.055 2187.69 21 154.00 

3 4.53 977 929 4.91 0.056 2153.03 96 189.00 

4 4.53 973 919 5.55 0.055 2183.20 38 226.00 

6 5.45 974 917 5.85 0.056 2146.42 95 243.64 

8 4.56 972 912 6.17 0.055 2180.95 105 269.29 

17 5.55 976 902 7.58 0.056 2150.82 172 433.24 

24 4.53 969 899 7.22 0.055 2174.22 180 461.64 

60 4.53 973 901 7.40 0.055 2183.20 175 448.81 

2 % Resin A, 2 % Bitumen emulsion (wet) 
Time dried (daY'l) pH Mass (g) Dry mass (g) Water lost (%) Height (m) Density (kglm3) ITS (gauge) ITS (kPa) 

0.25 4.52 981 977 0.41 0.057 2123.91 0 0.00 

1 4.53 978 940 3.89 0.056 2155.23 10 25.65 

2 4.54 971 942 2.99 0.055 2178.71 20 51.29 

3 4.53 972 931 4.22 0.055 2180.95 40 102.59 

4 4.53 974 924 5.13 0.055 2185.44 100 256.46 

6 5.45 974 919 5.65 0.055 2185.44 170 435.99 

8 4.56 970 912 5.98 0.055 2176.47 170 435.99 

17 5.55 975 911 6.56 0.056 2148.62 175 448.81 

24 4.53 970 902 7.01 0.055 2176.47 174 446.25 

60 4.53 975 904 7.28 0.056 2148.62 170 435.99 
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2 % Resin A. no Bitumen emulsion (covered) 
Time dried (days) pH Mass (g) Dry mass (g) Water losl (%) Height (m) Density (kg/m3) ITS (gauge) ITS (kPa) 

0 .25 4 .5 979 976 0 .10 0.057 2119 .56 0 0.00 
1 4 .53 975 961 1.44 0 .056 2146 .62 0 0.00 

2 4.53 972 957 1.54 0 .055 2160 .95 14 35.90 

3 4.56 969 946 2.17 0.055 2174 .22 10 25.65 

4 4.52 974 946 2 .67 0.055 2165.44 12 30.76 

6 4.5 973 945 2.66 0.055 2163.20 17 43.60 

6 4.5 979 941 3.66 0.056 2157.43 14 35.90 

17 4.49 980 935 4.59 0.057 2121.75 22 56.42 

24 4.48 973 936 3.60 0.055 2183.20 35 89 .76 

60 4.51 974 934 4.11 0.056 2146.42 60 153.88 

2 % Resin A. 2 % Bitumen emulsion (covered) 
Time dried (days) pH Mass (g) Dry mass (g) Water losl (%) Height (m) Density (kg/m3) ITS (gauge) ITS (kPa) 

0.25 4 .5 981 981 0.00 0.057 2123 .91 1 2.56 
1 4 .53 980 975 0.51 0.057 2121 .75 14 35.90 

2 4 .53 976 973 0.31 0.056 2150 .82 17 43.60 

3 4 .56 976 965 1.33 0.057 2117.42 22 56.42 
4 4 .52 976 956 2.25 0.056 2155 .23 12 30.78 

6 4 .5 980 953 2.76 0 .057 2121 .75 25 64.12 

8 4.5 970 948 2.27 0 .055 2 176.47 17 43.60 
17 4.49 975 949 2.67 0 .056 2148.62 21 53.86 

N 4.40 ~70 930 3.51 0 .055 1:170.47 CO 76.34 
60 4.51 975 937 3 .90 0 .056 2146 .62 52 133.36 

2 % Resin B. no Bitumen emulsion (dry) 
Time dried (days) pH Mass (g) Dry mass (g) Water lost (%) Height (m) Density (kg/m3) ITS (gauge) ITS (kPa ) 

0.25 4.5 973 970 0.31 0.055 2183.20 12 30.78 
1 4.51 970 952 1.86 0.055 2176.47 10 25.65 
2 5.49 974 950 2.46 0.056 2146.42 38 97.46 

3 4.48 970 945 2.58 0.055 2176.47 41 105.15 

4 4.48 976 946 3.07 0.056 2150.82 90 230.82 

6 4 .5 974 925 5.03 0.056 2146.42 88 225.69 
8 4 .51 974 921 5.44 0.055 2185.44 91 233.38 
17 4 .51 969 910 6.09 0.055 2174.22 100 256.46 

24 4.51 976 909 7.06 0 .056 2155.23 125 320.58 

60 4 .55 970 902 7 .01 0.055 2176.47 142 364.18 

2 % Resin B. 2 % Bitumen emulsion (dry) 
Time dried (days) pH Mass (g) Dry mass (g) Water los t (%) Height (m) Density (kg/m 3) ITS (gauge) ITS (kPa) 

0 .25 4.53 970 968 0.21 0.056 2137 .60 12 30.78 

1 4.56 972 955 1.75 0 .055 2180.95 22 56.42 

2 4.5 975 950 2.56 0 .056 2146 .62 24 61 .55 

3 4.5 975 948 2.77 0 .056 2148.62 20 51 .29 

4 4.51 970 942 2.89 0.055 2176.47 34 87 .20 
6 4.51 980 934 4.69 0.057 2121.75 80 205 .17 

8 4.48 981 927 5.50 0.057 2123 .91 97 248 .77 
17 4.51 976 911 6.66 0.056 2150.82 103 264 .16 

24 4.55 980 907 7.45 0.056 2159.64 120 307.76 
60 4.51 981 912 703 0.056 2161 .84 118 302.63 

2 % Resin A, 2 % Bitumen emulsion (dried for 7 days) 
Time in wa ter (h) Mass (g) Dry mass (g) Water lost (%) Wet mass (g) Water in (%) Height (m) Density (kg/m3) ITS (gauge) ITS (kPa) 

1 960 904 .6 5 .77 914 .2 1.06 0.055 2154.03 156 400.06 

6 970 915 5 .67 946.4 3 .44 0.057 2100.10 141 348 .93 

24 964 909 5.71 956.8 5.25 0.056 2124.38 123 304 .38 
48 962 909 5.51 973.5 7 .10 0 .055 2158.52 78 200.04 

192 954 902 5.45 976.6 8.27 0 .054 2180 .21 15 37.12 

Influence of Initial Total Moisture Content 

2 % Resin A, no Bitumen emulsion (dry) 
Tim e dried (days) Water added (g) Tolal moisture (%) Mass (g) Dry mass (g) Water lost (%) Height (m) Density (kg/m3) ITS (gauge) IT S (kPa) 

7 30 6.6 942 903 4 .32 0.058 1921.33 83 201 .85 

7 40 7.6 942 892 5 .6 1 0.057 1931.23 95 235.09 

7 50 8.6 945 896 5.80 0.056 1974.53 85 214 .10 

7 60 9.6 949 894 6.15 0.056 1970.12 80 201.51 

7 70 10.6 942 886 6 .32 0.057 1918.23 70 170.24 

7 80 11 .6 940 876 7.31 0.057 1896.58 75 188.91 

7 90 12.6 938 867 8 .19 0.058 1844.74 73 168.80 

2 % Resin A. 2 % Bitumen emulsion (dry) 
Time dried (days) Water added (g) Total moisture (%) Mass (g) Dry mass (g) Water lost (%) Height (m) Density (kg/m3) ITS (gauge) ITS (kPa) 

7 20 6 .6 947 908 4 .30 0.058 20 14 .95 98 238 .33 

7 30 7.6 948 900 5 .33 0 .057 2052.47 93 230 .14 

7 40 8 .6 953 903 5 .54 0 .056 2100.14 84 211.58 

7 50 9.6 952 894 6.49 0 .056 2097.93 65 163.72 

7 60 10.6 948 884 7 .24 0.057 2052.47 75 185.60 

7 70 11 .6 946 881 7 .38 0.058 2012.83 74 179.97 

7 80 12.6 945 875 8.00 0.058 2010.70 70 170.24 
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19t:<l3 

316,76 

0,059972 925.2 5.re 14 33.47 
7,36 0,056976 909.1 2150.82 16 40,30 

0,057 2130,41984 917 7.31 7 

Bled of ConlJaction 

Bled of Resin Dosage on Stabilisation 

%Bitll1'B1 errUsion 

4.5 

7 
7 
7 

7 

7 

0,057 2117.42 26 
2 976 920,5 5,1')3 1001 8.75 0.057 2113,09 85 

25 47.5 9725 918,7 553 978 6,45 0,057 2105,51 100 
3 45 975 920 5.64 985 707 0,057 2110,92 105 

21 days drying: 

Fe3inadJaj %) 

454 1 55 

4,5 2 50 
4,51 4 40 
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le;in B, 2 %BitllTB1 emJsion (ay) 
1Irredioo(<i¥) r:H R9sin ai:Dj (%) INa..-ai:Dj (g) MIss (g) Ctyrrre; (g) INa..-lcst (%) I-Bg'1 (m) ClrSty (l<g'nil) rrs(~) ITS (kRl) 

21 4.55 1 55 971 800 7.52 0,(J51 21OZ33 B2 202.92 

21 4.52 2 50 970 904 6,00 0,056 2137,60 122 :!tJ7 .:!tJ 

21 4.5 4 40 978 903 7,67 0.058 2C6J.91 124 :!tJ1.57 

le;in B, 2 %BitllTB1 emJsion (v.ett 
1Irreclioo (<i¥) r:H R9sinai:Dj (%) INa..-ai:Dj (g) MIss (g) Cty rrre; (g) INa..- lcst (%) Wi rrre; (g) INa..- in (%) I-Bg'1 (m) ClrSty(l<g'nil) rrs(~) rrs(I<?l) 

21 4,54 1 55 972 901 7.:!tJ 1001 11.10 0,058 ;n;a,15 7 17,02 

21 4,5 2 50 976 900 6,00 fMT 8,58 0,056 21 50,82 16 4O,:!tJ 

21 4,51 4 40 9€8 897 7,33 994 10.81 0,(J51 'XJd5,77 21 51.97 

Effect of BitLrrel1 EnUsion I:bsage on Stabilisation 

2 % le;in A BitllTB1 emJsion adOOd (eiy) 
Tlrre dioo (<i¥) r:H sturm ai:Dj(%) INa..-ai:Dj (g) MIss (g) Ctyrrre; (9) INa..-lcst (%) I-Bg'1 (m) ClrSty (l<g'nil) rrs(~) rrS(kRl) 

7 4,5 0 60 800,5 824 6.95 0,051 21 4270 92 254,45 

7 4,5 1 55 9€8 905 6,31 0,055 2167,49 101 2!'B,03 

7 4.47 2 50 9€8 915 5.57 0,055 21 74,22 93 238,51 

7 4,55 3 45 975 923 5,33 0,054 2228,aJ 102 336.44 

7 4,55 5 36 976 921 5.64 0,(J51 2113,09 96 237,57 

2 %le;in A BitllTB1 emJsion (v.et 1 h) 
1Irredioo(<i¥) r:H sturm ai:Dj (%) INa..-ai:Dj (g) MIss (g) Cty rrre; (g) INa..- lcst (%) Wi rrre; (g) 'Na..-in(%) I-Bg'1 (m) ClrSty(l<g'nil) rrs(~) rrs(I<?l) 

7 4,55 ° 60 978 003 7,16 Brd<e - 0,059 aJ45,64 ° 0,00 

7 4,5 1 55 944 878 6,99 946 7.74 0,056 2C6J.:!tJ 1aJ 302,26 

7 4,46 2 50 970 912 5,98 973 6,69 0,055 2176.47 95 243.64 

7 4.47 3 45 972 926 4.73 954 3,02 0,054 2221.34 102 336.44 

7 4,53 5 36 973 924 5,04 954 3,25 0 ,(J51 2106,59 103 254,89 

2 %le;in A BitlllBl emJsion (v.et 24 h 
1Irredioo(<i¥) r:H sturm ai:Dj (%) INa..-ai:Dj (g) MIss (g) Ctyrrre; (9) INa..- lcst (%) Wi rrre; (g) INa..-in (%) t-ag'1 (m) ClrSty (~nil) rrs(~) rrS(kRl) 

7 4,52 0 60 978 904 7,57 Brd<e - 0,059 aJ45,64 ° 0,00 

7 4,5 1 55 975 912 6,46 967,5 4,99 0,058 aJ74,53 aJ 48,64 

7 4,5 2 50 977 921 5.73 ge:J 4.23 0,059 2043.55 10 23.91 

7 4.55 3 45 978 928 5, 11 975 5,06 0,058 2C6J.91 60 145.92 

7 4,54 5 36 977 934 4.40 ge:J 278 0.059 2043.55 68 162,57 

2 %le;in A BitllTB1 emJsion (v.et 48 h 
1IrrediOO(<i¥) r:H s turm ai:Dj (%) INa..-ai:Dj (9) MIss (g) Ctyrrre; (g) INa..-lcst (%) Wi rrre; (9) INa..-in(%) I-Bg'1 (m) ClrSty (~nil) rrs(~) rrS(kRl) 

7 4.55 ° 60 978 903 7,67 Brd<e - 0,059 aJ45.64 ° 0,00 

7 4.5 1 55 972 906 6.79 975 7.62 0.058 aJ68.15 19 46,21 

7 4,46 2 50 977 919 5.94 goo 7,29 0,059 2043,55 aJ 47.82 

7 4.47 3 45 977 928 5.02 958 3.23 0,058 aJ7878 45 109.44 

7 4,53 5 36 900 934 4,69 959 2.68 0,058 2006, 17 00 194.56 

21 days d'yirg: 

2 %le;in A BitllTB1 emJsion (ay) 


1Irredioo(<i¥) r:H Sturmai:Dj (%) INa..-ai:Dj (g) MIss (g) Ctyrrre; (9) INa..- lcst (%) t-ag'1(m) D;n;ity(l<g'nil) rrs(~) rrs(I<?l) 
21 4,56 2 50 981 91 1 7,68 0,056 2161.84 142 357.68 
21 4.44 3 45 967 900 7.44 0.058 aJ57,51 144 350.21 

21 4.55 5 36 9€8 905 6.84 0.058 aJ59,64 133 3:!tJ.75 

2 % le;in A BitlllBl emJsion (v.et) 
1Irredioo (<i¥) r:H Sturm a::tB:J(%) INa..-ai:Dj (9) MIss (g) Ctyrrre; (g) INa..-Ia;I(%) Wi rrre; (9) INa..- in (%) t-ag'1 (m) D;n;ity(l<g'nil) rrs(~) rrs(l<?l) 

21 4,56 2 50 970 901.8 7,56 900,00 9.23 0.055 2137.60 47 118.39 

21 4,52 3 45 goo 923 6.83 800 8.13 0.06 2028.00 78 183.37 

21 4,5 5 36 966 904 6.75 9€8 7.08 0.059 aJ18 45 85 203.22 

2 %le;in B, BitlllBl emJsion (ay) 
1Irredioo (<i¥) r:H s turm ai:Dj (%) INa..-a::tB:J(g) MIss (g) Ctyrm;s(g) INa..-lcst (%) t-a g'1 (m) ClrSty(l<g'nil) rrs(~) rrs (I<?l) 

21 4.56 2 50 970 904 6.00 0.056 2137,600954 122 307.:!tJ 

21 4,44 3 45 9€8 907 6.73 0.058 aJ59.64 1:!tJ 316. 16 

21 4,56 5 36 971 914 6.24 0,058 2006,02 131 318.59 

2 %le;in B, BitlllBl emJsion (v.ett 
Tlrredioo(<i¥) r:H sturm ai:Dj (%) INa..- ai:Dj(g) MIss (9) Ctyrrre; (9) INa..-lcst (%) Wi rrre; (g) INa..- in(%) t-ag'1 (m) D;n;ity (l<g'nil) rrs(~) rrS(kRl) 

21 4.43 2 50 976 900 6,00 fMT 8.58 0,056 2150,82 16 4O,:!tJ 

21 4.48 3 45 966 907 6.39 900 8,05 0,058 d)53,25 26 63.23 

21 4.6 5 36 972 914 6.36 972 6,36 0.059 =09 27 64,55 
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Influence of pH on Stabilisation 

2 % Resin A, no Bitumen emulsion (dill 
Time dried (days) pH Mass (g) Dry mass (g) Waler losl (%) Heighl(m) Density (kglm3) ITS (gauge) ITS (kPa) 

7 4.38 975 920 5.64 0.058 2074.53 130 316.16 

7 5.41 971 918 5.46 0.058 2066.02 118.5 288.19 

7 6.85 972 907 6.69 0.058 2068.15 11 2.3 273.11 

2 % Resin A. 2 % Bitumen emulsion (dry) 
Time dried (days) pH Mass (g) Dry mass (g) Water lost (%) Height(m) Density (kglm3) ITS (gauge) ITS (kPa) 

7 7.33 885.5 830 6.27 0.055 1986.87 108 276.98 

7 6.38 966 907 6.11 0.055 2167.49 110 282. 11 

7 5.28 969 917 5.37 0.055 2174.22 114 292.37 

7 4.5 975 923 5.33 0.055 2187.69 140 359.05 

7 4.16 976 927 5.02 0.055 2189.93 150 384.70 

2 % Resin A. 2 % Bitumen emulsion (wet) 
Time dried (days) pH Mass (g) Dry mass (g) Water lost (%) Height(m) Densi ly (kglm3) ITS (gauge) ITS (kPa) 

7 7.33 968 904 6.61 0.055 2171 .98 93 238.51 

7 6.38 944 878 6.99 0.055 2118. 13 95 243.64 

7 5.28 970 919 5.26 0.055 2176.47 109 279.55 

7 4.5 972 923 5.04 0.055 2180.95 122 312.89 

7 4.16 973 921 5.34 0.055 2183.20 132 338.53 

21 days drying: 

2 % Resin A, 2 % Bitumen emulsion (dry) 


Time dried (days) 

21 

21 

21 

pH 

6.18 

4.55 

3.85 

Mass (9) 

961 

981 

970 

Dry mass (g) 

687 

915 

903 

Water lost (%) 

7.70 

6.73 

6.91 

Height (m) 

0.055 

0.056 

0.055 

Density (kglm3) 

2156.27 

2161.84 

2176.47 

ITS (gauge) 

84 

120 

147 

ITS (kPa) 

215.43 

302.26 

377.00 

2 % Resin A 2 . % Bitumen emulsion (wet) 
Time dried (days) pH Mass (g) Dry mass (g) Water losl (%) Heighl (m) Density (kglm3) ITS (gauge) ITS (kPa) 

21 6.18 975 903 7.38 0.055 2187 .69 77 197.48 

21 4.55 970 906 6.60 0.057 2100.10 95 235.09 

21 3.85 972 907 6.69 0.055 2180 .95 108 276.98 

2 % Resin B. 2 % Bitumen emulsion (dry) 
Time dried (days) pH Mass (g) Dry mass (g) Waler losl (%) Heighl(m) Density (kglm3) ITS (gauge) ITS (kPa) 

21 6.2 978 907 7.26 0.056 2155.23 97 244.33 

21 4.55 971 907 6.59 0.056 2139.80 107 269.52 

21 3.9 970 910 6.19 0.058 2063.89 131 318.59 

2 % Resin B, 2 % Bitumen emulsion (wet) 
Time dried (days) pH Mass (g) Dry mass (g) Waler IOSI (%) Height (m) Density (kglm3) ITS (gauge) tTS (kPa) 

21 6.2 970 901 7.11 0.056 2137.60 7 17.63 

21 4.55 976 915 6.25 0.056 2150.82 18 45.34 

21 3.9 971 904 6.90 0.055 2178.71 21 53.86 

Influence of Urea to Formaldehyde Ratio on Stabilisation 

2 % Resin A, 2 % Bitumen emulsion (dry) 
Time dried (days) Molar ralio (F:U) Mass (g) Dry mass (g) Water lost (%) Heighl(m) Density (kglm3) ITS (gauge) ITS (kPa) 

7 1 973 923 5.1 4 0.057 2106.59 80 197.97 

7 1.5 978 917 6.24 0.055 2194.42 86 220.56 

7 2 978 921 5.83 0.055 2194.42 90 230.82 

7 3 976 918 5.94 0.058 2076.66 78 189.69 

7 4 974.5 904 7.23 0.056 2147.52 72 181.36 

2 % Resin A, 2 % Bitumen emulsion (wet) 
Time dried (days) M<>ar ratio (F:U) Mass (g) Dry mass (g) Water losl (%) Wet mass (g) Water in (%) Height(m) Density (kglm3) ITS (gauge) ITS (kPa) 

7 1 979 921.00 5.92 958.5 4.07 0.059 2047.73 18 43 .03 

7 1.5 978 919.00 6.03 952 3.59 0 .056 2155.23 26 65.49 

7 2 980.5 920.00 6.17 956 3.91 0 .056 2160.74 33 83.12 

7 3 977.5 917.00 6. 19 972 6.00 0 .058 2079.85 18 43.78 

7 4 975.5 907.00 7.02 986 8.71 0.055 2188.81 12 30.78 

21 days drying: 

2 % Resin A, 2 ~o Bitumen emu slon Iry)
I' (d) 

Time dried (days) Molar ralio (F:U) Mass (g) Dry mass (g) Waler lost (%) Height (m) Density (kglm3) ITS (gauge) ITS (kPa) 

21 1 961 903 6.04 0.056 2117.77 108 272.04 

21 2 970 904 6.80 0.058 2063.89 133 323.45 

21 4 970 902 7.01 0.059 2028.91 83 198.43 

2 % Resin A, 2 % Bitumen emulsion (wet) 
ITS (kPa) 

21 

Height (m) Density (kglm3) ITS (gauge) Wet mass (g) Water in (%)Dry mass (g) Water lost ('!o)Mass (g)Time dried (days) Motar raUo (F:U) 
86.07 

74 

2041.46 360.0597.34980913 6.459761 
176.922018.45 

2022.63 

0.0597.566.74 968900965221 
17 40.640.0598.009726.93 900967421 
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Influence of the Type of Bitumen EmJlsion on the Effectiveness of the Resin 

2 % Resin A, 2 % Biturren errulsion (dry) 
Twe d E'i1l1TlEl1 nrre moo (day.; pH rvtlss(g) Dyrrass (g) Wale: 1a;1 (%) ra(j1t(m) Deffity (kg'm3) ITS (!J3U99) ITS(kPa) 

SS60 21 4.55 981 915 6.73 0.056 2161.84 142 357.68 

KMS60 21 4.35 973 911 6.37 0.057 2106.59 109 269.74 

KRS60 21 4.31 977 911 6.76 0.057 2115.25 128 316.76 

2 % Resin A, 2 % Biturren errulsion (-.wt) 
Twe d E'i1l1TlEl1 Tirre moo (day.; pH rvtlss(g) Dyrrass (g) Wale: 1a;1 (%) WfJ. rrass (g) Wale:in(%) rag-rt(m) Deffity (kg'm3 ITS (g3uge) ITS(kPa) 

SS60 21 4.55 970 908 6.83 985 8.48 0.056 2137.60 87 219.14 

KMS60 21 4.35 969 909 6.60 992 9.13 0.057 2097.93 4 9.90 

KRS60 21 4.31 971 908 6.94 Brd<e - 0.057 2102.26 0 0.00 

2 % Resin B, 2 % Biturren em..dsion (dry) 
T we d E'i1l1TlEl1 nrre moo (day.; pH Mlss (g) Dyrrass (g) 1/IIj,e: 1a;1 (%) rag-rt(m) Deffity (kg'm3) ITS (g3uge) ITS(kPa) 

SS60 21 4.61 973 909 6.58 0.056 2144.21 94 Z3S.77 

KMS60 21 4.45 973 907 6.78 0.055 2183.20 110 282.11 

KRS60 21 4.32 975 910 6.67 0.057 2110.92 102 252.41 

2 % Resin B, 2 % Bitumen erTlJlsion (\Wt) 
T we d E'i1l1TlEl1 Tirre moo (day.; pH rvtlss (g) Dyrrass (g) 1/IIj,e:1a;1(%) WfJ. rrass (g) 1/IIj,e:in (%) rag-rt(m) Density (kg'm3 ITS (g3uge) ITS(kPa) 

SS60 21 4.61 976 909 6.86 982 8.03 0.057 2113.09 16 39.59 

KMS60 21 4.45 977 911 6.76 Brd<e - 0.057 2115.25 0 0.00 

KRS60 21 4.32 973 913 6.17 Brd<e - 0.057 2106.59 0 0.00 

Influence of Cement on the Soil Strength when Corrbined with Resin 

o%Resin A with Cerrent, Standard IVk:lthod (dry) 
Tirre (day.;) D;:sage,% rvtlss (9) rag, m Deffity (k( m3 ITS (!J3U99) ITS kPa 

7 2 949 0.066 1774.46 15 32.06 

7 4 950 0.066 1776.33 20 42.74 

7 6 953 0.064 1837.62 45 99.18 

0% Resin A with Cerrent, Standard IVk:lthod (\Wt) 
Tirre (d<fflJ o:;aqe I % M3ss (oJ raq, m Density(k( m3 ITS (!J3U99) ITS (kPa) 

7 2 961 0.065 1824.54 4 8.68 

7 4 951 0.065 1805.55 15 32.55 

7 6 966 0.065 1834.03 30 65.10 

2 % Resin A with Cerrent, Standard IVk:lthod (dry) 
Tirre (d<fflJ c:saQe I % Mlss (OJ Me'ld OJ ra m Deffitv(k()'m3 ITS(qauqeJ ITS kPa 

7 2 960 1016 0.059 2007.99 4 9.56 

7 4 969 1009 0.06 1993.04 30 70.53 

7 6 963 1014 0.059 2014.27 120 286.89 

2 % Resin A with Cerrent, Standard IVk:lthod (\Wt) 
Tirre (day.;) D;:sage(%) Mlss (9) Me'ld (9) ragi(m) Deffity (kg'm3 ITS (g3uge) ITS(kPa) 

7 2 964 1023 0.059 2016.36 3 7.17 

7 4 958 997 0.059 2003.81 25 59.77 

7 6 967 1001 0.059 2022.63 52 124.32 

2 % Resin A with Cerrent, Experirrental IVk:lthod (dry) 
Ti rre (day.;) D;:sage(%) Mlss (9) Me'ld (9) ragi(m) Deffity (kg'm3 ITS (g3uge) ITS(kPa) 

7 2 970 920 0.06 1995.09 55 129.30 

7 4 956 912 0.059 1999.63 122 291.67 

7 6 969 929 0.06 1993.04 142 333.83 

2 % Resin A with Cerrent, ExperirrentallVk:lthod (\Wt) 
Tirre (day.;) D;:sage(%) Mlss (g) Me'ld (g) ra(j1t(m) Deffity (kg'm3 ITS (g3uge) ITS(kPa) 

7 2 966 916 0.06 1986.87 15 35.26 

7 4 958 915 0.059 2003.81 70 167.35 

7 6 966 925 0.06 1986.87 98 230.39 

 
 
 



121 Appendix F: Experimental Data 

The Influence of Lime on Resin 

o% Resin A with Lime, Standard Method dry) 
Time (days) Dosage (%) Mass (g) Mend (g) Height (m) Density (kglm3) ITS (gauge) ITS (kPa) 

7 2 961 997 0.061 1944.18 3 6.94 

7 4 894 931 0.056 1970.12 3 7.56 

7 6 950 987 0.06 1953.96 2 4.70 

o% Resin A with Lime, Standard Method wet) 
Time (days) Dosage (%) Mass (9) M end (g) Height (m) Density (kglm3) ITS (gauge) ITS (kPa) 

7 2 968 998 0.061 1958.34 6 13.87 

7 4 955 988 0.06 1964.24 4 9.40 

7 6 956 998 0.06 1966.30 4 9.40 

2 % Resin A with Lime, Ex ~erimental Method (dry) 
Time (days) Dosage (%) Mass (g) M end (g) Height (m) Density (kglm3) ITS (gauge) ITS (kPa) 

7 2 952 898 0.06 1958.07 43 101 .09 

7 4 959 906 0.06 1972.47 40 94.04 
7 6 970 919 0.061 1962.39 45 104.06 

2 % Resin A with Lime, Ex~erimental Methodlwetl 
Time (d~) Dosage(%) Mass (g) Mend (g) Height (m) Density (kglm3) ITS (gauge) ITS(kP~ 

7 2 957 904 0.059 2001.72 16 38.25 
7 4 969 917 0.06 1993.04 13 30.56 
7 6 960 909 0.06 1974.53 13 30.56 

The Influence of Organic Substances on the Resin 

00/. R . A 'th I " "I H "d dd d 0 esm WI plam SOl, umlc aCI sa e 
Time (days) Mass (g) M end (g) Height(m) Density (kg/m ITS (kPa)HAadded (%) water added (%) ITS (gauge) 

7 1 6 1002 934 0.06 2060.91 60 141.06 

7 3 4 1010 947 0.06 2077.37 63 148.11 

7 5 2 1024 960 0.06 2106.16 70 164 .56 

2 % Resin A with plain soil, Humic acids added 
Time (days) HA Dosage (%) water added (%) Mass (g) M end (g) Height (m) Density (kg/m ITS (gauge) ITS (kPa) 

7 1 4 1025 963 0.062 2040.21 107 243.43 

7 3 2 1023 988 0.061 2069.61 100 231.24 

7 5 0 1022 970 0.061 2067.59 98 226.61 

o% Resin A with washed soil , Humic aCids added 
Time (days) HAadded (%) water added (%) Mass (9) M end (g) Height (m) Density (kglm3) tTS (gauge) tTSJkPa) 

7 1 6 1002 934 0.06 2060.91 0 000 
7 3 4 1010 947 0.06 2077.37 0 0.00 
7 5 2 1024 960 0.06 2106.16 5 11 .75 

2 % Resin A with washed soil , Humic acids added 
Time (days) HA Dosage (%) water added (%) Mass (9) Mend (g) Height (m) Density (kglm3) ITS (gauge) ITS (kPa) 

7 1 4 848 800 0.05 2093.00 10 28.21 

7 3 2 1003 950 0.055 2250.51 20 51 .29 

7 5 0 1004 945 0.063 1966.69 25 55 .97 

Time (days) waler added (%) 

7 5 
7 o 

2 % Resin A with washed sand , Humic acids added 
Time (days) HA added (%) water added (%) Mass (g) Mend (g) Height (m) Density (kglm3) ITS (gauge) ITS (kPa) 

7 0 3 1002 934 0.06 2060.91 0 0.00 

7 1 2 1010 947 0.06 2077.37 60 141.06 

7 2 1 1024 960 0.04 3159.24 75 264.48 

 
 
 


