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My journey started with visiting Dr Price in Melbourne where I spent 4 days learning the mixing 

procedure and the basic chemistry behind CIPS. Back in Sweden the work with gathering a more 

extended understanding of the chemical procedures started at the same time as I needed to come up 

with the setup for how to construct the laboratory test cores as well as the injection system to be used 

in the field.  

I have single handily designed and build the acrylic cylinders which can be filled with sand and 

injected to create cores out of multiple treatments. The later unconfined compressive strength tests 

where later conducted by myself after I learnt how to control the testing equipment. KTH The Royal 

Institute of Technology with its kind teachers helped teaching me how this testing equipment worked. 

It took quiet a lot of time and effort to first figure out the design of the pumping system, but most of 

this time was spent comparing and casing down the right components to fit into this system. When the 

pumping system was put together I and Morgan added the final component, the injection spear which 
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After the calibrations of the pumping system it was time for injecting the CIPS Fluid into the ground 

and hope for the sought after cementing effect. In order to investigate whether any increase in strength 

had taken place I had to get my boots on and grab a shovel. The almost 2 meter deep pit was carefully 

dug by hand until I could examine and establish the pleasing result of a cementing effect which had 

bonded the soil particles and increased the strength.  
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Abstract 

The precipitation system CIPS (Calcite In-situ Precipitation System) has been created as a permeation 

grouting system based on a two component fluid with the intention of slowly permeate  and fill the 

pores. It causes cementation through a chemical reaction which bonds the soil particles together at the 

contact points. CIPS mimics one of the natural reactions in nature where sandstone is formed through 

calcite precipitation. This system is used in Australia with excellent results and there are many factors 

governing the outcome of the method, some of these factors are: flow rate, pressure, time, chemical 

recipe, temperature, composition of the soil matrix and number of performed injections at the same 

point of location. Some of these factors have been the focus of this report and where they have been 

examined from a Scandinavian point of view where our ground temperature conditions and soil 

compositions have governed the outcome of the accomplished results.  

The strength increase has been examined through laboratory tests where natural sand from a building 

site with known particle size and dry density has been treated once with the CIPS Fluid. This treatment 

was completed in a temperature controlled room of 12 degrees after which the treated soil was tested 

by unconfined compression tests. Even a rather low increase in bearing capacity of the soil would 

result in benefits during the construction of temporary constructions during the early building stages 

foundation work.  Since the desired increase in bearing capacity of the soil is fairly low, 50-100 kPa, 

the investigations has concentrated on one single injection, in order to study if there is a clear trend in 

the increase in bearing capacity, and if it can be roughly predicted.  

In addition to the above mentioned laboratory work a small scale field test has been conducted, where 

the CIPS Fluid was injected into the ground with the aim of creating a column shaped object. This 

column was left for a certain time, a time long enough for the calcite crystal to bond the soil grains and 

generate an increase in strength. When the assumed cementation had occurred an ocular assessment 

was carried out in order to predict whether the strength had increased or not, and to what degree.  

Based on the laboratory results, some evidence of that strength increase occurs due to either the 

discharge of the spent fluid containing ammonium chloride or the process of drying. Either way, the 

strength increase takes place during the grounds natural process of adjusting towards the natural water 

content equilibrium for the specific site of interest. A strength increase at the laboratory experiments 

of between approximately 60-220 kPa has been achieved.  

The field tests where slightly less rewarding when difficulties of injecting the CIPS Fluid into the 

sandy soil arose due to challenging task of designing a pumping system where both a low pressure, 

less than the overburden pressure, and a low flow rate, less than 7 litres per minute, could be 

controlled. The flow rate could be controlled but with the effect of the pressure rising to too high 

levels. Due to the observations of CIPS Fluids exiting the ground at other points than near the injection 

spear, soil fractures are assumed to have occurred at one ore many locations. The volumes treated with 

CIPS Fluid displayed no increase in strength as long as they appeared somewhat wet with the spent 

fluid. When this fluid containing ammonium chloride vanished from the treated soil and the pH-value 

dropped, the build up in strength through calcite crystallisation at the contact points began. This 

crystallization which leads to a cementation was observed at the centre of the small spheres achieved 

through injection in the ground, which proves that the Calcite In-situ Precipitation System has caused 

a cementation of the soil grains treated.  
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Sammanfattning 

CIPS (Calcite In-situ Precipitation System) som är ett ”permeation grouting”-system som är 

konstruerat så att den injekterade 2-komponentsvätskan långsamt skall fylla porerna och genom en 

kemisk reaktion cementera jordkornen vid dess kontaktytor. Den kemiska reaktionen, som efterliknar 

den naturliga processen där sandsten bildas, åstadkommer en cementering genom att enzymet Ureas 

reagerar med kalciumklorid och urea vilket leder till en utfällning av kalcitkristaller runt kornens och 

dess kontaktpunkter. Denna process bevarar permeabiliteten hos materialet.  

Systemet är utvecklat i Australien där det för övrigt används med goda resultat. Det är många faktorer 

som styr resultatet av behandlingen: flödeshastigheten, injekteringstrycket, tiden, kemiska receptet, 

temperaturen, sammansättningen av jorden samt antal injekteringar/behandlingar vid samma 

injektionspunkt. De tre sistnämnda faktorerna kommer att vara fokuset för denna rapport och de 

undersöks med en Skandinavisk synvinkel där hänsyn tas till de rådande temperaturer och 

jordsammansättningar vilka troligtvis kommer att styra det slutliga resultatet.  

Tryckhållfasthetsökningen har undersökts genom laboratorieförsök där den analyserade sanden 

hämtades från en byggarbetsplats i Handen i Haninge. Efter reglering av partikelstorlek och kontroll 

av torrdensiteten behandlades denna naturliga sand med CIPS vätskan i ett kylrum med en temperatur 

på 12°C efter vilket proverna genomgick ett enaxligt tryckhållfasthetstest. Även en relativt låg ökning 

av tryckhållfastheten skulle leda till fördelar i designen av de temporära konstruktionerna som används 

i grundläggningsarbetet för ett byggprojekt. På grund av förhoppningen om en hållfasthetsökning på 

runt 50-100 kPa, så kom undersökningarna att fokusera på endast en injektion med avseende att 

undersöka om en klar trend för ökning av hållfasthet existerar samt om ett ungefärligt värde går att 

förutspå.  

Den avslutande delen av denna rapport kommer att fokusera på ett mindre fältförsök där CIPS vätska 

kommer att injekteras för att försöka skapa en pelare. Pelaren kommer att lämnas för att härda i 

marken en viss tid (cementeringstiden kommer att bestämmas under labbförsöken) för att tillräcklig 

hållfasthet skall hinna uppstå vid kontaktpunkterna. När den antagna hållfasthetsökningen har skett så 

kommer en okulär bedömning göras för att undersöka om en hållfasthetsökning har skett, samt till 

vilken nivå.   

Baserat på labbundersökningarna finns bevis för att viss cementering uppstår såväl vid högre, som vid 

lägre temperaturer (12°C). Bevis finns även för att överskottsvätskan, bestående av ammoniumklorid 

och vatten, eventuellt måste avgå alternativt att proverna måste torka för att en ökning i hållfasthet 

skall uppstå. I vilket fall så ökar hållfastheten i takt med att marken ställer in sig mot den jämvikt av 

markfuktighet som råder vid platsen eller i laboratorieproverna. En hållfasthetsökning, baserat på 

labbförsöken, har uppmätts på mellan 60-220 kPa. 

Fältförsöket gav en något sämre utdelning då svårigheter uppstod med det uppbyggda pumpsystemet. 

Svårigheterna låg i att kunna hålla ett tryck som understiger det rådande konsolideringstrycket samt ett 

flöde lägre än sju liter per minut. Flödet kunde kontrolleras till lägre nivåer, men detta medförde att 

trycket i systemet samt i marken ökade till för höga nivåer vilket ledde till svårigheter med 

injekteringen. På grund av att CIPS vätska strömmat upp ur marken på andra ställen än längs 

injektionsröret så antas att jordbrott skett på ett eller flera ställen. De sandvolymer som har behandlats 

med CIPS visade inte någon ökning i hållfasthet så länge som de fortfarande innehöll 

överskottsvätska. När denna överskottsvätska som innehåller ammoniumklorid har avgått från den 

behandlade volymen och pH-värdet sjunkit så verkar cementeringen startar där kontaktytorna på 

kornen binds samman med kalcitkristaller. Denna utfällning av kalcitkristaller som leder till en 

cementering av jordkornen observerades i mitten av de små sfärerna som skapats vid injekteringen. 

Detta bevisar att systemet som bygger på kalcit utfällningar har nått resultat.  
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Nomenclature 
In order to assist and save time for the readers lacking the familiarities with the chemical terminology 

frequently used in biochemistry a list of terms used in this report are presented below.  

Alkalinity -  measures the ability of a solution to neutralize acids to the equivalence point of 

carbonate or bicarbonate. 

Amorphous –  is a solid that lacks the long-range order characteristics of a crystal. Glass, gels and 

thin films are all amorphous. These solids transforms into a liquid when heated. 

Biomass –  is the mass of living biological organisms in a given area or ecosystem at a given 

time. 

Biotic – describes a living component of a community; for example organisms, such as plants 

and animals. 

Catalysis –  is the change in rate of a chemical reaction due to the participation of a substance 

called a catalyst. 

Enzyme –  are proteins that catalyze (i.e., increase the rates of) chemical reactions. 

Hydrolysis –  is a chemical process in which a water molecule is added to a substance resulting in 

the split of that substance into two parts. 

Ion –  is an atom or molecule in which the total number of electrons is not equal to the total 

number of protons, giving it a net positive or negative electrical charge. 

Microbe –  is a microscopic organism that contains either one single cell (unicellular) or cell 

clusters. 

Nucleation –  the birth of new crystals. 

Nucleation sites –  a place where the birth of new crystals can take place. 

Precipitation –  is the formation of a solid in a solution or inside another solid during a chemical 

reaction or by diffusion in a solid. In this case the formation of calcite crystals. 

Supersaturation –  a solution that contains more of the dissolved material then could be 

dissolved by the liquid under the solubility amount. 

Suspended cells –  the cells exist in the cell growing media either as aggregate or as free 

cells, the opposite is adherent cells which need a surface such as a tissue culture to 

grow on. 

 

http://en.wikipedia.org/wiki/Acid
http://en.wikipedia.org/wiki/Equivalence_point
http://en.wikipedia.org/wiki/Ecosystem
http://en.wikipedia.org/wiki/Reaction_rate
http://en.wikipedia.org/wiki/Chemical_reaction
http://en.wikipedia.org/wiki/Protein
http://en.wikipedia.org/wiki/Catalysis
http://en.wikipedia.org/wiki/Reaction_rate
http://en.wikipedia.org/wiki/Chemical_reaction
http://en.wikipedia.org/wiki/Atom
http://en.wikipedia.org/wiki/Molecule
http://en.wikipedia.org/wiki/Electron
http://en.wikipedia.org/wiki/Proton
http://en.wikipedia.org/wiki/Electric_charge
http://en.wikipedia.org/wiki/Microscope
http://en.wikipedia.org/wiki/Organism
http://en.wikipedia.org/wiki/Unicellular
http://en.wikipedia.org/wiki/Solid
http://en.wikipedia.org/wiki/Solution
http://en.wikipedia.org/wiki/Chemical_reaction
http://en.wikipedia.org/wiki/Chemical_reaction
http://en.wikipedia.org/wiki/Diffusion
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Chapter 1 

 

Introduction 
 

With an ever growing population and the built environment becoming more and more extreme 

(DeJong et al. 2010; Fauriel and Laloui 2011), it is evident that the advantages of altering the soil 

characteristics through different injection methods is considerable (v. Wijngaarden et al., 2011) in 

order to create the sufficient foundation. Some of these methods are not environmentally friendly 

(Karol 2003; Rong et al. 2011), other methods provide uncertainty of the desired characteristics within 

the treated soil (DeJong et al., 2010) and some methods just simply cannot be applied to project in 

tight spaces due to the massive and costly machinery needed (CSIRO 2011; Paassen et al. 2009b).  

Another important discussion is the anthropogenic impact on nature and how the humans all across the 

world can contribute to decrease this human footprint. Accordingly to Jonkers (2009) cited in 

Gonsalves (2011) thesis the total production of the greenhouse gas CO2, which originating from 

cement production, accounts for 10 % of the world’s total pollution of CO2. Stating this would 

highlight the need for an alternative method for creating building materials with less negative impacts 

the environment, especially for areas of building which might not utilize the high and strong 

characteristics of concrete. 

It needs to be stated that CIPS (Calcite In-situ Precipitation System) is a product which, to my 

knowledge, is merely used for a few smaller commercial projects in Australia with satisfying results. 

The method has great potentials which have lead to a few conducted tests both in New Zeeland and in 

United Kingdom. A couple of tests from Kent, UK are mentioned later in this report but not enough 

information was gathered regarding the tests in New Zeeland in order to perform a summary. But to 

this date most of the research has been carried out within Australia. Another important aspect to keep 

in mind is the fact that Biogrout or MICP (Microbial Induced Calcite Precipitation) is also in the 

developing stages and no real soil stabilizing projects have been found to report about in this study.  

If both these methods can be developed to reach their full potentials and be distributed into the soil 

with efficient methods they can be useful in many applications. Not only can they be used for 

preventing soil liquefaction but also to underpin constructions, enhance capacity of end bearing piles, 

manufacture specialized building blocks for monuments and historical buildings, slope stability and 

amongst lots more. It is basically the creativeness of the construction engineer which sets the 

boundaries for the application areas. 

 

1.1 CIPS - Calcite In-situ Precipitation System  

In the beginning of the 1980
th
 during the commercialization of the North-West Shelf gas platform a 

foundation problem arose and engineers discovered that the piles had not developed sufficient bond 

with the surrounding sediments. A team of geologists, geo-technicians and chemists were contracted 

to solve the problem and studied the behaviour of the sediments (CSIRO, 2011). Dr Price worked on 

studying the fabric and deformation behaviour of the carbonate sediments beneath the platform. The 

knowledge and experience he gained during this work later resulted in the concept of artificially 

created mineral cement which would achieve similar outcomes as the natural occurring cementation 

processes. In 1987 Dr Price got a grant supporting him in the work to develop and choosing the 

chemical process which eventually became CIPS through laboratory testing’s and verifications (Price, 

2012).  
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The CIPS-method uses two water based liquids containing all the chemicals Calcium Chloride, Urea, 

Tetra Sodium, Sodium Carbonate, Sodium Sulphite and the enzyme Urease. Injecting these tow 

liquids, using a maximum pressure of the overburden load, will generate a spherical object around the 

injection point through bonding the contact surfaces of the frictional soil particles through calcite 

crystallization. Multiple injections at the same point will result in a larger particle – particle contact 

surface consequently resulting in a higher compressive strength (Dr Price, 2012). Dr Price (2012) 

describes that strength increase in fine grained sand will range between 2-40 MPa for 1-8 repeated 

injections respectively. Further, Dr Price (2012) explains that the cemented sand obtains the same 

characteristics as natural sandstone, still maintaining its porosity resulting in no build up of pore 

pressure.  

1.2 Research goal 

The prime objective of this report has been to gather and achieve a principal understanding of the 

Calcite In-situ Precipitation System (CIPS), as well as a basic knowledge of the chemical processes 

calcite precipitation and urea hydrolysis which arrange the framework for the CIPS method.  

An additional objectives with this study/research has been to attain a first indication to whether the 

CIPS method is suited for the Scandinavian climate, the frictional soils frequently occurring here and 

the fill material which are commonly used within building project. CIPS is a rather new method and 

have not been tested much outside Australia which enhances the importance of distributing the 

knowledge and results achieved during this research work. Another research goal was to contribute to 

an increase in knowledge not only within the field of geotechnical engineering but also broaden the 

awareness of this potential method throughout the sector of construction. Hopefully this spread of 

information will help creating new breakthroughs in this particular field of engineering resulting in 

CIPS reaching its full potentials, both from an economical point of view as well as from a 

structural/mechanical aspect.  

 

1.3 Scope 

The CIPS method has to this point mainly been used in Australia and this thesis have investigated the 

potential of using the CIPS-method in Swedish frictional soils with the temperature conditions being 

present here. In order to understand the bio-chemistry, the mechanisms and the procedures behind the 

CIPS-method a literature study has been carried out. This literature study contains a part which 

evaluates and assess the above mentioned method with the Biogrout (MICP – Microbial Induced 

Calcium carbonate Precipitation) method which uses the bacteria Basiculis pasteurii to start the calcite 

precipitation in-situ. The knowledge gained from the literature search was used as a tool in order to 

understand and conduct the laboratory evaluations as well as the small scale field test with as much 

control of the procedures and chemical reactions as possible. 

 

1.4 Method 

A number of tests have been conducted in order to acquire a first indication of the behaviour and 

characteristics of CIPS treated Swedish frictional soil as well as observe if this new and interesting 

method is applicable in a much cooler Scandinavian climate. The methodology for conducting these 

tests has been: 

Literature study – In order to understand the complexity of the chemistry and the governing factors 

controlling the stabilizing effects of CIPS treated soil a literature study have been conducted. This 

study gives a brief explanation to one of the natural processes of creating sedimentary rock. It also 

summarizes the Biogrout (MICP) method, which is a neighbouring method to CIPS, and highlights the 

most significant factors in order to understand and detect potential difficulties in applying the CIPS 

method in Sweden. Writing about Biogrout as well should be seen as a tool to understand CIPS from 

another point of view. 
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Laboratory tests – To study the suitability for applying CIPS to Swedish frictional soil a number of 

unconfined compressive strength tests have been carried out. The test samples have all been prepared 

in a uniformly controlled manner inside a temperature controlled room in order to mimic the average 

annual ground temperature in Sweden. Since the interest mainly lies in the lower range of strength 

increase only one treatment have been conducted in this report. The compression tests have been 

conducted on both wet cores and dried ones in order to establish the impact of the natural water 

content in the ground. The results are presented as stress strain diagrams. 

Field test – In order to get a first indication of the strength increase which could possibly be 

achieved in a Swedish climate with a Swedish frictional soil an introductory investigation of the 

physical method of applying CIPS, as well as measuring the soil stabilizing effects have been carried 

out through a field test. This field test not only provided the experience with the injection process but 

also enhanced the understanding of the controlling environmental factors and the potential features 

affecting the CIPS process negatively.   

1.5 Limitations 

This study has also been set up as a smaller research and development program with funding from 

SBUF, The Development Fund of the Swedish Construction Industry, an organisation supporting 

research on new methods and technologies. This budget has of course limited the scope, especially for 

the field test to be a more introductory one.  

Another limitation that has emerged during this work is the lost opportunity for completing a triaxial 

compression tests. Instead the focus has been concentrated at performing as many unconfined 

compression strength tests (UCS) as possible to collect a large enough series with different 

comparisons and evaluations to simplify the identification of necessary trends and results. 

One of the fore most limitations with this study is the fact that it sits between two different areas of 

education and research, biochemistry and civil engineering, in particularly geotechnical engineering. 

Since I have a background in civil engineering I feel I have not got the sufficient knowledge of 

biochemistry in order to proceed in depth with the chemistry and how it can be altered in order to fit 

specific environmental conditions to obtain maximum results for this research.  

 

1.6 Structure of thesis 

This thesis is outlined as following: 

 Chapter 2 contains a study of the three processes: natural calcite precipitation, Biogrout 

(MICP) and CIPS. The chemistry and the mechanisms governing these different processes are 

described here. 

 Chapter 3 presents the procedure of the laboratory testing and the following results and  

 Chapter 4 outlines the field tests and the assessment based on these results. 

 Chapter 5 presents reflections and a discussion about the results which has emerged during 

this work,  

 Chapter 6 discusses further studies and areas which are necessary to investigate. 
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Chapter 2 

 

Review of existing calcite precipitation processes 
The calcite precipitation process alters the physical and mechanical properties of the soil through 

growing calcite crystals on the surface of the soil grains cementing them together at the particle to 

particle contact points. Compressive strength, shear strength and Young’s modulus increases but 

porosity stays relatively unchanged. 

 

3.1 The natural process of calcite precipitation 

DeJong et al. (2006) explains that natural cements are created in the ecosystem through chemical 

depositions and biochemical processes which are related to weathering and erosion. Calcium 

Carbonate (CaCO3) precipitation or biocalcification has a very important cementation role in the 

creation of natural rock out of sediments, minerals and soils (Chou, 2011). Molenaar (1993) states that 

Calcium Carbonate is one of the most frequently occurring natural cements and Whiffin (2004) 

continues to explain that this is a result of Calcite being one of the most common mineral on earth 

making up 4 % by weight of the Earth’s crust. This is due to that calcite  is the main mineral in; shells 

of marine animals, coral skeletons, limestone and as mentioned above the cement in sand- and lime-

stone (Price 2012). Cementation from Calcite or Calcium Carbonate precipitation will be the prime 

focus in explaining the cementation process of sediment stone in this section.   

Castanier et al. 1999 study (cited in Al-Thawadi 2008) informs that CaCO3 precipitation is a frequent 

occurring process and can be found in marine water, fresh water and soils. The increase in the 

concentration or decrease in the solubility of the calcium or carbonate in the solution cases the natural 

precipitation of CaCO3 (Al-Thawadi, 2008). Whiffin (2004) adds that there are four factors governing 

the precipitation of Calcium Carbonate; calcite concentration, carbonate concentration, pH of the 

environment and the presence of nucleation sites. It has been reported that bacterial cells are excellent 

nucleation (i.e. the birth of new crystals) sites for growing minerals throughout the creation of rock 

and since there is no shortage of nucleation sites in bacterial cultures the first three parameters above 

will be governing for the microbial carbonate precipitation (Whiffin 2004; Neumeier 1999). Figure 2.1 

demonstrates the calcium carbonate cementation of quartz sandstone. 

 

Figure 2.1: Sandstone made of quite rounded grains of quartz, cemented together by calcium carbonate (Oxford 

Earth Science Image Store, 2004). 
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Al-Thawadi (2008) writes that urea is released into the environment through biological actions, for 

example such as mammal urination. Urease is an enzyme which uses urea as energy source to produce 

ammonia which increases the pH in the environment and generates carbonate, causing Ca
2+

 and CO3
2-

 

to be precipitated as CaCO3 (Al-Thawadi 2008) layers around all particles, causing cementation at the 

particle contacts (Price 1988a; Airey 1993; ).  Al-Thawadi (2008) and Bachmeier et al. (2002) explains 

that Urease is frequently occurring in the soil and marine environments, furthermore biotic activity is 

common, including the action of bacteria, yeast filamentous fungi, algae and a number of higher plants 

including jack beans (Canavalia ensiformis), soybean leaf and seed (Glycine max), pigweed 

(Chenopodium album), and mulberry leaf (Morus alba). Out of the plants, the Urease from Jack bean 

was the first one to be crystallized in a laboratory environment (Sumner, 1926).  

 

2.2 Biogrout – MICP (Microbial Induced Calcium carbonate Precipitation) 

This method originate from the observation of bacterial calcite precipitation in the Australian coral 

reefs (v. d. Ruyt and v. d. Zon, 2009) which arranged the framework for further studies and 

developments by Victoria S. Wiffin Phd at Murdoch University 2004, Salwa M. Al-Thawadi Phd at 

Murdoch University 2008 and Leon van Paassen Phd at Delft University of Technology 2009. One of 

Leon van Paassen objectives with his Phd thesis, apart from the fundamental studies regarding the 

reaction process, was to monitor an engineering model of a scale-up test of 1m
3
 and 100m

3
 in order to 

evaluate the governing parameters concerning in-situ process, injection configuration and location of 

the treated area.  

The results of the current studies and research have resulted in three patents: 

 Kucharski, E. S., R. Cord-Ruwisch, et al. (2005). Formation of high strength cement in permeable starting material 

for structural applications, and for pavements, roads, and runways, comprises combining starting material with 

urease producing micro-organism, urea and calcium ions. Patent WO2006066326, Murdoch University, Calcite 

Technology Pty Ltd. 

 Paassen, LA van, C. M. Daza, M. C. M. Van Loosdrecht, R. Kleerebezem, W. Van der Star, and W. Van der Zon. 

(2008). Microbial induced carbonate precipitation as ground improvement technique, patent applicant: Stichting 

Deltares, EP1798284-A1 (8 October 2008); WO2007069884-A1 (9 October 2008). 

 Paassen, L. A. van, V. S. Whiffin, and M. P. Harkes. (2007). Immobilization of bacteria to a geological material, 

patent applicant: Stichting Deltares, EP1798284-A1 (20 Jun 2007); WO2007069884-A1 (21 Jun 2007); 

EP1974031-A1 (01 Oct 2008). Deltares owns the sole license of the patent by Kucharski et al (2005). 

Further examples of current research concerning Biogrout (MICP) is, accordingly to v. Paassen et al. 

(Project: 11337), a project running at the Geotechnology Department at Delft University of 

Technology which started in 2011. The objective of this project is “to quantify the effectiveness of 

bio-cementation in improving the performance of ground constructions and reducing the risks 

associated with liquefaction and piping” (v. Paassen et al., Project: 11337). 

 

2.2.1 Chemical process and method 

Fujita et al. (2000) states that ureolytic bacteria is commonly found in the environment, therefore there 

is no need for further additions of other foreign microorganisms to accelerate the in-situ soil 

strengthening process based on urea hydrolysis (Okwadha and Li, 2010). The enzyme Urease 

hydrolysis urea as its source of energy and generates dissolved ammonium which increases the pH in 

the environment making the solution oversaturated, causing Ca2 and CO3
2-

 to precipitate as CaCO3 

(Stocks-Fisher et al. 1999; Bang et al. 2010; Bachmeier et al. 2002). Gonsalves (2011) explains that 

same procedures but with a slight different approach; the crystals form when the solute concentration 

in a solvent exceeds solubility product (supersaturation). The solubility content of calcium carbonate is 

rather low (3.3 x 10
-9

 mol/L) at a temperature of 25°C, therefore as soon as these values of Ca
2+

 and 

CO3
2-

 ion exceeds this, calcite crystals will precipitate (Gonsalves, 2011)., The ureolytic micro-
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organisms which are setting of the Urease hydrolysis are also providing an excellent nucleation sites 

for the calcite crystals (Stockes-Fisher et al. 1999). 

Wijngaarden et al. (2012) explains that the majority of studies on MICP performed so far have used a 

micro-organism named Sporosarcina pasteurii (previously Bacillus pasteurii) containing the enzyme 

Urease for soil stabilizations. They continue explaining that the natural environmental factors 

controlling and impacting the activity of the enzyme Urease are; the type of bacteria, bacteria cell 

concentration, temperature, urea concentration, calcium concentration, ionic strength and the pH of the 

media. Sarda et al. (2009) informs that the quality and quantity of the enzyme is very important when 

it can be affected by so many factors and that this is the direct reason to why MICP is so dependent on 

Urease enzyme activity.   

There has been a number of studies completed proving that MICP can be used to improve the 

mechanical properties of porous material, mainly sand (Whiffin 2004; DeJong et al. 2006; Al-Thawadi 

2008; van Paassen 2009b). Firstly the micro-organisms are cultivated in a reactor on site or in 

laboratory until they are ready to be injected and transported by water flow to the location where 

strengthening is needed (Paassen, 2009c). Van Paassen et al. (2008) continue to describe that parts of 

the bacteria will absorb to the particles or get stuck in the tight pore spaces. Subsequently, a solution 

containing urea and calcium chloride is injected and left for some time in which the following 

chemical reaction will occur, outlined by van Paassen (2009a).  

The microbial Urease catalyzes the hydrolysis of urea into ammonium and carbonate. 

             
      
→        

     
   

The formed carbonate ions precipitates in the presence of Calcium ions forming calcite crystals on the 

surface of the soil particles forming bonds where they are linked together. 

        
             

Van Paassen (2009d) explains further that the precipitated calcium carbonate crystals will only 

dissolve very solely from a continuously steady stream of acidic ground water or through the 

acidifying process in the pores which is a result of the degradation of biomass.  

 
Graph 2.1: Relationship between CaCO3 content and UCS, variance of (R

2
=0.77) which results in some 

inconsistency (van Paassen, 2009a). 
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Graph 2.2: UCS is indicated by the solid circles and CaCO3 content with crosses. The dashed line is the average 

level over the column of 59.2 kg CaCO3 /m
3
 (Whiffin et al., 2007). 

 

2.2.2 Test results of previously conducted experiments 

The amount of precipitated calcium carbonate or the quantity of formed calcite crystals has 

demonstrated to have a relationship with the achieved increase in unconfined compressive strength, 

UCS, (graph 2.1) after treatment with MICP (van Paassen 2009a, Whiffin et al. 2007, Al-Thawadi 

2008). Whiffin et al. (2007) demonstrates through cutting their 5m column test into 25 cm sections and 

evaluating three samples (to get a more accurate spread of the tests) out of each section, that the 

highest increase in CaCO3 content as well as the peak UCS occurred at approximately  one meter after 

the injection point. Higher CaCO3 and UCS just after the injection point compared to the extraction 

point have been observed in all tests concluded so far. These results of the tested 25cm sections are 

presented in graph 2.2. 

During the same evaluation carried out by Whiffin et al. (2007) the porosity was determined through 

measuring the wet and dry density of the samples from the 5m long column. The results are displayed 

as perceptual decrease of porosity in graph 2.3 below. The reduction of permeability is an unwanted 

characteristic during the attempts to achieve soil strengthening. If the porosity and the permeability is 

lowered too much it can cause redirection of natural groundwater flow paths which can result in an 

increase in pore pressure, hence the risk for soil fracture will increase (Whiffin et al., 2007). Based on 

the results in graph 2.3 Whiffin et al. (2007) conclude that the strength increase is strongly dependent 

on the soil density as well as the CaCO3 content. 

Accordingly to Van Paassen (2009a) there are a number of obstructive factors which can inhibit the 

precipitation of CaCO3 through affecting the urease activity negatively. These factors are: 

Effect of pH – Batstone study 2002 (cited in Paassen 2009a) informs that around (above and under) a 

certain optimum pH level the urease activity will decrease forming a bell shped inhibitation curve, 

(the bold approximated line in graph 2.4), which used cell (Sporosarcina pasteurii) free extract and 

has its optimum at pH 8.5 (Stocks Fisher et al. 1999). Whiffin (2004) later found, using whole 

suspended cells, an optimum level at pH 7, (the dashed line in graph 2.4). These graph’s clearly 

indicates that the cell free extract is quiet sensetive to change in pH especially on the acid side, 

whereas the whole cells in suspension show a neglible affect of pH between 6 to 8.5. One reson to 

the decrease in urease activity seems to be that the different cells used are protecting the enzyme 

from acidity (Paassen, 2009a). Wu et al. (2009) explains further that calcite is a mineral that 

frequently precipitates as a result of an increase in pH and alkalinity, but on the other hand, bacterial 

activity decreases a lot with high pH, higer then 12 (Wang et al., 2012). Bundeleva et al. (2012) adds 

that there is a threshold pH-value of around 8.5 above which live cells precipitate CaCO3 
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Graph 2.3: Decrease in porosity is indicated by the solid circles and CaCO3 content with crosses (Whiffin et al., 

2007). 

 

However De Muynck et al. (2010a) explains through their experiments that if the concentration of 

calcium chloride exceeds the concentration of ammonium producing compounds, it is possbile to 

decrease the production of ammonia to a great extent. De Muynck et al. (2010b) also discovered that 

through an earlier laboration that the pH-value remained about 7 and at these values the 

predominating substance will be ammonium. The neutral pH could be the effect of the precipitation 

of calcium carbonate which would lead to a decrease in pH. The precipitation of calcium carbonate 

could counteract the increase in pH as a result of the release of ammonia (De Muynck et al., 2010a). 

Effect of calcium (or other salts) – The amount and occurance of some salts also affects the urease 

activity negatively (Paassen, 2009a). Whiffin (2004) detected little effect on urease activity due to 

small amounts of calcium chloride concentrations (up to 50 mM), but with higher concentrations the 

activity of the urease decreased rapidly and was almost neglectble at levels of 1 or 2 mol of calcium 

chloride or calcium nitrate soulotion (graph 2.5). Another discovery done by Whiffin (2004) was to 

note that the ammonium chlodide did not seem to affect urease activity at all, up to concentrations of 

3 mol. 

 
Graph 2.4: Effect of pH on urease activity measured on cell free extract form Bacillus pasteurii (♦; Stocks-

Fisher et al., 1999) and whole suspended cells (□; Whiffin, 2004) of Sporosarcina pasteurii. r/r0 is the hydrolysis 

rate. Accordingly to Paassen (2009a) are these activities normalised and the absolute specific urease activity in 

mol-urea L-1 h-1 gDW-1 is significantly higher for cell free extract. 
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Graph 2.5: Effect of calcium concentration on urease activity, (▲; calcium chloride, Paassen 2009a) and (□; 

calcium nitrate. Whiffin, 2004). 

 

Effect of temperature – Paassen (2009a) points out that ground temperature has a substancial effect on 

the hydrolysis rate of urease. He continues with stating that between 5 and 35 °C a rise of 10 °C 

causes an increase in urease activity with a factor 2.4 (graph 2.6) and with a ground temperature 

below 5 °C no activity was registrated. 

Performed tests – A number of physical tests evaluating the performance of MICP have been 

concluded so far. The largest one was executed in a 100 m
3
 ([8.0x5.6x2.5] m

3
) container with three 

injection point as well as three extraction points (figure 2.2).  Van Paassen (2009a) is summarizing 

his observations of CaCO3 content in the graph 2.7 with the same conclusion as Whiffin et al. (2007) 

discussed in the paragraph above, the highest amounts of precipitated calcium carbonate is found 

close to the inlet resulting in the largest increase in strength is found at this location.   

 

 
Graph 2.6: The effect of temperature on urease activity was measured in experiments carried out by Paassen 

(2009a) with constant amount of suplied bacteria with either ●; 0.5 mol urea or ○; 0.5 mol urea and CaCl2. The 

temperature was varied.  
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Figure 2.2: left: 100m
3
 Scale-up experiment with injection wells to the left and extractions well to the right. 

Right: the cemented sand body, the flow patterns are clearly visible, especially close to the extraction points (van 

Paassen, 2009a). 

 

 

 

2.2.3 Uncertainties with MICP 

This chemical process of MICP is a complex mechanism where the cell concentration and distribution 

of bacteria as well as distribution of CaCO3 is of high importance (Sarda et al., 2009). Barkouki et al. 

(2011) commences to explain that there are a few technical challenges in need of more research, as 

injection rates and aqueous chemistry (e.g., calcium, carbonate, urea, pH buffer and microbial 

nutrients), in order to control and predict the precipitation of CaCO3 more accurately. 

In order to keep costs as low as possible and maintain a good flexibility, the growth of bacteria needs 

to be carried out on site, as close as possible to the soil in need of strengthening. This will result in 

non-sterile operational conditions for the aerated bioreactor (figure 2.3). This conditions can 

jeopardise the bacterial broth through undesired growth of non-Urease bacteria (Wouter et al. 2009), 

which occurred during one of the column experiments performed by the Swedish Geotechnical 

Institute (2011) where an undesired bacterial infection took place. 

 

 
Graph 2.7: Longitudinal cross-section between injection (x=1.5m) and extraction point (x=6.5 meter).  CaCO3 

content is displayed in % of total dry weight (van Paassen, 2009a). This diagram is after flushing ten batches of 

regent, each of 10 m
3
over the period of 12 days.  
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Van Paassen et al. (2009b) continues to explain the difficulties of measuring the bacterial activity, an 

activity which is highly dependent on, and can be effected negatively by; if the bacteria have lysed 

(released their enzymes), if the bacteria have been flushed out (Harkes et al., 2010), if the bacteria 

have become encapsulated in crystals or on the concentration of bacteria. The concentration of bacteria 

is directly an effect of the distribution and flow patterns and as proven can fluctuate over the injection 

distance. One reason for an uneven distribution of bacteria lies in the size of the pore throats and pores 

within the soil matrix through which the microbes must pass (DeJong et al., 2010). Volodymyr and 

Chu (2008) carry on describing that the limitation for the minimum soil pore size is 0.5-2 μm in which 

the microbes can fit through. Small pore throats existing in finer grained soils will therefore inhibit the 

free passage of the bacteria (Rong et al., 2011).  

The precipitation of CaCO3 in the 100 m
3
 tank is low just after the injection point but increases in the 

first section near the injection point, thereafter it decreases with the decreasing distance to the 

extraction point. The lower quantity of CaCO3 just after the injection point can, accordingly to Van 

Paassen et al. (2009), be explained by the higher flow velocities and disturbances around that point. 

They carry on explaining that the reagents (calcium chloride and urea) are being converted during the 

transportation within the soil leading to more CaCO3 precipitating in the beginning than close to the 

extraction points due to the later soil receiving less regents. This is a trend seen both in the 5 meter 

column test (graph 2.3) and in the 100 m
3
 one (graph 2.7) (van Paassen et al., 2009b). 

These above discussed factors will eventually lead to difficulties in establish a prediction and 

knowledge of the achieved strengths at a certain location. 

Suer et al. (2009) explains that there will be waste products left in-situ containing bacteria, NH4 

(ammonium) and Cl (chloride) which will increase the pH to about 9. They continue explaining that 

the bacteria are not toxic and that the eutrophication and salinisation of the groundwater are a very 

local impact which depends strongly on the local conditions.  

 

 

 

Figure 2.3: Non-sterile growth of Sporosarcina pasteurii in a 5 m
3
 reactor. Bottom-right: view of the broth 

(Wouter et al. 2009) 
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2.3 CIPS – Calcite In-Situ Precipitation 

As already mentioned in the beginning of this report CIPS has been under development since the late 

1980
th
. Today it exists as a method which is used for smaller projects in Australia, where one of the 

most common projects are underpinning of buildings to allow for tight excavation for a basement or 

outdoor pools. Research and development is continuously carried out in order to optimize CIPS and its 

abilities to utilize its full potentials.  

 

2.3.1 Chemical process 

The CIPS method unifies two water based liquids (A & B) which are non-toxic, non-particulate, low 

in viscosity and neutral in pH (Kucharski et al., 1996b). These two liquids are containing different 

constellations of the chemicals: Calcium Chloride, Urea, Tetra Sodium, Sodium Carbonate, Sodium 

Sulfite and a Catalyst (Price, 2012).  

The chemical reaction (figure 2.4) starts when the two solutions A and B are mixed together. The first 

reaction step is catalysed hydrolysing the urea into, carbonate ions and ammonium ions. This chemical 

reaction is, accordingly to Price (2012), a rather slow reaction during which the viscosity of the CIPS 

Fluid will increase and form a non-crystalline form of calcium carbonate during the first hour. 

Thereafter, during the second hour, a decrease in viscosity will take place at the same time as a non-

crystalline form of calcium carbonate transforms into solid calcite crystals, which nucleate and grow 

on the surface of the grains (Price, 2012). 

The above described chemical process of CIPS imitates the natural process (described in part 2.1) of 

forming sandstone through precipitation of calcite crystals as a coating around the soil grains (Ismail 

et al. 2002b, Price 2012). This coating of crystals around the grain will form cementation and build 

strength at the particle to particle contact points (figure 2.8) in the same way as the natural occurring 

cemented calcareous soils obtains its strength when becoming rock (Price, 1988). 
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Figure 2.4: The chemical reaction of CIPS (Price, 2012). 
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Dr Price (2012) continues to explain that since the natural chemical reaction, producing calcite under 

temperature and pressure, is frequently occurring indicates that the chemical sequence must be a 

robust one. A robust chemical reaction implies that the conditions in which it occurs are not delicate, 

unique or precise rather can take place easily (Price, 2012).  The chemistry conditions behind CIPS 

have therefore been set up to be a robust one in order to make it appropriate for field applications, the 

only difference between CIPS and the natural process is that “CIPS does in a few days what nature 

does in thousands of years” (Price, 2012).  

The input chemicals used in CIPS are outlined below with a brief explanation of today’s usage and 

chemical structure. 

Calcium Chloride Dihydrate CaCl2.2H2O – One of the main areas where Calcium chloride dihydrate 

is used is for ice and dust control on roads (Wikipedia, 2012a). Tetra Chemicals 

Europe (2010) informs that calcium chloride is a white crystalline salt and the 

kind used for de-icing is delivered as flakes. DOW (1995) adds that calcium 

chloride is highly soluble in water and that it will generate considerable heat, 

therefore it is of importance that the water used for solving calcium chloride 

should not be warm. Sweden uses between 200 000 – 300 000 ton of different de-

icing salts annually, where Calcium Chloride is one (Riehm, 2010).  

 

Urea CO(NH2)2  –  The word urea originates from the Greek word uron which means urine (Swedish 

Chemical Society, 2007a) and Wikipedia (2012b) states on their website that 

more than 90% of the produced urea is used as a fertilizer for the agriculture 

industry, but it can also be used as de-icing for roads and runways, amongst other. 

During the year 2010/2011 1090 tons of Urea was manufactured and sold in 

Sweden (Jordbruksverket, 2012b).   

The Swedish Chemical Society (2007a) continues explaining that urea is 

delivered as colourless crystals without aroma and has a slightly salty, bitter, cold 

taste. When urea is dissolved in water it hydrolyzes very slowly to ammonium 

carbamate which eventually will decompose to ammonia and carbon dioxide 

(Swedish Chemical Society, 2007a). Jordbruksverket (2012a) continues to 

explain that the regulating laws for the use of urea as a fertilizer states that Urea 

needs to be mixed in the soil within the first 4 hours in order to prevent the 

ammonium ions from evaporate into the atmosphere and become greenhouse 

gases. 

 

Sodium Carbonate Na2CO3 –Also known as washing soda or soda ash, is the disodium salt of 

carbonic acid and is a grey-white colored powder or lumps which are soluble in 

water (Swedish Chemical Society, 2007b).The Swedish Chemical Society 

(2007b) continues explaining, when Sodium Carbonate in solved in water it 

results in a alkaline solution and Wikipedia (2012c) express that due to its 

alkaline features Sodium Carbonate is frequently used as a pH regulator to 

maintain alkaline conditions. Other areas of use are; water softener during 

laundry, in toothpaste, additives in food and as a common additive in municipal 

pools in order to neutralize the acidic effects of chlorine (Wikipedia, 2012c). 

 

 

 

http://en.wikipedia.org/wiki/Carbon
http://en.wikipedia.org/wiki/Carbon
http://en.wikipedia.org/wiki/Nitrogen
http://en.wikipedia.org/wiki/Nitrogen
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 EDTA, Tetra sodium C10H16N2O8 – Is a polyamine carboxylic acid which has the consistency of a 

colourless solid and is soluble in water (Wikipedia, 2012d). Wikipedia (2012d) 

continues reporting that EDTA is commonly used to bind metal ions existing in 

solutions, they will still remain in the solution but cease to have any reactive 

activity. EDTA is frequently used on humans as treatment for severe lead 

poisoning or for local treatment against snake bites (National Encyklopedin, 

2012a). 

 

 

 Sodium Sulphite Na2SO3 – Is a sodium salt with the character of a white solid which is soluble in 

water (Wikipedia, 2012e). It is used in the food industries as a preservative to 

prevent dried fruit from discolouring as well as preserving meats. In the food 

industries it is commonly known as E221 (National Encyklopedin, 2012b). 

 

 The Catalyst –  The catalyst helps the speedy hydrolysis of urea into carbon dioxide and 

ammonia (Encyclopedia Britannica, 2012). Zumdahl and Zumdahl (2006) 

explains that the catalysts for this reaction is an enzyme, which are usually 

proteins which is an important group of bio-molecules created from amino acids. 

These amino acids have the general chemical structure as displayed to the left 

where the R represents any of 20 different substitutes. These amino acids can 

attach to each other to form polymers (polymers stands for “many parts”) called 

proteins and the general structure can be studied in figure 2.5 (Zumdahl and 

Zumdahl, 2006). Sumner (1926) established that the enzyme Urease is a protein 

and he was also the first to crystallize Urease which can be found in bacteria, 

yeast and several high plants. Encyclopedia Britannica (2012) informs that large 

quantities of Urease can be found in some beans, other plant seeds and in some 

animal tissues and microorganisms. The fact that some microorganisms can form 

Urease but not humans makes it possible to use it for diagnosis of certain 

infections (National Encyklopedin, 2012c).  

As stated in the beginning the recipe for the mixture of the CIPS Fluid is a commercial property of 

Lithic Technology PTY LTD (A.C.N. 094 141 821) and will therefore not be disclosed in this paper 

but it needs to be stated that the knowledge of the different compositions of the CIPS Fluid for 

different temperatures exist and has been tested and verified.  

 

 

Figure 2.5: The general structure of a protein (Zumdahl and Zumdahl, 2006) 
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2.3.2 Important parameters for a good result 

Temperature – The temperature is one of the factors governing the size and numbers of calcite 

crystals formed through precipitation. The shape, size and amount of these crystals later govern the 

efficiency of the strength increase. The activity of the Urease is dependent on the temperature of the 

fluid, a higher temperature results in the Urease working faster, leading to less Urease needed for the 

accurate reaction rate. If the Urease activity is high (i.e. the temperature high or a high amount of 

Urease) the calcite crystals will form quickly and become small, not reaching the neighbouring soil 

particles to form the strengthening bond. On the contradictive side: if the temperature or Urease 

amount is low the result will consequently be a slow growing crystal which will grow to be too large 

pushing the soil particles apart (Price, 2012).   

Time – Due to the chemical reaction of CIPS which causes the formation of gel, time is of essence in 

order to transfer the CIPS Fluid into the target soil volume. As stated above the formation of gel 

starts instantly after mixing the two fluids. Price (2012) states that there is a time limit for the 

injection governed by the chemical reaction which forms the gel. He continues explaining that during 

the first 15 minutes after mixing the two solutions, the formation of gel is very slow, resulting in a 

fairly low viscosity. At around 30 minutes after mixing, the viscosity has reached such a high value 

resulting in great difficulties moving the CIPS Fluid in the pores of the soil. These times differs some 

depending on temperature and the formulation of the CIPS Fluid (Price, 2012).  

Ismail et al. (2002a) reports that 5 hours is a sufficient curing time to reach most of the strength 

increase and for most of the calcite to have precipitated. Price (2012) informs that around 8 hours is 

an acceptable time in order to reach adequate strength but if possible the injection should be left 

overnight before the following injection the next day.  

Soil type – Ismail et al. (2002a) informs that the precipitation of calcite crystals only coats the surface 

of the soil particles instead of reacting with the particles, this results in that any kind of material can 

be cemented with this process (Construction News, 2001). Dr Price (2012) states that CIPS will even 

cement clay, the only problem is getting the CIPS Fluid injected into the clay due to its very low (or 

non) permeability, he continues describing that he even has injected the CIPS Fluid into the foam 

seat of a chair, achieving a cementing effect where the foam got harder. 

Density – A higher density will have a positive effect on the increase in strength after treatment 

(Ismail et al. 2000a, van Paassen 2009a, Ismail et al. 2002a). Compaction of the soil will arrange the 

particle to fit each other better with an increased interlocking effect. Although a too well compacted 

soil with a very high density will inhibit the permeability of the soil, making it difficult, even for 

water to permeate the targeted soil volume. Ismail et al. (2002a) concludes that the amount of 

precipitated calcite crystals are not enough for high strengths increase, particle to particle contact 

points and an optimum density appears to be crucial too.  

 

 

Figure 2.6: A 2D sketch of well graded frictional material with a clear connection between the particles. 
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Figure 2.7: The contact points of sharp and pointy soil particles 

 

Soil grade – Rong et al. (2011) summarizes that loose particles consolidated by microbe-based 

cements have until this date merely been tested on sand. Price (2012) states that, the strength 

increase due to material properties is a relationship between porosity and number of soil particle 

contact points. A well graded permeable material where small particles fill the voids between larger 

ones (figure 2.6), will lead to an increase in bridging sites for the calcite crystals, hence increasing 

the strength of the soil (Ismail et al., 2002a). 

Angularity and shape of soil particles – Ismail et al. (2002a) explains that the shape and the 

angularities of the soil particles have a great influence in the strength increase. The rounder and 

smoother the particles are, the larger the contact point becomes, resulting in a lower consumption of 

calcite crystals in order to achieve the same strength as for sharp and pointy particles. Figure 2.7 

above illustrates how small the contact points can become if the particles are sharp instead of 

rounded as illustrated in figure 2.6. 
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Figure 2.8: Displays how the coating of calcite crystals around the soil particle bond at the contact points (Price, 

2012). 

 

Graph 2.8: Change in porosity for fine silica sand (initial porosity 10%) with the number of CIPS treatments 

(Price, 2012). 

 

Contact points – Calcite crystals uses the soil particle surfaces as nucleation sites (i.e. where the 

crystals grow) and will form bonds at the points where the grains are in contact with each other (van 

Paassen 2009a, Rong et al., 2011, Price 2012). Price (2012) adds that the larger this contact surface 

is the stronger the bond becomes and multiple CIPS treatments will time after the other increase this 

contact surface (figure 2.8).  

Porosity – It is rather evident why porosity is of great importance for any fluids ability to penetrate 

into the soil pores. The higher the viscosity is, the greater the importance of a good porosity and 

unblocked pore throats.  Tatzki (2003) states that CIPS will almost work with any material as long as 

it can penetrate and fill the voids. Price (2012) demonstrates through experiments on fine silica sand 

with an initial porosity of 10 % that the change in porosity is rather linear, with a decrease of 

approximately 0.4 % per CIPS treatment (graph 2.8). This states that the porosity will stay relatively 

unchanged from one treatment to the next which builds on the statement that one CIPS treatment will 

only cause slight change porosity. 

Viscosity – Viscosity of water is just under 1 cP and the standard recipe for the CIPS Fluid (for 20-

25ºC) has, accordingly to Kucharski et al. (1996a), just after mixing a viscosity of 3 cP (Poise, unit 

for viscosity). This is very close to water since olive oil, as a comparison has 81 cP (Wikipedia, 

2012f). Price (2012) continue to explain that the viscosity of the CIPS Fluid will increase to around 

10-20 cP after 5 min due to formation of gel. After 10-15 min a viscosity of around 200 cP is reached 

and after 30 min it will have increased even further to around 3000 cP. The peak is reached after 60 

min with a viscosity around 20 000 cP followed by a decrease in viscosity when the calcite growth 

starts. For the sequence of the increase and decrease in viscosity, (figure 2.9). Price (2012) continues 

explaining through experiments that the initial flow rate of the fluid is 0.4 meter per minute, this flow 

rate will drop as the viscosity of the fluid increases and after one hour the flow rate will be 

nonexistent due to the formation of the gel. Graph 2.9 displays the relationship between viscosity and 

flow rate as a function of time which verifies the importance of time during the injection phase. For 

colder injection conditions, around 10 ºC, more of the enzyme Urease is needed to achieve the same 

result as for treatments in around 20 ºC and for this formulation the initial viscosity will be 5-7 cP 

(Price, 2012). 
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Graph 2.9: The relationship between viscosity, potential flow rate and time (Price, 2012). 

 

Fluid pressure – The CIPS method is developed to fill the pore with a solution that will precipitates 

calcite crystals, therefore it is significant to maintain the original structure of the soil (i.e. not causing 

fracture or failure). Consequently the pressure is needed to be kept below the overburden pressure of 

the injection point in order to avoid hydrofracture (Price, 2012). If the injection will take place below 

the ground water table the pumping pressure must be higher than the hydrostatic pressure but lower 

than the overburden pressure (Price, 2012). This will result in that the pressure can be varied and be 

established accordingly to each individual construction site where the soil profile will govern the 

operating pressure interval. 

Flow rate – Price (2012) clarifies that to create a spherical increase in strength with a certain radius 

requires a specific volume of CIPS Fluid, this fluid volume is equal to the volume of the pores within 

the target soil volume. The flow rate must therefore be high enough in order to distribute the desired 

volume of CIPS Fluid within the 30 minute limit governed by the chemical process increasing the 

viscosity (Price, 2012). Price (2012) continues, the flow rate is also highly influenced by the fluid 

pressure since the pressure needs to be kept lower than the overburden pressure. Other factors 

influencing the flow rate is soil grain size and permeable characteristics. Larger soil grains will 

potentially result in the option of higher flow rates, at the same time as viscosity is a function of 

temperature and CIPS formulation which both will affect the time limit (Price, 2012). 

 

 

Figure 2.9: The sequence of calcite precipitation. The change in colour is due to the rearrangement of the white 

precipitate – ie. the white calcite crystals. The viscosity in the CIPS Fluid accompanies the change in colour and 

the formation of white gel and calcite crystals. It can be seen from the picture that the viscosity is at its highest 

around 60 minutes after mixing and then slowly decreases again, due to the breakdown of gel. Already at 75 

minutes the precipitation is visible to the eye, and at 8 hours it is fully developed with the calcite crystals as the 

thicker concentration at the bottom and the spent (excess) fluid at the top.   
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Distribution of CIPS Fluid –  Price (2012) describes that in order to achieve an evenly 

distributed strength increase the CIPS Fluid needs to be well mixed and uniform spread throughout 

the target volume. He continues to inform that if all the pore spaces are filled, the crystals will 

consequently grow evenly distributed with a size large enough to reach between neighbouring 

particles causing the cementation. 

Ground water – It is described in literature that it is possible to use the CIPS method under the ground 

water table. The only difference is that the hydrostatic pressure must be accounted for in the injection 

phase. The CIPS Fluid will push the ground water outwards in a spherical shape from the injection 

point (Price, 2012). Ferris et al. (2003) continue explaining that urea hydrolysis below the 

groundwater is effective since the groundwater supports the development of a supersaturated 

solution well, from which the precipitation of calcite occurs when the solution has reached the 

critical value of saturation. 

Soil contamination – Price (2012) informs that oil contamination in the soil can have negative effects 

on the CIPS cementation where the calcite crystals will not have the ability to attach to the soil 

particle. This is because a thin layer of oil coating the soil grains will result in a low potential 

nucleation site resulting in the inhibiting of the calcite crystals adhering ability to the grains. The 

crystals will still form in the pore voids, unless these voids are fully saturated with oil. 

2.3.3 Application process 

The operational process (figure 2.10) of applying the CIPS to stabilize soil is a fairly uncomplicated 

one which does not require a lot of advanced and heavy equipment. The two different fluids (A and B) 

should be prepared separately a day in advance with the appropriate formulation based on the forecast 

temperature for the time of application. After storing overnight (to give enough time for the fluids to 

settle) the fluids gets delivered in large enough separate tanks on the morning of the application.  

The short time frame between the mixing of fluid A with fluid B to the state where the CIPS Fluids 

penetrating ability is minor, due to the increase in viscosity, results in the need for the mixing point to 

be located as close to the outlet point as possible. Consequently two pumps will be needed to perform 

this (Price, 2012).  

 

Figure 2.10: In-situ operation procedure of CIPS injection into subsoil 
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Graph 2.10: Unconfined compressive strength for different Silica sands as a result of CIPS treatments (Price, 

2012). 

 

2.3.4 Present achievements and results 

There has been a quiet a number of experiments carried out in Australia by Dr Graham Price and his 

associates where they have over the past 20 years been gathering test results and data in order to prove 

the capability of the CIPS method. Graph 2.10 displays the unconfined compression strength for 

different sands in relation to number of CIPS treatments. It can clearly be studied that the compressive 

strength increases with number of treatments, but also that grain size plays an important role in the 

strength increase. Finer sands are displaying larger increase in strength compared to the more coarse 

ones.  

Price (2012) describes that so far, the most successful technique in reaching a rather uniform increase 

in strength in-situ have been through performing singles injections through pipes, having the result 

which can be studied in Figure 2.11. The left image displays spheres created in layered sand with an 

obvious difference in density or permeable ability, resulting in differences in how the CIPS Fluid 

permeates out through the sand (Price, 2012). The image to the right is a capture of a fairly ideal 

sphere with diameter 25 cm. To perform the injections using spears is the procedure through which, 

the only known company, Earth Bond Solutions Pty Ltd applies the CIPS solution to achieve soil 

stabilisations.  

 
Figure 2.11: To the left CIPS cemented sphere in layered sand with different densities. To the right a small 

sphere with diameter 25 cm (Price, 2012). 
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Graph 2.11: The increase in maximum ash shear stiffness, Gmax, after one treatment with CIPS Fluid at a 

temperature of 10 ºC (Kucharski et al., 2000) 

In 1999 an experiment was conducted in Kent, UK, in order to distinguish whether CIPS could be 

used to stabilise the old ash embankments of the underground railway system in London. A model 

embankment measuring 1 meter high, 3 meter wide and 10 meter long was setup out of 40 tons ash in 

2 meter segments divided by a waterproof geo-membrane sheet. The ash was loosely deposited 

without any mechanical compaction efforts in a temperature around 10 ºC. Four sections were sprayed 

with different formulations of the CIPS Fluid and one section was just treated with water. The 

maximum soil shear stiffness was evaluated through measuring the Rayleigh wave velocity (Vr) and 

using the equation 2.1 below (Kucharski et al., 2000).   

        
     (2.1) 

ρ  = Bulk density of the soil [tonnes/m3]  

VS  = Shear wave velocity [m/s], VS≈VR/0.95 

 

Figure 2.12: A consoling slab carrying the weight of a small person (Kucharski et al., 2000). 
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Graph 2.12: Change in falling weight deflectometer (FWD) settlements along the trial section of an 

embankment within the London Underground system. (Vaughan et al., 2001) 

 

The most successful CIPS formulation resulted in a fourfold increase in ash stiffness compared to the 

untreated embankment (graph 2.11) (Kucharski et al., 2000). During the dismantling of the 

embankment an overhang with a slab height of 0.3 meter was constructed through excavating a cavity 

underneath. This slab was able to carry the weight of a small person (figure 2.12) (Kucharski et al., 

2000) 

Due to the results achieved in the experiment on the model ash embankment in Kent, UK described 

above it was decided to try CIPS on an active full scale embankment used within the London 

Underground system. The CIPS Fluid was applied using two methods, one where the fluid got sprayed 

from a handheld pipe carried along the rail and one where a plastic pipe grid had been placed under the 

rail between the sleepers. A falling weight deflectometer test (FWD test) was carried out on every 

second sleeper in order to record the deflection prior to the application and after. The results from 

these measurements are displayed in graph 2.12 above which gives a clear indication of a clear 

decrease in settlement (Vaughan et al. 2001). 

 

2.3.5 Advantages with the CIPS technique 

There are a number of advantages with the CIPS technique of strengthening soil, the list below 

outlines the today known positive aspects and a brief explanation to why. 

Small machinery – The machinery needed for performing the in-situ injections are very small. The 

overburden pressure always needs to exceed the pumping pressure of the CIPS Fluid in order to 

counteract soil fracture. This results in the need for a pumping system which can deliver small 

volumes at low pressures. These pumps are usually small in size and can easily access tight spaces 

where larger grouting equipment cannot fit or the soil cannot hold their weight. Apart from a pump, a 

small compressor, injection spears, some hoses and two larger containers are needed (Price, 2012). 

Controllable increase in strength – Due to the fact that the build up in strength is gradual with every 

new injection at the same location the strength can be controlled in steps. This gives the opportunity 

of targeting a typical strength range resulting in that the cost and the work needed does not exceed 

the requirements of the strength needed (Price, 2012). 

Cheap method – The input chemicals are ordinary ones and most of them are cheap. The lower the 

strength needed the cheaper it gets. Due to the small and light injection equipment needed the 

establishment costs are low as well as the cost for the injection equipment (Price, 2012). 
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Short cementation time – The time for the treated soil to have reached most of its strength is short, 

anywhere between 4 hours to 4 days depending on the temperature and the formula used for the 

mixing of the chemicals (Price, 2012). 

Soil stays permeable – The soil stays permeable after each treatment which does not create barriers 

affecting the ground water flow negatively, or causing a build up of pore pressures (Price, 2012).  

Applicable above and below GWT – The CIPS method is supposed to work equally effectively both 

over and under the ground water table. The only difference is that below the ground water table the 

CIPS Fluid will displace the water and then build strength from there (Price, 2012).  

Same procedure as natural sandstone – This process of creating artificial sand stone is the same 

procedure as one of the natural procedures occurring in the environment, leading to the formation of 

sandstone (read further about these procedures in next chapter).  

No dangerous input chemicals – All chemical inputs are already frequently used in the built 

environment, agricultural industry or in food processing (read further in section 2.3) (Price, 2012).  

Robust chemical reaction – The chemical reaction governing this procedure is a so called robust 

reaction. A robust reaction means it is not sensitive to if the input parameters would be slightly 

changed. This is very beneficial when this method is taken into the production line (Price, 2012). 

Air/Oxygen – There is no damage in letting the CIPS Fluid or the treated soil to be exposed to air, not 

even during the hardening process. The only factor which have been demonstrated is that there is an 

additional strength increase when the treated soil dries or get exposed to air. 

 

2.3.6 Uncertainties with CIPS 

One uncertainty with CIPS is the spent fluid which is created as an excess product after the calcite 

precipitation is completed. This spent fluid contains ammonium chloride dissolved in water, NH4Cl + 

H2O. It is a bit unsure what the laws and regulations founded by the Swedish environmental protection 

agency (Naturvårdsverket) proclaim about this possible matter. Accordingly to Naturvårdsverket 

(2012) the total production of ammonium as a waste product in Sweden reaches 52 000 ton for the 

year 2010, out of which the agricultural production accounts for 85 % (graph 2.13). Judging from this 

graph it is somewhat acceptable to allow some release of ammonium, as long as it is not turned into 

ammonia which is a greenhouse gas.  

 
Graph 2.13: Contamination from Ammonium in Sweden until 2010 (Naturvårdsverket, 2012) 
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2.3.7 Summary 

As stated before CIPS have been under research and development for the past 20 plus years. This 

research and development have mainly been conducted within Australia, where the only existing 

company performing soil stabilizing through the use of CIPS has its home. The CIPS method has 

proven over these years that it is able to deliver a consistently, reliable and predictable strength 

increase both in laboratory tests as well as in field tests. In order to expand this method and bring the 

awareness of its potentials worldwide, it is of great interest to conduct both laboratory and field tests 

outside Australia (with its warm climate and fairly uniformly graded sandy soils). But the importance 

dose not only lie in the examination of the physical differences, but also in the increase in awareness 

of the existence to the world, which could generate more research on the subject and hence optimize 

the method further.  

The following chapters are testing the CIPS method in a laboratory environment as well as conducting 

a small scale field test. The prime focus of these tests has been to assess the change in some of the key 

parameters, a change which arises when this method travels across the country boarders to meet 

different climate and ground conditions. These parameters are mainly the lower average ground 

temperature and the difference in soil composition. Hopefully this study will be able to rough 

indication of the potentials of the CIPS method from a Scandinavian perspective as well as 

highlighting some areas of unknowns which will be in need of further research and development. 
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Chapter 3 

 

Laboratory tests 
The laboratory work and evaluations have all been performed at the KTH Royal Institute of 

Technology where a large temperature controlled room have been used to control the mixing and 

cementing conditions of the samples. The CRS testing equipment in which the unconfined 

compression strength test has been carried out have also been facilitated by the same University. The 

soil has been collected from a building site named Vallagränd, a description of the site follows in 

chapter 4.  

 

3.1 Temperature conditions 

The different CIPS formulation is based on the temperature at which the chemical reaction will take 

place (i.e. the temperature in the soil at the day of injection). It is therefore important to find out the 

average annually ground temperature at a depth where the temperature is approaching somewhat of a 

steady state with time. Accordingly to Price (2012) the lower working end of CIPS is around 5-10 ºC 

which probably will limit the application season to the end of the spring to beginning/mid autumn in 

Sweden.  

The temperature at a depth that maintains a steady temperature can be estimated to be roughly the 

same as the mean annual temperature for the location of the construction site (SGU, 2012).  SMHI 

(2012) present on their website that the mean average temperature for Stockholm was 8 ºC during 

2011, which is close to the 8.6 ºC as Swedish Geotechnical Institute (2001) reports as being the mean 

ground temperature for Stockholm. If the mean temperature instead is calculated for the period April 

2011 to October 2011 which would be the application season for CIPS it comes to 13.4 ºC (based on 

the SMHIs mean temperature for each individual month during 2011). The temperature propagation in 

the ground is very complex, depending on a lot of factors as outlined in Jansson (2009) which results 

in a phase difference for the ground temperature compared to the changes in the atmosphere which 

causes the mean temperatures above not to be exactly correct, especial with the depth.  

The assumption of the restricted application season for CIPS results in an approximate laboratory 

temperature of (8+13.4)/2 = 10.7 ºC. Hence, the CIPS formulations for 5-10 ºC were chosen.  

 

3.2 In-situ soil parameters 

The main focus of this study is to examine whether the CIPS method is useful for applications in 

Swedish soils and temperatures. Also, plenty of laboratory tests have been evaluated on different sands 

in Australia, making it rather uninteresting to test similar soils again. Therefore have the targeted 

frictional soil for these laboratory tests been gathered from the building site at Vallagränd and 

analysed. The in-situ soil parameters are evaluated at a depth of 1m below the ground level.  

One important part in investigating the suitability of the CIPS method for usage in Scandinavian 

conditions is the completion of a larger quantity of tested soil samples. Another factor influencing this 

evaluation is the uncertainties and variance of each soil parameter in the field. This variance is in 

general greater than the variance of the accuracy of isolating each parameter in comprehensive 
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laboratory parameter studies. Due to the importance of sample quantity and the parameter variance in 

the field, some of the below parameter evaluations has been performed accordingly to simplified 

methods.  

Grain size – The grain size has been analysed through using sieves in order to determine the amount 

of each grain size. Further the maximum grain size has been set to one tenth of the core sample 

diameter resulting in a maximum grain size of 5 mm (Larsson, 1989).  

The grain size distribution curve of the soil collected from the test site has been evaluated by a sieve 

analysis performed by Sweco Geolab in Stockholm where the grain sizes have been determined to 

d10=0.242mm, d60=1.082mm and d90=2.454mm, for further studies of the sieve analysis see graph 

3.1 above or appendix A for the complete analysis 

Angularity of the grains – As mentioned above, the increase in strength is partly dependent on the 

angularity of the soil grains. Most of the grains have been determined through a petrography 

composition analysis to have somewhat of an angular shape (appendix B). 

Soil composition – The same petrography analysis as mentioned in the paragraph above are displaying 

that the main rock and mineral composition of the investigated sand is Quartz and Granite, but 

fractions of Diabase, Feldspars and Biotit have also been detected, (appendix B). 

Density, ρ - The in-situ density of the soil was calculated through an uncomplicated method. The 

targeted frictional soil first was uncovered from any overlying surface material; the first 0.5 meter 

was removed. Afterwards a small pit was dug measuring (270*250*83) mm. This pit was then 

covered with a thin plastic foil and filled with water in order to determinate the volume of the 

removed soil to 4.275 litres. The soil was weighed and an in-situ density of 1921 kg/m
3
 was 

determined. This corresponds quite well to the in-situ evaluations of the density of 1900 kg/m
3
 

computed from the CPT probing 12GT05 located close to the test site at a depth of 1.0m below 

ground level (appendix C).  

 

 

Graph 3.1: Sieve analysis of the sampled material from the building site at Vallagränd, Haninge (appendix A) 
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Lastly the soil (6.9151 kg moist sand) was dried in a simplified method of using a plastic sheet on 

which the soil was spread out in a very thin layer to air dried. The dry weight of the soil was 

recorded to 6.5178 kg and the dry density could be calculated to 1810 kg/m
3
 using equation 3.1 

(Larsson, 2008).  

   
  

 
    (3.1) 

ρD = Dry density [kg/m3] 

WS = Weight, dried soil [kg] 

V = Total volume [m3] 

 
Table 3.1: Characteristic values from probing results (Bergdahl et al., 1993). 

 

Friction angle, ϕ – The geotechnical measurements carried out by a CPT soil-probing has evaluated 

the friction angle to differ between 38 to 44 degrees down to a depth of 3 meter, in additional a head 

pressure ranging between 5-11 kPa was recorded. Bergdahl et al. (1993) establish that with a head 

pressure of between 5-20 kPa the sand can be assumed to be between medium to high density with a 

friction angel ranging between 35-40 degrees (table 3.1). In this case the friction angle has been 

established to 37 degrees considering both the previous mentioned values and expertise from 

experienced geotechnical engineers. Collins and Sitar (2009) states that the friction angle of 

cemented sand are similar to those of uncemented sand materials, but cohesion is usually a function 

of both cementing agent and angularity of the soil particles. 

Water content, w – The water content of the soil is determined to 6.1 % by using equation 3.2. 

  
    

  
       (3.2) 

w = Water content [%]  

W = Weight of soil sample in moist condition [kg] 

Porosity, n – The porosity of the soil was determined by placing the removed dried soil from the small 

pit in a container with water and measuring the increase in volume after all excessive air was 

removed. This volume increase is the volume of the removed soil and the porosity was calculated to 

24.7 % using equation 3.3 (Larsson, 2008). 

  
    

 
 

  

 
   (3.3) 

n = Porosity [%]  

V = Total volume 

VS = Volume solids [m3] 

VV = Volume voids [m3] 

Young’s Modulus, E – The Young’s modulus of 21.7 MPa is also derived from the same CPT probing 

as mentioned above at a depth of 1.0 meter.  

 

Relative 

consistency 

Cone penetration 

test, qt [MPa] 

Friction 

angle, φ0
k 

Young modulu's, 

Ek [MPa] 

Weight sounding, 

Vimk [hr/0.2m] 

Ram sounding, HfA 

(netto)k [ram/0.2m] 

very low 0-2.5 29-32 <10 0-10 0-4

low 2.5-5.0 32-35 10-20 10-30 2-8

medium high 5-10 35-37 20-30 20-50 6-14

high 10-20 37-40 30-60 40-90 10-30

very high >20 40-42 60-90 >80 >25
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3.3 Core sample preparation techniques 

In order to be able to test the CIPS treated soil in laboratory two kinds of core preparation cells needed 

to be developed in which the soil could be treated and then extracted. One type of core preparation cell 

needed to fit the criteria of multiple injected treatments. The second cell needed the criteria of being 

easy and quick to use and create “single treatment” samples. 

Single treatment cell – With the aim to construct a core preparation cell which is easy and quick to 

prepare cemented core sample in the Swedish standard carbon fibre cylinders were modified to be 

shorter (figure 3.1) then the normal ones. The idea here is to mix the calculated dry weight of sand, 

for the volume of the cell, and CIPS Fluid in a bowl after which the mixture is added to the core 

preparation cylinder during vibrations. The cylinder is then completely sealed from air and water 

with lids and tape. The reason for building samples this way is to ensure that the same amount of 

CIPS Fluid is distributed evenly throughout the sample and that the core samples are easier to repeat 

with a higher possibility of all being uniformly and homogeneously cemented. The dimension of the 

modified carbon fibre cylinder is displayed in figure 3.3, cylinder D. 

Multiple treatments cell– In order to create a core sample which can be subjected to multiple 

treatments of CIPS Fluid a special core sample preparation cell needed to be constructed (figure 3.2). 

This core preparation cell allowed for many injections from the bottom upwards. The reason for 

having the injection inlet at the bottom is to simplify for the air discharge from the pores. This cell 

was engineered in such a way that the Swedish standard Carbon fibre core sample cylinders (right 

cylinder in figure 3.2) would fit. These cylinders were used in order to be able to extract the core 

samples using a standard core sample extractor (figure 3.4) which maintains the core as undisturbed 

as possible. The dimensions of the carbon fibre cylinder are displayed in figure 3.3, cylinder C. 

Volume – Two different core cylinders have been constructed, a taller one, C, to construct samples by 

injections and a shorter one, D, to build samples from a pre-mixture of CIPS Fluid and soil (figure 

3.3). The volume of the large core cell is 0.314 litres and the small has a volume of 0.196 litres. The 

volume of C was also verified through measuring the water which filled the camber displaying 0.316 

litres. 

 

Figure 3.1: Simple core preparation cell with lids for single treatments. 
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Figure 3.2: Left: the core preparation cell with a clear plastic cylinder. Middle: core preparation cell with soil. 

Right: core preparation cell with Carbon fibre cylinder. 

Density, ρcore – The dry density of the core sample needs to be the same as the dry density of the soil 

in-situ. In order to control this, a relationship with the core cell volume was used, equation 3.4 

displayed below.  

                   (3.4) 

ρdry  = Dry density of the in-situ soil [kg/m3] 

Vcore = Volume of the core [m3] 

Wcore = Weight of the dry soil making up the core sample [kg] 

The weight for C and D is calculated to 0.578 kg and 0.3552 kg respectively.  

 

 
Figure 3.3: Dimensions of the two different core cylinders use for constructing the soil samples for the 

laboratory test. 
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The mass of the dry soil making up the core sample is now known. A compaction method described 

below is used in order to make the above calculated masses fit into each core sample cell with the 

appropriate degree of compaction. The dry density is used mainly to control the compaction of the 

core sample (Larsson, 2008). 

Porosity, n – The porosity of the compacted soil core was determined by filling the empty core cell 

with water, adding the soil in a very dry condition, vibrating the cell for compaction and measuring 

the displaced water. The difference between the volume of the core cell and the displaced water will 

be the porosity of the soil sample. 

Compaction – The compaction of the core sample was conducted using a method where the calculated 

dry weight of sand was premixed in a bowl with a little bit more CIPS Fluid than needed for 

saturating the sample fully. The mixture was stirred thoroughly for approximately 2 minutes.  About 

60 grams of premixed sand and CIPS Fluid was then added into the cylinder after which the cylinder 

was vibrated for about 3 minutes so that all air pockets and air filled pores had departed. Next batch 

of 60 gram CIPS saturated soil was added and vibrated again, the same procedure was repeated until 

all of the mixture had fitted into the cylinder and the desired density equal to the in-situ density had 

been achieved (Shambhu et al., 2006). 

Extraction from preparation cell – Several tests have been performed to find the best and easiest way 

to extract the cemented soil core from the core preparation cylinder without causing damage through 

tension, shear force or too much friction between the soil and the inner wall of the cylinder. A rubber 

sleeve was first used as a membrane between the cylinder and the soil. Difficulties quickly arose 

concerning how to extract the air between the inner wall of the cylinder and the rubber sleeve. A 

method that turned out to work a lot better was to apply a thick layer of Petroleum jelly to the inside 

of the cylinder, this layer worked as a lubricated sleeve and reduced the skin friction of the cylinder 

to insignificant levels. The cemented soil core then could be extracted without almost any transitions 

of forces into the soil material. Figure 3.4 illustrates the kind of core sample extractor which was 

used in these evaluations. 

The injection – The compaction method is important in order to displace all the air in the pores of the 

core sample. Therefore water was injected from the bottom inlet filling the sample gradually with a 

pressure low enough to avoid hydrofracture. Subsequent to the water the mixed CIPS Fluid was 

injected with the same procedure, from bottom to top in order to displace the water. 

Temperature, T – In order to achieve the same temperature as in-situ the core samples were all 

prepared in a temperature controlled room which was kept at a stable temperature of 10 ºC. The 

entire process, from letting each individual dry chemical adjust to the temperature to extracting the 

core samples was carried out in this room. 

 

Figure 3.4: Core sample extractor used for this laboratory experiment.  
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Figure 3.5: The UCS test setup in the CRS testing equipment. 

 

3.4 Unconfined compression strength test, UCS 

The unconfined compression test are accordingly to Åhnberg et al. (1995) relatively easy to 

conduct and reviewed to be the most suited test for conducting a larger amount of samples over a 

shorter period of time. These tests have been performed in a CRS (Constant Rate of Strain) testing 

equipment, but without the CRS pore pressure cell, (figure 3.5). This setup was carried out in 

order to attain stress/strain diagrams from which the Young’s modulus E50 and maximum 

compression strength could be evaluated.  

 
Table 3.2: Matrix outlining cementation time and time for the drying process. 

 
Table 3.3: Sample parameters for the setup of the UCS tests  

The samples for the UCS tests was setup as table 3.3 displays were a deformation rate was set to 1% 

of the sample height, which can be compared to the deformation rate for UCS tests on lime cement 

columns (Åhnberg et al., 1995).b The grain size distribution curve for the maximum grain size can be 

studied in appendix A. 
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the number symbolize how many tested soil samples of each temperature

Time in CIPS saturated state [days]

No. of samples 60

Length [mm] 100

Diameter [mm] 50

Grain size [mm] <4

Deformation rate 
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1 (1% of length)

Sample parameters for UCS tests 
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Figure 3.6: Example of failure mechanisms for the UCS tests. Left shear failure, Middle bulk failure, Right 

spalling 

 

The soil matrix of how the laboratory evaluation has been conducted is displayed in table 3.2. The x-

axis represents the time which the soil sample has been enclosed in the cylinder saturated with CIPS 

Fluid. The y-axis represents the time given to the soil sample to dry, after being removed from the 

cylinder.   

Apart from these 60 test cores one more test core was constructed (figure 3.7). This core is somewhat 

unique because it was built in the core preparation cell, displayed in figure 3.2, performing five 

injections all with 24 hours in between them. Prior to every injection water was flushed through the 

sand in order to displace all the old spent fluid. Throughout this whole process the sample never came 

in contact with air and it was fully saturated at all time, either by CIPS Fluid or by water until it was 

extracted out of the core preparation cylinder. The green parts at the top and bottom is added in order 

to make the surfaces completely flat so no additional stresses are added to the sample through 

unevenness. 

 

 
Figure 3.7: Test core constructed out of sand performed by 5 CIPS treatments. Plastic Padding added on top and 

bottom to achieve a flat layer. 
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Graph 3.2: Relationship between unconfined compressive strength and number of days left in CIPS saturation. 

The lines to the left in graph is test results based ONLY on saturated water compacted sand. 

 

3.5 Results 

The different series have been plotted to form diagrams as a tool to illustrate the occurrence of 

possible trends in the different parameters tested. This has been done in order to obtain an 

understanding for the occurrence of strength increase the UCS tests displayed.  

Effect of cementation time – The first parameter to be evaluated is whether the cementation time has 

a clear effect on the strength increase. Graph 3.2 illustrates four different series, each with 5 samples, 

which have been left fully saturated with CIPS Fluid for different periods of time in a temperature of 

10 °C. It is quite evident that no trend of strength increase occurs when the samples have been left 

for a longer cementation time. Noticeable here is also that there is basically no evidence of a strength 

increase compared to water compacted sand, which also was tested wet (see the lines in graph 3.2). 

The lack of a trend is also supported by the fact that the coefficient of determination is closing in on 

zero, R
2
=0.0046 which clarifies that there is no relationship between the time in CIPS saturated 

condition and strength increase. 

 
Graph 3.3: Relationship between unconfined compressive strength and number of days left for drying in 10 °C. 

All tests have been left in CIPS saturation for 17 days in 10 °C, before exposure to air and temperature 10 °C. 
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Graph 3.4: Relationship between unconfined compressive strength and number of days left for drying in 10 °C 

(♦) and 20 °C (●). All tests have been left in CIPS saturation for 3 days in 10 °C, before exposure to air and 

drying. 

 

Effect of time exposed to air – Since there is little strength increase caused by the cementation time, 

the exposure to air and temperature becomes interesting. Graph 3.3 and 3.4 demonstrates sample 

series which have different cementation times (all series in each graph has one cementation time, but 

different to the other graph) but the same time of exposure to air and temperature. There is an 

obvious relationship revealing that the time exposed to air has an effect on the increase in strength, 

the two graphs have coefficient of determination of R
2
=0.72 and R

2
=0.84 also indicates a strong 

positive relationship between time exposed to air and the strength increase. Noticeable is that graph 

3.4 could have two different trend lines due to the two different drying temperatures. It is easy to see 

and understand that there would be just a slight difference in the coefficient of determination if two 

trend lines would be inserted, therefore has only one trend line has been inserted.  

A similarity between graph 3.3 and 3.4 will underpin the above explained trend that a longer 

cementation time, when saturated, will have little effect of the strength increase. This can be 

understood due to the fact that the two different graphs (graph 3.3 and 3.4) has 14 days difference in 

CIPS saturated condition but still display similar values of strength increase.  

 
Graph 3.5: Relationship between unconfined compressive strength and different number of days left in CIPS 

saturation. All samples have been left to dry for 14 days but in different temperatures, 10 °C (♦) and 20 °C (●).  

*the samples located below 50 kPa at 7 days might have been subjected to an external factor causing them to 

fail. These samples were experienced wet during testing. 
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Graph 3.6: Relationship between Young’s modulus, E50, and unconfined compressive strength.  

 

Effect of same length of drying but different cementation time – In order to state more evidence of 

the lack of strength increase due to longer cementation time graph 3.5 was arranged and evaluated. 

The different sample series in this graph have all been exposed to air for 14 days but in two different 

temperatures, 10 °C and 20 °C, the difference between the series is the cementation time before 

exposure to air. 

Almost all samples demonstrates an almost tenfold increase in strength due to the 14 days air 

exposure compared to the samples tested in saturated conditions (graph 3.2), but no indication of that 

longer cementation time would have any effect on strength increase. A reservation is needed for the 

four plotted results below the 50kPa at 7 day (looking as two dots). These samples appeared 

somewhat moist during the compression tests and something might have gone wrong. Neglecting 

these four samples will result in a coefficient of determination closer to zero stating the already 

established result from graph 3.2 of no correlation between time in CIPS saturated condition and 

strength increase.  

 

 

Graph 3.7: Relationship between strain and unconfined compressive strength. Samples tested in CIPS saturated 

condition are indicated with (●) and samples exposed to air and temperature are represented with (♦). 
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Young’s modulus – Plotting Young’s modulus against the unconfined compressive strength (graph 

3.6) illustrates a very clear relationship between the two which is approximately E50=1150*UCS 

with a coefficient of determination of R
2
=0.96.  

Deformation – Further, the deformation at maximum compressive strength for these results is plotted 

in graph 3.7. Circles (●) are samples which have been tested in CIPS saturated condition and the 

diamonds (♦) are the dried samples. This plot demonstrates a strain, ranging from 0.7 to 2.6 % for 

both CIPS saturated samples and samples exposed to air. The air exposed ones exclusively ranges 

from 0.7 to 1.9 %. 

Example of one test series – Graph 3.8 is an example of five samples which had a cementation time 

of seven days and then 14 days exposed to air with a temperature of 10 °C. These samples give a 

clear indication that a strength increase can be achieved through only one treatment with the CIPS 

Fluid. All the graphs which are the underlying data for these evaluations can be studied in appendix 

D. 

UCS of multiple treated test core – The test core (figure 3.7), which have been constructed through 

five CIPS treatments using injections from the bottom, was tested in a larger UCS testing machine 

compared to the other less cemented samples outlined in table 3.1 above. The maximum compressive 

strength came to 2.6 MPa. The setup of the sample can be studied in figure 3.8 below.    

 

 

Graph 3.8: Stress strain diagram for a series of 5 samples which has been left for 7 days, 10 °C in CIPS 

saturation condition thereafter exposure to air for 14 days in 10 °C. 
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Figure 3.8: Unconfined compressive strength test of a test core constructed through five CIPS treatments.  

UCS came to 2.6 MPa. 

 

pH level of  spent fluid – The ph-level of the spent fluid left at the top in the beaker used in figure 3.9 

was measured after 24 hours to pH 6.7. This test was carried out in order to get a rough indication of 

the pH-level in the CIPS saturated samples which are demonstrating barely any strength increase at 

all when tested in a wet condition (graph 3.2). 

  

3.6 Discussion 

Out of the laboratory tests which have been performed on 60 samples of CIPS treated sand collected 

from a building site, it seems quite clear that the strength increase starts at the point when the treated 

material is exposed to air or when the spent fluid has departed. The idea that oxygen might play a key 

role in the forming of the calcite crystals and causing the cementation can be neglected due to the high 

strength increase achieved in the one test core constructed with five CIPS treatments. This test core 

never came in contact with air or oxygen during the cementation process and still exhibited a very 

high UCS value.  

It is believed that either the drying process has a substantial effect on the strength increase after the 

calcite precipitation or that the spent fluid affects the samples negatively until departed. Maybe 

parallels could be drawn to the extraction of sea salt, when the salt is dissolved in water no crystals 

exist but exposed to the mechanism of drying (or reduction of water) causes the salt crystals to form. 

A possibility would be that the calcite crystals initial attachment to the nucleation sites occurs at first 

when the spent fluid is removed which then causes the strength increase to take place.  

As discussed above in section 3.2.2 there are a few different factors which influence the precipitation 

of calcite negatively during the process of the parallel method Biogrout. For example, if the pH-value 

in the environment targeted for treatment either drops too low or rises too high it will have an 

inhibiting affect on the urease activity, hence the precipitation of calcite will be effected negatively 

during treatment with Biogrout. Since CIPS and Biogrout could be seen as neighbouring methods, 

both using urease (although extracted from different sources) as catalyst, it would not be too farfetched 

to assume that a drop or rise in pH-level to unfavourable levels also would affect the urease activity of 
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CIPS negatively. This could be one possible explanation to why the laboratory samples tested in CIPS 

saturated condition displayed almost no cementation at all. A sample which is saturated with CIPS 

solution will still hold the spent fluid containing ammonium chloride NH4Cl (figure 2.4) with the 

acidity of pH around 9.25 (Wikipedia, 2012g). The measurements of the pH 6.7 of the spent fluid in 

this experiment, outlined in section 3.5, which is almost neutral, instead of around 9.25 which 

ammonium chloride holds. This neutral pH-value could have its explanation in the calcite precipitation 

causing a counteracting effect of rise in pH-level which is explained under section 3.2.2. Anyway 

comparing these two pH-values of 9.25 and 6.7 to the graph 3.5 would strengthening the assumption 

of an inhibiting effect on the urease activity as long as either ammonium chloride is present in the core 

samples or the spent fluid. As discussed in section 3.2.2, the calcite precipitation is a result of an 

increase in pH which would mean that as long as the spent fluid with pH of 6.7 is contained within the 

treated soil, the precipitation will not commence. It would also contribute to the explanation of why 

the strength increase takes place the longer and dryer the tests becomes, or as in the case of the 

multiple treated test core (figure 3.8), which built a lot of strength (2.6 MPa) due to constantly being 

rinsed with water between the injections. It is neither believed that the ammonium chloride in itself is 

a factor which inhibits the urease activity since this salt needs to reach very high concentrations before 

the negative effects are triggered (section 3.2.2). Either way it is believed that the spent fluid needs to 

depart from the treated soil in order for the strength increase to take place. 

Another possible aspect which need considering is the increase in viscosity of the CIPS Fluid after 

mixing fluid A and B in combination with creating samples through mixing CIPS and sand (not using 

injections). Since the CIPS Fluids viscosity quickly rises to quite high levels it could result in pushing 

the soil particles apart in a mixing process which lacks a confining pressure. In this laboratory study it 

takes about 15 minutes to create one sample through adding CIPS plus soil in a repeated manner 

during vibrations. The rise in viscosity during this process, especially with vibrations, could possible 

lead to the soil particles becoming more and more pushed apart. This could also be the possible 

explanation to the experienced increase in strength as a result of the drying process. Maybe it is not 

about the drying, but the departure of the fluid, resulting in the soil particles moving closer to each 

other making the distance between them small enough for the calcite crystals to reach and form its 

bond.  

Studying the graphs and results above clearly indicates a strong relationship between the increase of 

strength and the time the samples have been left exposed to air. Little variation in strength increase 

occurs due to the difference on temperature of the drying conditions, and based on these results the 

conclusion of that the temperature of drying has little effect. But the temperature at the time of 

mixing/injection plays a large part for the calcite precipitation and hence different recipe needs to be 

chosen based on forecasted or actual temperature conditions.  Since no urease activity is registered 

below 5 °C, measures needs to be figured out in order to use this method during cold conditions. 

Further, it can be stated that the strength increase is not believed to have anything to do with time left 

in CIPS saturated condition due to the results in graph 3.2 which clearly indicates almost no strength 

increase with time. 

 



CIPS  Chapter 4: Field test 

 

44 

 

 

Chapter 4 

 

Field test 

4.1 Global Geometry 

The site where the field tests have been performed is located in Handen within Haninge municipality 

in the outskirts of Stockholm County, next to a street named Vallagränd (figure 4.1).  

The position of the test site can be pinpointed through entering the coordinates in table 4.1. The 

Swedish coordinate system SWEREF 99 TM has been used which is based on the Meridian, 15 

degrees east of Greenwich with a scale reduction factor of 0.9996.  The N-coordinate commence from 

the Equator and the E-coordinate commences from the earlier mentioned Meridian, but with an 

addition of 500 000m. The SWEREF 99 systems are based on the metric system and conventionally 

the X-coordinate is positive in the North direction and the Y-coordinates positive in the East direction 

(Lantmäteriet, 2010). 

 

Table 4.1: Coordinates for the test site measured in the Swedish coordinate system SWEREF 99 1800 

 

Figure 4.1: The site where the field test was conducted (Eniro, 2012) 

 

 

X [m] Y [m] Z [m]

6560400 157838 46.86

SWEREF TM
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Figure 4.2: The local geometry of the test site. Left, removal of the top layer of grass and roots. Middle, the size 

of the excavation. Right, a marks where the column has been created, b points out the position of a sphere which 

has been treated twice, c is the location of where sand has been dug up, mixed with CIPS Fluid and refilled into 

the origin position, d is where the CPT soil probing will be evaluated.  

 

4.2 Local geometry of the test site 

The local site for the field test has been chosen with care to ensure the existence of a sandy soil, deep 

enough and with a suitable density for the assessment. The test site (figure 4.2) was set up within an 

existing building site which Peab Sverige AB controlled. There was a number of CPT soil probings 

located throughout the building site and after evaluating these soil probing, the test site was chosen 

near the CPT soil probing 12GT05, see appendix C. 12GT05 clearly reveals good enough conditions 

with a medium high to high relative consistency of the sand layers, reaching depths sufficient for these 

in-situ evaluations.  

The top layer existing of grass and mould was removed using an excavator without generating any 

additional confining pressure to the soil beneath. This area measured four by five meters and 

accommodated three different tests where the sand will be treated differently and then evaluated 

through performing ocular assessment. 

 

 
Figure 4.3: Temperature measurements at a depth of 1.8 meter below the surface. 
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Figure 4.4: Geometry of the intended sphere. 

 

4.2.1 The different tests 

This section describes the geometry of the tests/injections which has been performed at the test site 

described above.  

Temperature – The temperature in the ground 1.8 meter below the surface was measured by 

immersing a temperature sensor down into the pipe which had been installed at position a (figure 

4.3). After some time when the temperature had reached a steady state the display showed a 

temperature of 10.6 °C. 

Column – Position a, (figure 4.2 to the right), is the location of where the trial of making a column 

took place. It was constructed as the figure 4.3 above displays with the only difference of containing 

four spheres instead of three as the figure illustrates. The intention was to design the spheres with an 

aim of reaching a radius of 0.25 meter which would result in a total soil volume of 65 litres per 

sphere. This volume is calculated with an assumed porosity of approximately 30 % resulting in the 

need for 20 litres of CIPS Fluid in order to create each sphere. These spheres were only treated once 

with CIPS Fluid. 

 

Figure 4.5: Geometry of the single sphere which was targeted with two injections of CIPS Fluid. 
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Sphere, treated twice – At position b (figure 4.2) a single sphere was created. It was constructed with 

the same dimensions as the spheres in the described column above but with the only difference of 

being treated twice with CIPS at exactly the same injection point. The aim was to create a sphere 

with higher strength than the possible strength achieved in the column (figure 4.5).  

Dig, mix and refill – This test was conducted at position c, (figure 4.2), in order to make sure that the 

CIPS Fluid was completely distributed throughout the soil in a uniformly manner. First a 0.4 meter 

deep pit was dug, in which a second smaller pit measuring 0.3 by 0.3 meter and only 0.2 meter deep 

was dug, (figure 4.6, top left). The sand from this smaller pit was placed in a container and mixed 

with CIPS Fluid until fully saturated, after which the mixture was refilled into the small second pit, 

(figure 4.6, top middle). To be able to locate the treated sand easily a fibre sheet was placed on top of 

the treated sand with wooden sticks to indicate the corner of the square sized pit, (figure 4.6, top 

right). Lastly the larger pit was repacked with sand to reconstruct the confining pressure. 

 Three more pits were excavated with a soil drill, diameter 28 cm to a depth of 1 meter, (figure 4.6, 

bottom left). These three pits were refilled in the same manner as the small squared pit and left to 

settle with a wooden sheet on top to protect against wind, rain and possible animals interference. 

 

 

 

 

 

Figure 4.6: Geometry of the dig, mix and refill tests. 
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Figure 4.7: Schematic illustration of the pumping system. 

 

4.3 Equipment 

In order to complete the injection of the CIPS Fluid into the soil some equipment were needed to be 

constructed in order to deliver the accurate pressure for the different depth and a flow low enough. A 

pumping system was designed (figure 4.7) as well as the injection spears (figure 4.9) through which 

the CIPS Fluid was injected. 

Reservoirs, A & B – The CIPS Fluid’s two components are stored separately in these 0.5 m
3
 tanks. 

Compressor, C – An air compressor which delivers air pressure to operate the pump. 

Pressure regulator, D – The pressure regulator between the compressor and the pump controls the 

pressure. The pressure of the CIPS Fluid needs to be kept lower than the overburden pressure to 

avoid soil fracture. 

Pressure gauge, E & G – display presenting the current pressure of the air and the CIPS Fluid 

Pump, F – The pump selected for this experiment was an aluminium diaphragm pump with two input 

chambers and one outlet. This made it possible to use only one pump which, in a very easy manner, 

controlled the volumes of the two different input fluids to be the exactly the same. The pump 

requires 2 bar in order to start operating. 

Mixer, H – This mixer makes sure that the two different fluids are mixed accurately (figure 4.8).  

Flow meter, I – This component was installed in order to control the delivered volume and the flow 

rate for the injection. A low flow rates is crucial in order to slowly fill the voids of the sand. 

Ball valve, J – The ball valve before the pump is used as an on/off button to start the pump when all 

correct adjustments are set. The valve after the mixer has a flow regulating function, closing it partly 

will help to regulate the flow rate to the correct levels. 

Injection spear, (figure 4.9) – The injection spear is inserted into the ground by drilling. Two different 

spears have been used for these experiments, one with a fixed end and four horizontal outlets located 

below the auger. The other spear has a loose end constructed out of a bolt which is released at the 

point of injection to open the vertical outlet point.  
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Figure 4.8: Mixing equipment. A pressure hose with a plastic chain mounted inside. The ball valve and the flow 

meter is also visible. 

 

a 

 

Figure 4.9: Injection spear, left is an auger with four horizontal injection outlets. Middle & right, auger with 

arrow shaped bolt which opens a vertical injection outlet.  
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4.4 Method 

As explained in section 3.3.3 the process for delivering the CIPS Fluid was a so called pump and mix 

process which appeared to be the most efficient one due to the importance of the time, between the 

mixing of the fluids and the injection outlet, being as short as possible. The pumping system was first 

calibrated before connecting it to the spear to make sure the correct pressure and flow rate existed. The 

decided volume of fluid to achieve the desired sphere was injected at the first location after which the 

spear was pulled up to the next level to create the following sphere, and so forth. 

Presented below is a timeline of how the field test has been conducted. 

Injection and treatment of sand (27
th

 & 28
th

 of July) – The first injection using the spears was 

conducted at these dates. The sand volume which experienced two treatments had its second 

treatment carried out on the 28
th
 of July. The first small dig and refill test was also set up at the 27

th
 

of July.  

Ocular examination of dig and refill (7
th

 of August) – The first ocular assessment of the small dig 

and refill test was carried out on this date. Since no strength increase was visible it was decided to 

leave the injected spheres for a longer time. The decision to carry out larger dig and refill tests the 

following day was made. 

Larger dig and refill treatment (8
th

 of August) – The larger dig and refill test was setup.  

Ocular examination (23
rd

 of August) – Ocular examination of both sizes of dig and refill tests was 

carried out. The tests still did not reveal any strength increase.  

Set up of flushing mechanism (30
th

 of August) – The effect of flushing the treated soil volumes with 

water in order to displace the spent fluid and hopefully achieve a strength increase needed to be 

examined. Therefore a big tarpaulin cone was setup to collect rainwater which was directed down 

into one of the treated dig and refill columns to displace the spent fluid. This cone is displayed in 

figure 4.10 and collected rainwater during the hole of September.  

Ocular examination and excavation (3
rd

 of October) – During this last ocular examination the 

tarpaulin cone was removed and the column was examined. Also, the volumes which were treated 

through injections was excavated out and assessed.   

 

 

Figure 4.10: Tarpaulin cone to collect rainwater during September. 
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Figure 4.11: The treated sand volume which has undergone flushing with rainwater. 

 

4.5 Results 

The same recipe for the CIPS Fluid has been used for the field test as for the laboratory test. The two 

components of CIPS Fluid have been prepared in the evening and left overnight to settle before 

carrying out the injection the following day. Before the injection was performed, samples were taken 

from fluid A and fluid B in order to verify the recipe through a precipitation test (figure 3.9), where 

the fluids were mixed together and the precipitation was timed to occur within the time expected. 

Batches out of these two CIPS components were also collected in order to construct laboratory testing 

cores which later were used in the (Chapter 4) Laboratory evaluation. These test cores constructed 

displayed similar results to the other laboratory test cores. This verifies the good quality of the chosen 

receipt and the mixed CIPS Fluid for this field experiment.  

Dig and refill tests – After a visual examination and using hands and fingers to feel the effect of CIPS 

it became clear that no strength increase had occurred. This examination was done through carefully 

pushing a finger down into the treated sand and comparing the effect with the response received 

through doing the same in naturally confined and consolidated sand. The inspection was carried out 

two and four weeks after the CIPS treatments, with the same conclusion, the treated sands behaviour 

only displayed the attributes of naturally wet compacted sand with no strength increase to record. A 

lump of sand was collected at four weeks and left inside to dry. As soon as the drying process 

started, it was easy to follow the graduate increase in hardness. After a few days the sand had build 

significant strength and could be tapped quiet hard with finders and still maintain intact. This could 

not be done with only water compacted sand which had been left to dry.  

Due to the above mentioned visual conclusion of the “dig and refill” tests, the decision was made not 

to go through with a CPT-soil probing. Such investigation would only confirm the assumption of no 

strength increase at all and therefore be somewhat needless.  

The treated volume which had been flushed with rainwater displayed the same characteristics as 

explained above. This assessment was carried out eight weeks after the treatment. The only visible 

effect was the change in colour of the sand (figure 4.11).  
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Figure 4.12: The consistence of the sand has changed at this stage, 0.5 meters under the surface and a clear 

circle created of the salt is visible. 

 

Injected test volumes – The treated volumes created through injections, exhibited an increase in 

strength through cementation. At the location where the attempt of creating a column took place, it 

became evident that a strength increase had occurred. This strength increase became evident through 

examine the hole left in the sand after the injection spear had been removed. The casing of the hole 

(figure 4.15) displayed a whitish colour and by tapping it with a finger revealed some strength 

increase.   

 During the process of excavating deeper and deeper towards the centre of the double treated sphere, 

the strength of the cementation of the sand became somewhat harder. Another sign of that something 

with the shape of a sphere had been created is the whitish circle which is displayed in figure 4.12 and 

4.13. Samples near the centre of this sphere were gathered for examination and display. The “ball” in 

the top left corner of figure 4.13 has been lifted out of the pit. The size of this “ball” is slightly larger 

than a soccer ball and has an experienced approximated weight of about 10 kg. More samples 

gathered can be studied in figure 4.16. 

 The ocular investigation of the injection which intended to create a column can be studied in 

Appendix E. 

 

Figure 4.13: The firmness of the sand increases the further the excavation pit is extended towards the injection 

centre. The clear circle created by the sand is also visible in this picture. 
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Figure 4.14:  A column created of the core of the double injected sphere.  

  

4.6 Discussion 

The outcome of the field test turned out somewhat differently depending on the type of in-situ test 

performed. The injected tests proved to be more successful then the dig and refill tests due to the clear 

increase in strength created be the cementation of the soil particles.  

The treatment of the intended column was created using the spear to the left in figure 4.9 with a loose 

bolt at the end. This seems to be a less effective spear compared to the spear with horizontal injection 

outlets, especially for creating multiple injections above each other to form a column. Due to the 

injection outlet being vertical the higher injection points will lose most of its fluid straight down to the 

lowest injection point. This will happen because of the existence of the channel where the spear has 

been during the first injection.  

As mentioned in the section 4.5, the treated sand which had been mixed and refilled into pits and kept 

without the influence of wind and rain displayed the same characteristics as wet sand. This was a 

rather disappointing discovery at the time, but at the same time as this establishment was made another 

interesting finding was revealed. At the point where the injection spear had been driven down, CIPS 

Fluid injected and a possible soil fracture occurred leading the CIPS Fluid back up to the surface 

covering the ground. This area was just left covered with CIPS Fluid and no further thoughts or 

intentions were formulated at the time of injection. Later, during the follow up four weeks later, a 5 

millimetre thick crust was discovered at this location. This crust was cemented through CIPS Fluid 

penetrating down into the top layer of sand. More interesting is that this surface is the only treated 

sand which has been exposed to rain, hence rinsed and pH levels might therefore have adjusted to the 

equilibrium in the ground, possible resulting in higher urease activity causing the calcite crystals to 

precipitate and bond the particles.  
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Figure 4.15: The injection hole to the sand volume where the column had been attempted to be created. The 

white surface is a hard crust which has been formed through the CIPS Fluid exiting up along the injection spear.  

  

Another possible explanation to the lack of strength increase in the dig and refill pits might be the 

higher viscosity of the CIPS fluid. As soon as the two components of the CIPS fluid are mixed 

together the viscosity starts to climb. Mixing this fluid with sand could result in the difficulties for the 

sand particles to position themselves close enough to each in order to build strength through 

cementation. The higher viscosity will have the effect of holding the particles apart making the 

distance too large for the calcite crystals to bond two soil particles. 

 

Although the results, especially from the “dig and refill” pits have been somewhat deviant from the 

expectations, the final result was still positive where an increase in strength clearly was attained in the 

injected soil volumes. The increase in strength from the injected spheres was experienced to be at least 

as high as the achieved increase in strength displayed in the laboratory tests. This strength increase 

could be an indication of the positive potential in the ground to handle the spent fluid in such a way 

that the calcite precipitation allows creating the sought after bond between the soil particles.  

 

 

Figure 4.16: In-situ samples taken from the sphere which has been treated twice with CIPS Fluid. 
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Although the field evaluations using the injection spear and the pumping system turned out to be 

somewhat complicated to calibrate in order to achieve the correct pressure and flow rate, a clear 

increase in strength was achieved. More time and effort needs be spent in order to design a more 

suitable system which can deliver the correct amount of CIPS Fluid which permeates the soil in the 

slow steady pace needed. If a better system accuracy and control can be obtained, a higher strength 

will probably be attained. Also, with higher system accuracy, CIPS Fluid will more easily be 

distributed to the calculated volume aimed for to be treated.  Due to the possible soil fracture and the 

fluid exiting at undesired locations these test became a useful experience of the time and effort needed 

for designing the adequate pumping system as well as getting the results of that the method works in-

situ and will create a strength increase in Swedish conditions.   

Despite the foremost difficulty with designing a system which could deliver the CIPS Fluid efficiently 

there was still a clear strength increase due to cementation at the soil particle contact points occurs 

even in the field. When this pumping system has been optimized and the unknowns (discussed in 

section 3.6) have been researched further this method finally could display its full potentials. 

Potentials which not only are constructional benefits such as accessibility in tight spaces, slope 

stability for larger inclinations or cost reductions. It could also prove to be beneficial in terms of 

reducing the energy consumption of the today widely used grout injection methods using cement 

based mixtures. It could also be a cheaper alternative to shotcrete used on slopes, slopes which might 

not always mobilizes the full strength capacity of the concrete. Instead CIPS could become a more 

suited, environmental method for delivering the targeted strength needed. More potential application 

areas can be studied under section 5.2.  

Humanity cannot fight the fact that we are using too much energy, making the world less sustainable 

compared to what it could be with smarter solutions and wiser methods. Humanity simply needs to 

embrace the fact that we need to reduce our environmental footprint by doing everything in our power 

to make the world a better and more sustainable place for the future. This is why CIPS could be one 

small little step forward to the reduction of energy consumptions in some sectors. Although, it will not 

become a huge energy revolution, but it will defiantly lead the way forward through introducing 

nature’s own processes in creating materials into the built environment of mankind.  

 

 

 

 

 

 



CIPS  Chapter 5: Discussion 

56 

 

 

Chapter 5 

 

Discussion about expected applications results 
This new method/technology using CIPS is very interesting with great potentials if the difficulties can 

be overcome and uncertainties clarified. It is no doubt about the results derived from laboratory and 

field testing’s have produces an increases in strength. An increase in strength large enough for either 

temporary construction where only a rather low strength is needed or more permanent foundation 

where higher increase in strength are required can both be achieved.  

5.1 Possible increase in cohesion and its effect on slope stability 

Since these test are unconfined compressive strength tests the Mohr’s circles are drawn with σ3=0 in 

all tests, in graph 5.1 the results from graph 4.5 are displayed in terms of Mohr-Coulomb diagram. 

Since the four lower recordings in graph 4.5 are a bit dubious, these results have been neglected in the 

below illustrated graph.  

Calculating the mean value of all these Mohr-Coulomb circles will result in a mean effective 

compressive strength capacity of 150 kPa. The angle of internal friction for this tested sand is assumed 

to be varying from 36° at its lowest to 40° at its peak. The sand used in this report has a predicted 

friction angle of 37°. Fitting this 37° tangent line to the Mohr´s circles in graph 5.1 would result in a 

calculated mean cohesion of 38 kPa. 

If the mean cohesion increase achieved in the laboratory tests also can be achieved during field 

applications, large benefits can be obtained, such as substantial cost reduction, construction time 

reduction and accessibility at tight locations. These benefits can be attained in comparison to the 

ground reinforcement methods which are commonly used today, such as jet-grouting or sheet pile 

walls.  

 

 

Graph 5.1: Results from graph 4.5 presented in a Mohr-Coulomb diagram. 
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Figure 5.1: A safely constructed slope in uncemented natural sand with safety factor of 1.38, inclination 1:1.5 

and a distributed load of 10 kPa acting 0.5m from the crest. 

 

The figures below are an illustrative example of a possible increase in safety factor for slope stability 

during the temporary building stages due to the alteration of the cohesion. The examples below are 

carried out through simplified methods in order to show how the increase in cohesion will result in the 

ability to construct slopes with a steeper inclination. The calculations of safety factor are carried out 

accordingly to the older comprehensive safety philosophy during a short time temporary construction 

stage and not accordingly to the more resent Euro codes. Therefore the safety factor for temporary 

constructions has been set to 1.3. 

Due to safety regulations for safe working conditions, slopes containing frictional material most often 

need to be constructed with an inclination of 1:1.5 (Sveriges byggindustrier, 2012). Figure 5.1 below 

indicates a safely constructed six meter high slope with safety factor 1.38. A distributed load of 10 

kN/m
3
 (or 10 kPa) has been placed 0.5 meters from the crest of the slope and illustrates construction 

machinery such as excavator or heavy trucks. It is obvious that this slope will be safe and meet the 

above mentioned criteria of a safety factor of 1.3. The downside with such a slope (figure 5.3) is the 

space needed and the cost of the removal of large amounts of masses. The solution below requires 9 

meters in x-direction, just for the slope itself, add to this the space needed for machinery at the crest. 

 
Figure 5.2: A slope constructed in uncemented natural sand which will result in failure. This slope does not 

meat safety and stability standards in uncemented natural sand. It has a safety factor of 0.61, inclination 2:1 and 

a distributed load of 10 kPa acting 0.5m from the crest. 
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Figure 5.3: A safely constructed slope in CIPS cemented sand with safety factor of 1.49, inclination 2:1, 

cohesion of 38 kPa and a distributed load of 10 kPa acting 0.5m from the crest. 

 

Excavation sites which lack the space for large equipment or machinery will require an expensive 

sheet pile wall in order to achieve stability at the same time as the intended excavation depth will be 

reached. If there would be sufficient space to use a slope with inclination 2:1 and still reach down to 

the intended excavation depth, this construction would require some stabilizing solutions in order to 

meet the safety and stability criteria. Figure 5.2 demonstrates the failure of a slope constructed in 

uncemented natural sand with inclination 2:1 resulting in a safety factor of poor 0.61.  

Figure 5.3 illustrates the effect of performing one single CIPS treatment before the intended 

excavation of the same slope as above. This treatment would result in an assumed increase in cohesion 

of 38 kPa (demonstrated in graph 5.2) which would cause a cementation of the sand to function as a 

retaining wall. This would counteract the active earth pressure as well as disrupt the active slip zones 

to contribute to a far more secure excavation with a safety factor of 1.49. As indicated in the figures 

5.3 the ground water table will still be able to permeate through the treated soil, consequently resulting 

in no additional pore water pressure acting on the “retaining wall”. 

 
Figure 5.4: Highest possible slope with inclination 2:1 which can be constructed in CIPS cemented sand, 

cohesion of 38kPa, safety factor of 1.3, inclination 2:1 and a distributed load of 10kPa acting 0.5m from the 

crest. 
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Figure 5.5: Slope stability for CIPS cemented sand with safety factor 1.34, inclination 2:1, cohesion of 21 kPa 

and a distributed load of 10 kPa acting 0.5 m from the crest. 

  

If the above discussed figure 5.3 were to be extended as deep as possible without dropping below the 

allowed safety factor it would look like figure 5.4 below. The excavation depth has increased from 6 

meters to 11 meters, the cohesion is still the same 38 kPa, but the safety factor is now just above the 

allowed 1.3 for a temporary constructions. 

Since the spread in effective stress in the Mohr-Coulomb diagram (graph 5.1) ranges from 57 to 217 

kPa and one can argue that the mean compressive strength of 150 kPa could be somewhat high a new 

mean compressive strength have been calculated based on the results in the lowest quarter. This is 

done in order to investigate whether the lower increase in cohesion will be enough to stabilize a slope 

if the cementing effect through the CIPS injections will be of the lower range of achieved results in 

graph 5.1. This “new” lower mean effective stress is calculated to 86 kPa. Once more, fitting the 37° 

tangent line for the frictional angle to the Mohr’s circles in the lower quarter in graph 5.1 would result 

in a calculated mean cohesion of 21 kPa. 

The mean cohesion of 21 kPa just computed above would result in a less stabile slope where the 

excavation depth would decrease. If the slope inclination still would be kept to 2:1 due to lack of 

working space the new accomplished excavation depth would be 6 meters which would indicate that 

the construction in figure 5.3 and 5.5 would be the same apart from the lower cohesion in figure 5.5 

resulting in a lower safety factor. The conclusion is therefore that a cohesion of 21 kPa is required for 

such an excavation in order to obtain a safety factor of 1.3 which is high enough for a temporary 

construction. 

Drawing parallels to the laboratory testing where the samples exhibited a relationship between 

increase in strength and the time left exposed to air it can be assumed that the strength increase in-situ 

will not reach levels equivalent to those of a fully dried laboratory sample. This assumption is based 

on the fact that the treated in-situ soil will adjust towards the natural water content equilibrium of the 

chosen location, for this case around 6 %. This could be compared to a laboratory sample which has 

not fully dried which displayed a lower strength increase. A way around this problem could be either 

to flush the treated soil volume with water after 24 hours to displace the spent fluid. Another solution 

could be to invert the pump and suck the spent fluid and some surrounding ground water out of the 
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treated soil volume. This would also be carried out after the precipitation of calcite crystals are 

assumed to have taken place (around 24 hours).  

When this process of using CIPS has been developed further for Scandinavian conditions and the 

uncertainties evolving the chemical process of achieving the strength increase in-situ has been 

untangled it can be stated that the raw chemical price is low. The raw chemical price (disregarding all 

transportation costs and any bulk discounts) for treating one cubic meter of frictional soil with porosity 

of 30% are for these experiments accumulated to 850 SKR/m
3
 or $123/m

3
 AU (cost based on chemical 

prices in March 2012). Since there is no large machinery needed or high usage of energy the 

establishment costs will be assumed to be rather low in comparison to present soil stabilizing methods 

which requires large and expensive machinery. This method will require a relatively small pumping 

system including a compressor which can deliver very low pressures and flow rates which will keep 

the cost low.  

 

5.2 Possible applications with cementation using CIPS 

The application areas where CIPS can be applied can be numerous depending on soil conditions and 

the creative ability of various constructing engineers. A sketch (figure 5.6) and a bullet point list are 

presented below outlining a few different areas of application where CIPS possibly could be useful 

and of financial benefit. An increase in bearing capacity/strength is achieved through cementation of 

the sand grains, allowing different construction components to utilize the more profitable capacity of 

the soil. 

In addition to the sketches in figure 5.6 CIPS could also potential be used for: 

Liquefaction – due to the permeable characteristics of CIPS treated soil it is suitable to apply in order 

to prevent liquefaction (Lithic Technology, 2012). 

Friction piles – an increase in bearing capacity of the piles are achieved due to the increased skin 

friction which is a result of the expansion of the effective area of the pile (Price, 2012).   

Stabilization of existing pipes which suffers from settlements – Existing pipes which are the subject 

for ongoing negative settlement can be stabilized through injections of CIPS around the critical area. 

This would terminate the need for exposing the pipe through excavation in order to perform 

stabilizing measures (Price, 2012).  

 

Figure 5.6: Potential application areas for CIPS. The bottom row considers total stability issues.  
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Building material for restoration of historical monuments and buildings – Jroundi et al. (2010) 

explains that a lot of the worlds heritage listed buildings are build out of carbonate stones. These 

stones; especially marble and limestone are particularly vulnerable to physical erosion, chemical 

weathering (pollution) and bio-deterioration (macro- and microorganisms) which leads to the cultural 

and historical heritage being at risk (Jroundi et al. 2010). Therefore the opportunity of creating these 

stones ex-situ for restoration of historical buildings has emerged. It is also possible to apply CIPS by 

spraying straight onto the facade of a building or monument in order to prevent further 

erosion/degradation. This preservation would take place through the strengthening of the existing 

bonds of the sediments in the already existing stone.  
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Chapter 6 

 

Further studies 
There are a number of different topics that needs further study and research in order to accomplish a 

method suitable for ground reinforcement in Scandinavian soils, or soil which does not completely dry 

out.  

The first major question which needs assessment is why the strength increase occurs and what is 

affecting the cementation in a negative manner. Does the strength increase occur due to effects of 

oxygen or does it arise as a consequence of the departure of the spent fluid from the sample. When this 

is established a better understanding will be reached for the in-situ behaviour of the CIPS system.  

In order to simulate the in-situ conditions of the Scandinavian soils it would be interesting to carry out 

a laboratory evaluation where the spent fluid in the samples got displaced by water and thereafter dried 

to the point where they reaches the real natural water content measured in-situ. The unconfined 

compression strength tests would be carried out on samples in a somewhat moist condition. The 

assumption would be that less strength is build compared to samples which has been left to dry fully. 

Since evidence are pointing towards that if spent fluid is left in the sample it has an inhibiting affect on 

the strength increase in the sand, therefore a need for a in depth study of this fluid has emerged. The 

reason behind the inhibiting chemical effect of the spent fluid needs to be mapped out and understood. 

When this is established it will be easier to design a field application method which targets moist 

ground conditions. 

Also, due to strict environmental regulations and protection of ground water reservoirs in Sweden it is 

important to establish the natural effects of the spent fluid containing some ammonium chloride. In 

what concentrations is this fluid and what levels can be tolerated by the Swedish environmental 

protection agency? This spent fluid might also have a positive environmental effect of encapsulating 

previous contaminations in the ground, or work as a fertilizer. This are also questions which has risen 

during these evaluations.  

There are a lot of questions concerning the application process here in Scandinavia. The climate is 

very cold, or below zero degrees for long periods and could a method be developed making it possible 

to use this method even during the winter months, pre-heating the fluid, injecting hot water into the 

ground prior to injecting CIPS or maybe using some additives?    
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Appendix D: Unconfined compressive strength test results 
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Appendix E: Picture of the ocular examination of the intended column  

 
Figure E1: Excavation to evaluate the intended creation of a column. The roundish pit in the bottom of the 

figure is the same pit as in figure 4.13. 

 

Figure E2: When the ground water table was reached, a white fluid started filling the pit. This must be the CIPS 

spent fluid left in-situ. 
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Figure E3: The wooden stick is placed in the hole where the injection spear was forced down into the soil. The 

treated sand has increased in strength and are visible around the bottom of the stick. 

 
Figure E4:  A close up of figure 4.17. The volume below the horizontal crack has been gathered and brought in 

for display. 
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Figure E5: The removal of the cemented sand volume which has been brought in for display. 

 
Figure E6: After the removal of the volume mentioned in fig 4.18 and 4.19. It is still clear that a lot of sand in 

this figure has formed a cementation. 


