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Abstract	
Deep	 stabilization	 in	 form	 of	 stabilized	 soil	 columns	 is	 a	 well-known	 method	 often	 used	 in	
infrastructure	 projects.	 Stabilizing	 the	 in-situ	material	 with	 binder	 such	 as	 cement	 and	 lime	 saves	
time,	money	and	the	need	of	transports.	The	stabilized	soil	columns	aims	to	add	bearing	capacity	to	
the	areas	of	soft	soils	and	reduce	settlements	allowing	the	area	to	be	 loaded.	The	use	of	stabilized	
soil	columns	as	a	deep	stabilization	method	is,	however,	rarely	used	in	building	foundations.	Instead	
various	 prefabricated	 or	 in-situ	 casted	 concrete	 piles	 are	 conventionally	 used.	 This	 master	 thesis	
project	 investigates	if	cement	stabilized	soil	column	can	be	used	where	conventional	concrete	piles	
are	 standard	 and	 comparing	 bearing	 capacity	 and	 settlements.	 The	 greatest	 difficulty	 with	 the	
stabilized	soil	columns	are	the	lack	of	standardized	calculation	methods	using	stabilized	soil	columns	
as	deep	stabilization.	

Enhancing	 in	 soil	 strength	 was	 measured,	 in	 the	 soil	 mechanics	 laboratory	 at	 Luleå	 University	 of	
Technology,	by	conducting	experimental	program	by	preparing	and	 testing	samples	 for	unconfined	
compressive	test	 for	stabilized	soil	with	various	binder	amounts	1%,2%,4%	and	7%	of	soil	dry	mass	
and	for	7,14,28,60	and	90	days	curing	time.	From	the	compression	test	effect	of	 initial	 loading	on	soil	
strength	 during	 curing	 time	 was	 evaluated	 The	 parameters	 evaluated	 from	 the	 compression	 test	
together	with	previously	performed	soil	test	performed	on	the	used	clay	material	is	then	underlying	
the	calculations	performed	by	hand	as	well	as	for	the	finite	element	method	modelling	with	PLAXIS	
3D.	

The	 result	 showed	 that	 the	most	 important	 factor	 influencing	 the	 strength	 of	 the	 columns	 is	 the	
binder	 content.	 The	 increase	 in	 strength	 tends	 to	 have	 a	 slight	 exponential	 development	 with	
increase	in	binder	content.	The	difference	in	strength	per	weight-precent	is	higher	between	4%	and	
7%	than	for	the	lower	binder	contents.	Young’s	modulus	is	evaluated	as	E50	hence	directly	depending	
on	the	axial	strength.	Due	to	the	lack	of	standardized	calculation	method	for	stabilized	soil	columns	
the	bearing	capacity	for	the	soil	columns	has	been	calculated	as	a	concrete	pile	according	to	the	𝛽-
method	presented	in	Eurocode	7.	The	stabilized	soil	columns	can,	however,	not	carry	as	high	load	as	
the	concrete	piles.	Therefore	a	tighter	column	pattern	is	used	for	the	columns	than	for	the	piles.	Each	
column	can	carry	a	load	of	607,6kN	while	each	concrete	pile	can	carry	950,5kN.	Depending	on	how	
large	settlements	that	can	be	accepted,	the	stabilized	soil	columns	can	be	used	where	conventional	
concrete	piles	are	normally	applied.		

To	 reduce	 the	 settlements	 with	 the	 columns,	 columns	 with	 higher	 cement	 content	 should	 be	
manufactured	 and	 evaluated.	 The	 tighter	 column	 pattern	 and	 the	 greater	 surface	 area	 of	 the	
columns	will	also	result	in	less	stress	in	the	concrete	slab	above	the	top	of	the	columns.		

The	 PLAXIS	 3D	 simulations	 generally	 indicate	 larger	 settlements	 than	 the	 hand	made	 calculations.	
This	may	be	due	to	the	model	where	the	columns	are	modelled	as	embedded	beams	and	not	just	a	
circular	boundary	with	the	properties	of	 the	stabilized	soil.	The	embedded	beams	does	not	occupy	
any	area	in	the	model,	therefore,	the	area	of	unstabilized	soil	with	low	bearing	capacity	is	larger	than	
in	reality.	
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Sammanfattning	
Djupstabilisering	 med	 hjälp	 av	 masstabiliserade	 jordkolumner	 är	 en	 vanlig	 metod	 i	
infrastrukturprojekt.	Att	stabilisera	in-situ	material	med	någon	form	av	bindemedel,	exempelvis	kalk	
och	 cement,	 sparar	 tid	 och	 pengar	 samt	 reducerar	 behovet	 av	 transporter	 I	 projektet.	 De	
masstabiliserade	 jordkolumnerna	 syftar	 till	 att	 inbringa	 en	 högre	 bärförmåga,	 ofta	 i	 lösa	 områden	
med	 annars	 låg	 bärförmåga,	 samt	 reducera	 de	 sättningar	 som	 uppkommer	 då	 ytan	 belastas.	
Användandet	 av	 stabiliserade	 jordkolumner	 i	 byggnadsgrunder	 är	 dock	 inte	 lika	 utbrett	 som	
användandet	 inom	 infrastrukturprojekt.	 Istället	 används	 konventionella	 pålar	 av	 betong.	 Antingen	
prefabricerade	 eller	 platsgjutna.	 Detta	 examensarbete	 syftar	 till	 att	 undersöka	 ifall	
cementstabiliserade	 jordkolumner	 kan	 användas	 i	 grunder	 där	 de	 konventionella	 pålarna	 annars	
dominerar.	Vidare	 jämförs	 jordkolumnerna	med	betongpålar	där	bärförmåga	och	sättningar	 ligger	 i	
fokus.	Ett	stort	problem	i	jämförelsen	är	att	det	saknas	standarder	för	hur	stabiliserade	jordkolumner	
skall	beaktas	i	Eurocode.	

För	att	testa	hållfastheten	för	de	stabiliserade	jordkolumnerna	har	fyra	provserier	med	olika	mängd	
bindemedel	tillverkats.	Kolumner	i	miniatyr	innehållande	1%,	2%,	4%	samt	7%	cement	har	i	tillverkats	
i	Luleå	Tekniska	Universitets	laboratorium	för	jordmekanik.	Proverna	har	sedan	trycktestats	enaxiellt	
utan	 omgivande	 tryck	 för	 att	 bestämma	 den	 enaxiella	 tryckhållfastheten.	 Utifrån	 trycktestet	 har	
sedan	 parametrar	 som	 Poissons	 ratio	 och	 elasticitetsmodulen	 beräknats.	 Dessa	 parametrar,	
tillsammans	 med	 det	 jordklassifieringstester	 som	 tidigare	 utförts	 på	 leran	 ligger	 till	 grund	 för	 det	
indata	som	använts	i	PLAXIS	3D	simuleringarna.	

Resultatet	visade	på	att	den	faktor	som	har	störst	inverkan	på	hållfastheten	är	mängden	bindemedel.	
Ökningen	 i	 hållfasthet	 kontra	 procentandel	 bindemedel	 har	 en	 något	 exponentiell	 kurva	 där	
ökningen	per	precent	bindemedel	är	störst	mellan	serierna	4%	och	7%	jämfört	med	de	serier	med	en	
lägre	 andel	 bindemedel.	 Elasticitetsmodulen	 E50	 är	 direkt	 beroende	 av	 den	 enaxiella	
tryckhållfastheten	och	tagen	som	50	%	av	den	maximala	tryckhållfastheten.		

På	 grund	 av	 bristen	 på	 standardiserade	 metoder	 för	 beräkning	 av	 bärförmåga	 för	 stabiliserade	
jordkolumner	 har	 kolumnernas	 bärförmåga	 beräknades	 med	 hjälp	 av	 𝛽-metoden	 för	 pålar	 enligt	
eurocode	7.	De	stabiliserade	kolumnerna	uppnår	dock	 inte	samma	bärförmåga	som	betongpålarna	
varpå	ett	 tätare	kolumnmönster	används	 för	dessa.	Varje	 jordkolumn	kan	bära	607,6kN	medan	en	
betongpåle	 uppnå	 en	 bärförmåga	 på	 950,5kN.	 Detta	 innebär	 att	 stabiliserade	 jordkolumner	 kan	
användas	 istället	 för	 de	 konventionella	 betongpålarna,	 beroende	 på	 hur	 stora	 sättningar	 som	 kan	
accepteras.	Jordkolumnernas	mjukare	elasticitetsmodul	tenderar	till	att	ge	större	sättningar.		

För	 att	 ytterligare	 testa	 de	 stabiliserande	 jordkolumnernas	 användningsområde	 borde	 prover	
innehållande	en	högre	andel	bindemedel	än	7	%	testas.	Det	tätare	kolumnmönstret	och	den	större	
bärande	top-arean	på	kolumnerna	 innebär	att	 lasten	fördelas	over	en	större	area	vilket	resulterar	 I	
minskade	spänningar	I	betongplattan.	

Simuleringarna	med	PLAXIS	3D	indikerar	generellt	sätt	på	att	en	större	sättning	kommer	ske	än	vad	
som	 beräknats	 för	 hand.	 Detta	 kan	 bero	 på	 att	 kolumnerna	 i	 PLAXIS	 3D	 är	 modellerade	 som	
inbäddade	balkar	och	inte	som	en	inneslutande	area	inom	vilken	hållfastheten	för	stabiliserad	jord	är	
satt.	Eftersom	de	inbäddade	balkarna	inte	upptar	någon	area	i	modellen	resulterar	detta	I	en	större	
area	av	jord	med	låg	bärförmåga.	 	
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1.	Introduction	

1.1	Background	
In	today’s	construction	industry,	with	the	increased	demand	for	environmental	friendly	solutions,	the	
matter	 of	 transports	 has	 become	 a	 highlighted,	 heavily	 discussed	 matter.	 Environmental	 and	
economical	aspects	are	carefully	weighted	as	every	unneeded	transport	costs	both	time,	money	and	
has	a	negative	environmental	impact.		

By	using	 ground	 stabilization	methods,	 in-situ	material	 can	be	used	 in	 the	 construction	 to	 a	 larger	
extend	than	the	un-stabilized	material	leaving	the	need	of	excavation	considerably	smaller.	Not	only	
does	ground	stabilization	reduce	the	amount	of	masses	that	needs	to	be	excavated	but	using	the	in-
situ	material	as	construction	material	 reduces	 the	amount	of	other,	often	 transported	 fill,	material	
use	 in	 the	 construction	 saving	 both	 time,	 transportation	 and	 material	 cost	 at	 lesser	 negative	
environmental	impact.	

There	are	several	ground	stabilization	methods,	both	for	deep	and	shallow	stabilization,	but	they	all	
aim	to	increase	the	strength	of	a	certain	stabilized	area	allowing	the	area	to	be	considerably	higher	
loaded	by	structures,	roads	etc.	than	the	natural	un-stabilized	soil.	Finding	more	application	areas	for	
ground	 improvement	 methods	 could	 possibly	 result	 in	 both	 reduced	 cost	 and	 negative	
environmental	impact	for	today’s	construction	industry.	

1.2	Problem	definition	
The	problem	investigated	in	this	Master	thesis	project	is	

How	do	the	curing	time,	pre-loading	and	binder	content	of	a	cement-clay	column	
affect	the	uniaxial	compressive	strength	and	elastic	modulus?	
	

- Can	cement-clay	columns	be	used	instead	of	traditional	pile	foundations	to	
achieve	a	more	beneficial	stress	distribution	in	a	concrete	plate?	

1.3	Project	description	

1.3.1	General	
This	 master	 thesis	 project,	 performed	 at	 Luleå	 University	 of	 Technology,	 department	 of	 civil,	
Environmental	and	Natural	Resources	Engineering,	division	of	Mining	and	Geotechnical	Engineering	
consists	of	a	laboratorial	part	where	samples	used	in	the	project	are	prepared	and	tested,	followed	
up	with	 a	 theoretical	 part	 explaining	 the	 chemical	 reactions	 and	 the	principles	 of	 bond	within	 the	
clay.	 At	 last,	 the	 results	 from	 the	 laboratorial	 part	 is	 evaluated	 and	 applied	 in	 a	 part	 of	 numerical	
modelling	 with	 the	 finite	 element	 method	 where	 the	 cement-clay	 columns	 applications	 are	
simulated.	

1.3.2	Theory	
In	the	theoretical	part,	the	concept	of	ground	improvement	methods	will	be	explained	with	a	deeper	
explanation	 of	 the	 cement-clay	 columns	 as	 ground	 improvement	 method.	 Also,	 the	 current	
application	areas	followed	by	a	review	of	the	chemical	reactions	strengthening	the	material	leaving	a	
better	 construction	 material	 that	 occur	 during	 the	 curing	 time	 of	 a	 cement-clay	 column	 will	 be	
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presented.	Further,	the	load	distribution	is	explained	together	with	the	resulting	stresses	and	strains	
in	the	main	components;	cement-clay	column,	surrounding	soil	and	the	concrete	plate.	

1.3.3	Laboratorial	work	
In	 the	 laboratorial	 theory,	 the	methods	used	 for	obtaining	 the	necessary	 soil	 parameters	 from	 the	
clayey	silt	soil	are	presented.	Though,	when	this	master	thesis	project	started	these	soil	parameters	
for	 the	used	Gothenburg	clay	was	already	known	 from	an	earlier	project	performed	by	Wathiq	Al-	
Jabban.	Therefore,	the	laboratory	tests	will	not	be	performed	and	evaluated	once	more.	However,	as	
these	parameters	are	required	input	when	performing	the	numerical	analysis,	the	methodologies	of	
the	tests	are	presented.	

1.3.4	Evaluation	and	discussion	of	achieved	test	results	
When	the	test	results	from	the	uniaxial	compression	tests	of	the	samples	has	been	evaluated,	for	all	
curing	 times	 and	 different	 amount	 of	 binder,	 connections	 and	 conclusions	 regarding	 which	
parameters	affecting	the	strength	and	elastic	modulus	are	to	be	evaluated,	this	to	obtain	the	most	
possible	 realistic	 input	parameters	when	proceeding	 to	 the	numerical	 analysis.	 Possible	 sources	of	
errors	will	be	regarded	before	the	chosen	input	are	used.		

1.3.5	Numerical	analysis	
The	input	parameters,	such	as	uniaxial	compressive	strength	and	elastic	modulus,	evaluated	from	the	
test	 results,	 are	 then	 used	 in	 the	 numerical	 analysis	 performed	 with	 PLAXIS	 3D,	 using	 the	 finite	
element	 method.	 The	 numerical	 model	 is	 then	 verified	 with	 hand	 made	 calculations.	 The	 FEM	
program	PLAXIS	3D	is	then	used	to	model	the	investigated	cases	of	foundation	with	the	cement-clay	
columns	 simulating	 settlements,	 stresses	 and	 strains	 in	 the	 foundation	 consisting	 of	 cement-clay	
columns,	concrete	plate	and	surrounding	soil	layers.		

1.3.6	Evaluation	of	cement-clay	columns	applications	-	Conclusion	
Based	on	the	previously	presented	parts	together	with	geotechnical	and	design	knowledge	obtained	
though	 out	 the	 education	 conclusions	 and	 thoughts	 regarding	 cement-clay	 columns	 as	 pile	
foundation	are	to	be	presented	and	discussed.	Together	with	the	results	answering	the	 first	of	 the	
two	defined	problems	a	summary	conclusion	is	presented	as	well	as	unanswered	question	that	have	
evolved	during	this	Master	thesis	work.	

1.4	Purpose	and	goal	
The	goal	of	this	Master	thesis	work	is	to	answer	the	defined	problems.	The	purpose	of	this	work	is	to	
perform	a	well-done	recess	of	the	application	areas	of	cement-clay	columns	as	ground	improvement.	
Further,	a	purpose	with	this	work	 is	 to	highlight	the	concept	of	using	 in-situ	material	at	 the	widest	
possible	 extent	 in	 each	 project	 in	 order	 to	 reduce	 project	 cost.	 Another	 aim	 is	 to	 contribute	 to	 a	
greater	 understanding	 of	 the	 weight	 of	 the	 factors	 (time,	 binder	 amount,	 pre-loading	 etc.)	
influencing	the	strengthening	parameters	during	such	curing.		

1.5	Scope	
This	 Master	 thesis	 project	 is	 limited	 to	 the	 laboratorial	 work	 where	 the	 test	 samples	 has	 been	
prepared	 and	 tested	 in	 order	 to	 obtain	 input	 parameters	 to	 a	 numerical	 analysis	 of	 cement-clay	
column	foundations.	No	field	investigations	have	been	performed,	all	sample	are	made	in	miniature	
that	 shall	 to	 correspond	 to	 realistic	 size	 and	 conditions.	 The	 soil	 used	 in	 the	 study	 is	 obtained	 by	
order	 from	 a	 bridge	 site	 in	 Gothenburg	 and	 was	 sent	 to	 Luleå	 University	 of	 Technology	 well	
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plasticized	in	order	to	keep	the	natural	moisture.	The	soil	parameters	presented	in	section	3.2	have	
earlier	been	evaluated	 in	 a	 laboratory	and	 the	work	 to	obtain	 these	parameters	 are	 therefore	not	
part	of	 this	Master	 thesis	 project.	However,	 the	methods	used	 to	obtain	 these	parameters	will	 be	
presented	 in	order	 to	give	 the	 reader	a	greater	understanding	of	 the	whole	process.	The	 tests	are	
limited	to	one	type	of	clay	and	the	result	can	therefore	not	be	regarded	as	valid	for	all	types	of	clay.	
The	tests	are	also	limited	to	the	specified	binder	contents	of	0%,	1%,	2%,	4%	and	7%	-weight	as	well	
as	 the	 specified	 curing	 times	 of	 7,	 28,	 60	 respectively	 90	 days.	 Also,	 the	 tests	 are	 performed	 for	
samples	subjected	to	pre-loading	during	curing.	The	limitation	of	the	laboratory	work	is	set	mainly	to	
the	amount	of	samples	that	needs	to	be	produced	for	each	series	of	binder	content	 in	order	to	be	
able	to	finish	within	the	time	frames	of	the	project.		

Furthermore,	 the	 scope	 is	 limited	 to	 one	 type	 of	 cement	 binder	 only.	 This	 due	 to,	 as	 already	
mentioned,	the	amount	of	samples	that	needs	to	be	produced	for	each	series.	As	this	work	 is	very	
time	consuming,	this	limitation	has	to	be	made.	

The	PLAXIS	3D	modelling	will	only	be	done	for	cases	of	foundation	within	the	same	material	as	the	
cement-clay	columns	are	made	of.	This	due	to	the	fact	that	it	is	unrealistic	to	use	columns	of	another	
material	than	the	in-situ	material	as	the	columns	is	casted	in-situ.	However,	the	production	approach	
will	not	be	regarded	as	they	may	change	due	to	site	specifics.		

Finally,	 the	 literature	 is	 limited	 to	 only	 include	 ground	 improvement	 methods	 similar	 to	 column	
foundations	with	a	presentation	of	application	areas	and	e	brief	 summary	of	historical	use	and	up	
come.	
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2.	Theory	

2.1	General	
The	theory	chapter	 is	based	on	literature	study.	The	 literature	study	has	been	on	going	though	out	
the	whole	project	time.	The	main	sources	of	 information	 is	obtained	from	the	LTU	library;	the	web	
and	 literature	 bought	 from	 the	 department	 of	 civil,	 Environmental	 and	 Natural	 Resources	
Engineering	 as	 well	 as	 knowledge	 obtained	 though	 the	 years	 of	 education.	 All	 theory	 taken	 from	
other	sources	than	own	knowledge	are	properly	referred	to	and	the	author	and	full	title	can	be	found	
at	the	references	page.		

2.2	Ground	improvement	methods	in	general	
A	small	selection	of	ground	improvement	methods	is	presented	here	below,	all	with	something	alike	
to	the	cement-clay	column.	Often	the	ground	improvement	methods	are	combined	with	some	sort	of	
compaction.	The	ground	improvement	methods	can	be	divided	into	two	main	categories;	deep	and	
shallow	stabilization.		

2.2.1	Shallow	stabilization		
Shallow	 stabilization	methods	aim	 to	 create	a	 stiffer	plate	of	 the	upper	 layers	 in	 the	 soil	 profile	 in	
order	 to	allow	 road	and	 railway	embankments,	or	other	 structures,	 to	be	 constructed	upon	 (SGF:s	
Jordförstärkningskommitté,	2015).	Methods	applying	to	this	category	are	mass	stabilization,	surface	
stabilization,	 compaction	 etc.	 For	 both	 mass	 stabilization	 and	 surface	 stabilisation	 some	 type	 of	
binder	is	mixed	together	with	the	soil.	The	difference	is	that	mass	stabilization	is	preferably	done	in	
organic	soil	such	as	peats	and	can	create	a	stiff	plate	of	1-5m	deep	while	surface	stabilization	is	more	
beneficial	 in	 friction	 soils	 such	 as	 sand	 and	 gravel.	 Mass	 stabilization	 works	 that	 a	 mixing	 tool	
fastened	to	an	excavator	with	a	compressor.	The	mixing	is	done	under	pressure	and	rotation	(SGF:s	
Jordförstärkningskommitté,	2015).	Surface	stabilization	is	a	two-stage	process.	The	first	step	aims	to	
change	 the	 soil	 properties,	 for	example	 the	 compaction	properties.	 In	 the	 second	 step,	 a	binder	 is	
added	 and	 spread	 out	 though	 the	 surface	 thereafter	mixed	with	 the	 soil,	 resulting	 in	 a	 change	 of	
permeability,	strength	and	erosion	properties	(SGF:s	Jordförstärkningskommitté,	2015).	

Compaction	 is	 as	 mentioned	 in	 section	 2.2,	 almost	 always	 used	 together	 with	 all	 ground	
improvement	method	as	a	finishing	touch.	Compaction	can	be	done	using	a	great	variety	of	tools	and	
methods,	 from	 an	 operator	 using	 a	 handheld	 shovel	 to	 more	 complicated	 methods	 including	
explosives	 and	 great	 machines.	 Compaction	 is	 also	 used	 without	 any	 other	 ground	 improvement	
method.	Usually,	compaction	is	performed	in	stages	to	refine	the	compaction-level,	starting	of	with	
higher	tool-power	and	finishing	with	less	tool-power.	When	packing	a	material	the	voids	between	the	
grain	 skeleton	 in	 pushed	 together	 resulting	 in	 the	 same	material	 but	 with	 higher	 bulk	 density.	 A	
material	 compacted	 well,	 meaning	 low	 volume	 of	 voids,	 has	 a	 greater	 compaction-level	 than	 a	
material	with	a	higher	volume	of	voids.	

2.2.2	Deep	stabilization	
In	the	category	of	deep	stabilization	methods	piles	and	columns	are	commonly	used,	but	there	are	
also	methods	for	deep	soil	compaction.	In	soils	with	great	layers	of	cohesion	material,	such	as	clays	
and	 silts,	 excavating	 and	 refilling	 with	more	 suitable	 construction	material	 becomes	 economically	
disadvantageous.	 Instead	 piles	 or	 columns	 can	 be	 used	 to	 support	 the	 planned	 construction.	 The	
piles	can	either	be	in	concrete,	wood,	steel	or	a	combination	of	steel	and	concrete.	Piles	can	be	sub-
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categorized	into	two	categories	depending	on	how	they	are	installed.	The	first	category	includes	piles	
that	do	affect	the	surrounding	soil,	so	called	driven	piles	(Craig, 2004).	In	this	category,	prefabricated	
piles	of	steel	and	concrete	are	included,	as	driving	these	piles	down	will	force	the	surrounding	soil	to	
move	sideways	and	upward	resulting	 in	a	change	 in	stress	and	strain	distribution	 in	the	close	area.	
Also,	this	category	includes	driven	tubes	or	shells	filled	with	concrete	as	well	as	driven	tubes	or	shells	
filled	with	concrete	as	the	shell	 is	withdrawn (Craig, 2004).	 	Furthermore,	piles	are	sub-categorized	
due	to	how	they	transfer	load.	Piles	transfer	load	either	point	bearing,	by	cohesion,	by	friction	or	a	
combination.	 As	 the	 name	 implies,	 point	 bearing	 piles	 are	 driven	 down	 to	 a	 firm	 layer	 of	 soil	 or	
bedrock,	 transferring	 the	 load	 from	 the	 structure	 above	 to	 this	 level.	 As	 the	 point	 bearing	 pile	
depend	on	a	firm	layer	to	stand	on,	these	types	of	piles	cannot	be	used	in	to	great	layers	of	soft	soil.	
This	both	due	to	manufacturing	length	and	splicing	difficulties;	it	is	hard	to	keep	a	straight	line	in	the	
pile	has	to	be	spliced	many	times	which	results	in	a	lower	bearing	capacity	than	what	may	have	been	
expected	 from	 a	 fully	 functional	 spliced	 pile.	 Therefore,	 instead	 of	 splicing	 point-bearing	 piles,	
cohesion	 or	 friction	 piles	 can	 be	 used.	 Cohesion	 and	 friction	 piles	 transfer	 load	 in	 the	 same	way;	
though	the	cohesion	or	friction	between	the	surface	area	of	the	pile	and	the	surrounding	soil.	These	
piles	are	more	or	 less	“floating”	 in	the	soil.	This	 is	only	possible	 if	 the	total	 resisting	force	over	the	
surface	area	of	the	pile	from	the	cohesion	(for	cohesion	soil)	or	total	friction	(for	friction	soil)	exceeds	
the	total	load	from	the	structure	on	each	pile	together	with	the	self-weight	of	the	pile.	

	

Figure	1.	Different	types	of	piles:	(a)	precast	RC	pile,	(b)	steel	H	pile,	(c)	Shell	pile,	(d)	concrete	pile	cast	as	driven	tube	
withdrawn,	(e)	bored	pile	casted	in	situ,	(f)	under-reamed	bored	pile	cast	in	situ	(Craig, 2004).	
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There	are	different	types	of	piles	and	there	are	different	types	of	columns.	Columns	are	usually	not	
used	 in	 greater	 depths	 than	 25m	 depending	 on	 soil	 conditions	 (SGF:s Jordförstärkningskommitté, 
2015)	and	are	all	cast	in	place	in	difference	to	piles	that	can	be	prefabricated.	Also	columns	or	stone	
columns	 can	 be	 made	 with	 different	 material,	 with	 or	 with	 or	 without	 binder	 and	 with	 different	
methods	(SGF:s Jordförstärkningskommitté, 2015).	There	are	three	common	ways	to	install	a	stone	
column.	

• The	traditional	method	can	be	performed	in	two	slightly	different	ways.	Either,	a	top	loaded	
vibrator	creates	a	cylindrical	hole,	which	is	filled	with	the	material	of	choice.	The	material	is	
then	 compacted	with	 a	 vibrator,	 referred	 to	 as	 the	Geopier-method.	Or,	 a	 cylindrical	 steel	
pipe	is	vibrated	down	which	is	then	filled	with	the	material	of	choice	and	compacted	as	the	
pipe	 is	 pulled	 up	 and	 pressed	 down	 cyclic,	 referred	 to	 as	 the	 Fudo-method.	
	

• The	wet	method	 is	performed	by	creating	a	hole	with	high-pressurized	water,	which	is	then	
filled	with	the	material	of	choice.	This	method	is	preferably	performed	in	soft	soils,	where	it	
is	easy	to	flush	the	hole.		
	

• The	dry	method	is	performed	by	a	steel	pipe	equipped	with	a	vibrator	is	driven	down	as	high	
pressurized	air	blows	 the	 soil	 away.	When	 the	desired	depth	 is	 reached,	 the	pipe	 is	 slowly	
withdrawn	as	the	material	of	choice	is	filled	into	the	void.	The	column	is	then	compacted	by	a	
vibrator	attached	to	the	lower	end	of	the	steel	pipe.		

Of	 the	 above	 presented	 column	 installation	methods	 (Åhnberg, 2006)the	 dry	method	 is	 the	most	
commonly	used (SGF:s Jordförstärkningskommitté, 2015).		

Another	 difference	 between	 columns	 and	 pillars	 are	 that	 columns	 are	 primary	 used	 to	 reduce	
settlements	while	 pillars	 transfer	 structural	 loads (Craig, 2004).	 Columns	 can	 also	work	 as	 drains,	
depending	on	 the	permeability	 of	 the	 column	material	 and	 if	 any	binder	 is	 used	or	 not.	However,	
having	 columns	 to	 both	 reduce	 settlements	 and	 transfer	 load	 will	 be	 studied	 in	 the	 numerical	
analysis	in	section	5.	

2.2.3	Historical	use	and	up	come	 	
Ground	improvement	methods	similar	to	mass	stabilization	but	in	an	easier	and	less	complicated	way	
were	used	as	early	as	by	engineers	from	the	Roman	Empire.	For	many	years,	mass	stabilization	was	
not	used	in	a	great	extent,	but	was	once	again	found	and	became	popular	 in	the	1930s	(Persson & 
Franzén, 2015).	Columns	of	stabilized	soil	for	deep	stabilization	was	first	introduced	in	Sweden	in	the	
mid-70s	 and	 then	 developed,	mainly	 in	 Sweden	 parallel	 with	 Japan.	 The	method	 became	 popular	
firstly	in	infrastructure	projects,	such	as	road	and	railway	project,	due	to	the	flexibility	that	came	with	
the	 lime-cement	 column	 where	 column	 pattern,	 length	 of	 columns	 and	 dimensions	 were	 easily	
changed.	Before	the	70s	lime	combined	with	cement	was	only	used	as	surface	stabilization	(Larsson 
R. , 2006).	 In	 the	beginning,	 the	binder	that	was	mixed	with	the	soil	consisted	of	 lime	and	cement	
(Larsson R. , 2006).	Therefore,	soil	 stabilized	columns	are	often	referred	to	as	LC-columns	or	 lime-
cement	columns.	Since	 the	development	and	usage	of	 lime-cement	columns	started,	other	binders	
have	been	tested.	As	well	as	different	weight-percent	binder	combined	with	different	soil	types,	all	in	
order	to	achieve	a	cheap	method	for	deep	stabilization	in	all	kinds	of	soil.	
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2.3	Soil	

2.3.1	General	
In	this	section	the	clay	used	in	this	Master	thesis	project	is	described.	The	location	it	is	obtained	from,	
when	it	was	brought	up	and	how	the	clay	was	handled	when	transported.	Further,	the	composition	
of	 soil	 in	 general	 will	 be	 described	 at	 particle	 level	 as	 well	 as	 the	 for	 this	 project	 important	
geotechnical	parameters	such	as	soil	classification,	un-drained	shear	strength	and	permeability.		

2.3.2	Clay	
R.F	 Craig	 states	 in	 the	 7th	 edition	 of	 Craig’s	 Soil	 mechanics	 “soil	 is	 any	 uncemented	 or	 weakly	
cemented	 accumulation	 of	 mineral	 particles	 formed	 by	 the	 weathering	 of	 rock,	 the	 void	 space	
between	the	particles	containing	water	and/or	air”.	A	soil	consists	of	a	mixture	of	different	particle	
sizes	that	constitutes	the	grain	skeleton.	Between	the	particles,	voids	are	created.	The	volume	of	the	
voids	is	dependent	on	the	particle	size	creating	these	voids	together	with	the	degree	of	compaction.	
The	voids	are	then	filled	with	either	water	or	gas	(air),	which	is	the	basis	for	the	degree	of	saturation.	
Particle	sizes	of	less	than	0,002mm	are	referred	to	as	clay	particles.	The	dominating	clay	in	Sweden	is	
Illite	but	chlorite,	kaolin	and	montmorillonite	can	also	be	found	 in	but	 is	 less	common	(Larsson	R.	 ,	
2008).	For	a	soil	to	be	considered	as	clay,	at	least	40%	of	the	soil	must	have	a	particle	size	less	than	
0,63mm.	Further,	of	these	40%	of	fine	soils,	20%	must	be	clay	particles.	The	clay	particle	has	normally	
a	flat	elongated	structure	with	a	large	specific	area.	The	specific	area	is	defined	as	quota	between	the	
surface	area	of	the	clay	particle	and	the	mass	of	the	clay	particle	(Craig, 2004).	This	surface	of	the	
clay	particle	carries	residual	negative	charges.	The	size	of	the	negative	charge	is	directly	proportional	
to	the	area	of	the	particle.	This	negative	charge	attracts	cations	within	the	water	that	fills	the	voids.	
Though,	these	cations	do	not	have	a	strong	bond	to	the	clay	particle	and	may	therefore	be	replaced.	
This	replacement	of	cations	is	called	Base	Exchange.	The	negative	charged	surface	also	holds	water	
molecules	 creating	 a	 layer	 of	 water	 around	 the	 clay	 particle.	 This	 is	 possible	 because	 the	 water	
molecules	 are	 dipolar	 and	 is	 therefore	 attracted	 to	 the	 negatively	 charged	 surface.	 	 As	 earlier	
mentioned	 is	 the	charge	 in	proportion	 to	 the	surface	meaning	 that	a	 larger	particle	can	bind	more	
water.	

The	 soil	 used	 in	 this	master	 thesis	 project	 is	 taken	 from	 the	 bridge	 project	 Hisingsbron	 in	 central	
Gothenburg,	 Sweden.	 The	 clay	 was	 dug	 with	 an	 excavator	 and	 then	 properly	 sealed	 within	
impermeable	plastic	coverage	to	ensure	the	natural	moisture	of	the	soil.	The	clay	is	then	transported	
by	 truck	 to	 Luleå	 University	 of	 Technology.	 The	 soil,	 grey	 by	 colour,	 has	 low	 organic	 content	 and	
certain	elements	of	brown	coarser	soil.	

2.4	Stabilizing	agent	
The	stabilizing	agent	used	when	manufacturing	the	samples	is	Portland	cement.	Cement	is	a	so-called	
hydraulic	stabilization	agent,	meaning	that	cement	cures	in	contact	with	water	(Johansson,	Åhnberg,	
&	Pihl,	2006).	Cement	 is	created	by	limestone	and	marl,	recovered	from	a	quarry,	 is	ground	to	fine	
flour.	This	flour	is	then	pre-heated	before	burned	in	the	cement	oven	holding	a	temperature	of	about	
1450	degrees	Celsius	resulting	in	the	incomplete	product	called	clinker.	Once	more,	after	the	clinker	
has	 cooled,	 the	 clinker	 is	 grounded	with	 sand	and	 some	plaster,	 resulting	 in	 the	 final	product;	 the	
binder	we	know	as	 cement.	 In	 general	 the	 finer	 flour	achieved	during	 the	 final	 ground,	 the	higher	
reaction	potential	 is	 achieved	 (Johansson,	Åhnberg,	&	Pihl,	 2006).	Depending	on	additives	 and	 the	
milling	process	a	variety	of	different	cement	types	can	be	produced	(Cementa	AB,	2009).	
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2.5	Stabilizing	process	
Cement	 is	a	hydraulic	stabilization	agent.	This	means,	when	cement	consisting	of	mainly	of	calcium	
ciliates,	gets	in	contact	with	water	it	reacts	though	hydration.	The	outcome	of	this	reaction	is	Calcium	
silicate	hydrates	and	calcium	hydroxide	as	equation	(1)	(Johansson,	Åhnberg,	&	Pihl,	2006).	

2CaO·3SiO2	+	6H2O	→	3CaO·2SiO2	·3H2O	+	3Ca(OH)2	 	 	 (1)	

When	 the	above	 reactions	 take	place,	a	gluing	 tentacle-like	 surface	 is	 formed	on	 the	cement	grain	
that	encircles	the	soil	particles	and	then	cures	(Cementa	AB,	2009).	This	“glue”	can	encircle	almost	
any	material	 hence	 cement	 constitutes	 a	 good	 binder	 for	most	 types	 of	 soil,	 figure	 2	 (Johansson,	
Åhnberg,	&	Pihl,	2006).	

	

Figure	2.Tentacle-like	gluing	effect	(Cementa AB, 2009).	

2.6	Design	parameters	

2.6.1	General	
Design	of	geo-structures	shall	according	to	Trafikverket	be	performed	according	to	design	method	3.	
Therefore,	partial	 coefficients	 shall	be	put	on	 the	material	parameters	and	 loads.	The	geotechnical	
loads	considered	in	this	way	of	design	is	self-weight,	earth	pressure	(including	water	pressure	caused	
by	self-weight	or	movements)	and	shear	forces	caused	by	movement	(Trafikverket,	2013).		

Design	 strength	 of	 piles	 is	 not	 too	 different	 from	 columns	 and	 shall	 therefore	 be	 designed	 in	
accordance	with	design	procedure	2.	Here,	partial	coefficients	are	considered	affecting	the	bearing	
capacity	 instead	 of	 the	material	 and	 loads	 as	 in	 design	 procedure	 3.	 	 Also,	 coupling	 load	 shall	 be	
accounted	for	as	the	largest	possible	and	shall	be	considered	as	a	permanent	negative	geotechnical	
load	for	piles	subject	to	compression	(Trafikverket,	2013).		

Cement	columns	can	be	used	in	a	variety	of	foundations	to	prevent	landslides	and	reduce	settlement	
for	roads,	railroads	and	structures	(Craig,	2004).	This	master	thesis	project	will	however	only	focus	on	
the	 use	 of	 cement-clay	 columns	 in	 building	 foundations	 as	 both	 load-carrying	 structure	 and	
settlement	redactor.		

Hence,	 mention	 loads	 above	 are	 the	 ones	 the	 column	 foundation	 should	 be	 able	 to	 withstand.	
Though,	 it	 is	 important	 to	 understand	 that	 the	 ideal	 laboratorial	 conditions	 in	 which	 the	 samples	
corresponding	to	the	columns	are	manufactured	in	cannot	fully	depict	the	in	situ	conditions.	

2.6.2	Stress	situation	
When	the	prepared	samples	are	being	tested	in	the	laboratory,	the	testing	is	performed	uniaxial.	This	
means	 that	 load	 is	 only	 applied	 in	 one	 direction,	 parallel	 with	 the	 axis	 of	 the	 sample.	 Hence	 the	
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pressure	 from	 the	 axial	 loading	will	 result	 in	 the	 largest	 principle	 stress,	 equation	 (2).	 The	 surface	
area	of	the	sample	is	free	during	the	compression	the	radial	stress	will	be	zero,	equation	(3).	

𝜎′! = 𝜎!	 	 	 	 	 	 (2)	

𝜎′! = 𝜎! 	 	 	 	 	 	 (3)	

The	 shear	 stress	 denoted,	 𝜏,	 equals	 the	 deviatoric	 stress	 denoted,	 𝜎!"# ,	 and	 is	 the	 difference	
between	the	largest	primary	effective	stress	𝜎′!	and	the	smallest	primary	effective	stress	𝜎′!.		

Hence	

𝜎!"#  = ( 𝜎′! − 𝑢) − (𝜎′! + 𝑢)	 	 	 	 (4)	

In	equation	(4)	above,	u	correspond	to	the	pore	water	pressure,	which	is	for	drained	samples	equal	
to	zero.	

𝑢 = 0 𝑀𝑃𝑎	 	 	 	 	 	 (5)	

Combined	with	the	free	surface	area	of	the	sample	

𝜎! = 0 𝑀𝑃𝑎	 	 	 	 	 	 (6)	

The	stress	situation	during	testing	becomes	

 𝜎!"# =  𝜎′! = 𝜎!! 	 	 	 	 	 (7)	

This	means	that	the	uniaxial	compressive	strength	of	the	sample	corresponds	to	the	achieved	shear	
capacity, 𝜏!	of	the	manufactured	cement-clay	column	(Axelsson,	1998).	

2.6.3	Deformation	
For	most	materials,	 the	 stress	 and	deformation	behaviour	 are	 considered	 to	 be	 linear	 elastic.	 This	
means	that	an	elastic	modulus,	often	denoted	as	E,	and	in	some	cases	combined	with	poisons	ratio	
denoted, 𝑣	 is	 enough	 to	 describe	 the	 connection	between	 stress	 and	deformation	 (Sällfors,	 2001).	
Soil	however	 is	not	a	 liner	elastic	material,	mostly	due	to	 the	great	 impact	of	 the	stress	conditions	
and	stress	history	as	well	as	present	water	in	the	material	(Sällfors,	2001).	Despite	this,	using	known	
solutions	of	 elastic	 theory	on	 soil	 has	 resulted	 in	 reasonable	 answers.	Hence	elastic	 theory	on	 soil	
material	can	often	be	used.	

For	 a	 setup	 of	 uniaxial	 compression	 such	 as	 the	 one	 performed	 on	 the	 samples,	 change	 in	 stress	
tends	to	decrease	the	volume	of	the	soil	and	deform	the	sample.	The	drained	stiffness	also	called	the	
effective	stiffness	is	the	secant	of	the	slope	on	the	samples	effective	stress-strain	curve	(Springman,	
N/A).	 As	 soil	 is	 not	 a	 linear	 elastic	material	 Young’s	modulus	 is	 often	 divided	 into	 two	 parts,	 this	
because	the	stiffness	is	depending	on	the	current	stress	and	strain	situation.	The	two	stiffnesses	can	
be	defined	as.	

𝐸!"# 
! = !!!

!!
	 	 	 	 	 	 (8)	

𝐸!"# 
! = ∆!!

∆!
	 	 	 	 	 	 (9)	
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Figure	3.	Visualization	of	Young’s	modulus	in	a	stress-strain	diagram	(Springman, N/A).	

When	elastic	theory	is	used,	the	medium	is	assumed	to	be	elastic	and	isotropic.	In	other	words,	the	
material	 has	 the	 same	 linear	 stiffness	 I	 all	 directions.	 Though	 the	 stiffness	moduli	 (Bulk	modulus,	
shear	modulus	and	Young’s	modulus)	are	not	dependent	of	each	other,	they	can	be	related	to	one	
another	 by	 the	 Poisson’s	 ratio,	𝑣,	 which	 is	 the	 ratio	 between	 the	 transverse	 and	 the	 longitudinal	
strain	(Springman,	N/A).	

𝑣 =  ∆!!"
∆!!

	 	 	 	 	 	 (10	

2.6.4	Failure	criterion	
The	Mohr-Coulomb	failure	criterion	states		

𝜏! = 𝑐 + 𝜎tan (𝜑)	 	 	 	 	 (11)	

This	represents	a	linear	failure	line	starting	at	the	coordinate	Y=c	and	X=0.	Studies	have	shown	that	
the	Mohr-Coulomb	failure	criterion,	presented	in	equation	(11),	is	valid	for	both	friction	soils	as	well	
as	cohesion	soils.	

Where	

𝑐	Is	the	cohesion	of	the	material	

And	

𝜑	Represents	the	inner	friction	angle	in	degrees	

Explained	in	section	6.2.2.	During	uniaxial	compression	testing,	there	will	be	no	radial	stress.	

Hence	

𝜏! = 𝑐 + !!!!!
!

∗ tan 𝜑 =  𝑐 + !!
!
∗ tan 𝜑 		 	 	 (12)	

Where	𝜎!	is	the	axial	stress	and	equals	the	largest	primary	stress,	𝜎!.		



	

12	

As	soon	as	any	point	on	either	of	the	Mohr	circles	intersects	with	the	failure	line	the	sample	goes	to	
failure.	

	

Figure	4.	Mohr-Coulomb’s	failure	envelope	(Craig, 2004).	
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3.	Method	

3.1	General	
All	 the	 laboratory	work	has	been	performed	 in	the	Soil	mechanics	 laboratory	at	Luleå	University	of	
Technology.	The	used	soil	is,	as	earlier	mentioned,	Gothenburg	clayey	silt	soil	from	a	bridge	project.	
The	 samples	 have	 been	 produced	 in	 series	 with	 0,1,2,4,7-%	 binder	 and	 with	 the	 curing	 time	 of	
7,14,28,60,90-days.	 In	 each	 series,	 there	 are	 both	 pre-loaded	 samples	 and	 samples	 without	 load.	
Finally	 after	 curing,	 the	 samples	 are	 tested	 in	 uniaxial	 compression	until	 failure	occurs.	 	 As	 an	on-
going	 PhD	 thesis,	 performed	 by	 Wathiq	 Al-Jabban,	 regarding	 how	 different	 binders	 and	 binder	
content	can	be	used	in	different	types	of	conditions	the	soil	properties	was	already	know.	Hence,	this	
project	 is	 doable	 in	 a	 reasonable	 amount	 of	 time	 for	 an	 MSc	 project.	 However,	 the	 laboratory	
methods	 used	 to	 obtain	 these	 basic	 soil	 parameters	 will	 be	 presented	 in	 section	 3.2	 to	 give	 the	
reader	a	better	understanding.	

3.2	Soil	classification	

3.2.1	General	
The	soil	has	been	classified	according	to	the	Swedish	standard	SS-EN	ISO	14	688-1(15)	and	SS-EN	ISO	
14	688-2(16).	Organic	content	has	been	evaluated	according	to	SS	271	07	(18).	

3.2.2	Natural	water	content	
The	 natural	 water	 content	 has	 been	 evaluated	 by	 taking	 small	 samples	 from	 all	 corners	 of	 the	
obtained	material.	This	to	get	general	and	represented	water	content	for	the	whole	mass	dispatched	
from	Gothenburg,	as	the	water	content	may	vary	slightly	within	the	shipment.	The	soil	has	then	been	
weighted	with	moisture	and	the	put	into	an	oven.	After	at	least	24h	in	the	oven	when	the	sample	is	
completely	dry,	the	sample	is	once	more	weighted.	The	difference	in	weight	before	and	after	put	into	
the	oven	corresponds	to	the	amount	of	water	that	has	evaporated	from	the	soil	during	heating.	The	
natural	water	content	can	then	be	calculated	as	fallows	in	equation	(13).	

!!
!!

∗ 100 = 𝑤! %	 	 	 	 	 (13)	

3.2.3	Particle	size	distribution	
Particle	 size	 distribution	 has	 been	 evaluated	 both	 by	 dry	 sieving	 and	wet	 sieving.	 To	 perform	 dry	
sieving	on	clay	material	with	natural	water	content,	the	water	must	first	be	evaporated	from	the	soil	
in	 an	 oven	 before	 the	 material	 can	 be	 sieved.	 If	 not	 dry,	 the	 clay	 will	 not	 fall	 apart	 due	 to	 the	
cohesion.	Once	dry,	 the	 clay	 is	weighted	and	put	on	 top	of	 a	 series	of	 sieves	 starting	with	a	1mm	
pattern	down	to	a	0,063mm	pattern.	The	sieves	are	put	on	a	machine	that	will	shake	all	the	sieves	
hence	 the	 clay	 falls	 though.	 The	 material	 gets	 in	 this	 way	 separated	 due	 to	 the	 grain	 size.	 After	
shaking,	the	material	in	each	sieve	is	weighted	and	a	grain	size	distribution	curve	can	be	drawn.		

Wet	 sieving	 is	 performed	 almost	 as	 dry	 sieving.	 The	 difference	 is	 that	 instead	 of	 first	 drying	 the	
material	and	then	shaking	it,	the	material	I	flushed	with	water	though	the	sieves.	The	mass	that	has	
stopped	in	each	of	the	sieves	from	1mm	to	0,063mm	is	then	dried	and	weighted.	Some	material	may	
fallow	the	water	and	end	up	in	the	bottom	cup	of	the	sieve,	this	material	in	considered	as	fine.	
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3.2.4	Modified	proctor	test	
Clay	is	a	rather	cohesive	material	in	wet	conditions,	compaction	with	proctor	machine	can	be	hard	to	
perform.	The	natural	water	content	of	this	Gothenburg	soil	makes	the	soil	hard	to	compact	as	parts	
of	 the	soil	 sticks	 to	 the	hammer	after	each	strike.	Therefore,	 to	be	able	 to	compact	 the	soil	with	a	
proctor	machine,	the	soil	must	first	dry	to	more	beneficial	water	content.	Though	this	desired	water	
content	 for	maximal	degree	of	compaction	 is	unknown,	different	water	contents	are	compacted	to	
see	at	which	water	content	the	highest	degree	of	compaction	is	achieved.	

Compaction	with	a	proctor	machine	is	performed	by	a	machine	which	lifts	a	hammer	to	prescribed	
height	 and	 the	 lets	 the	 hammer	 fall	 into	 a	 cylinder	 of	 diameter	 100mm	 and	 height	 120mm.	 The	
weigh	and	 the	drop	height	 is	according	 to	 the	used	standard,	DIN	18	196,	 for	 this	 compaction	 test	
4,5kg	respectively	450mm.	The	machine	strikes	each	layer	25	times	whereupon	a	new	layer	is	added.	
Each	 test	consists	of	5	 layers	 resulting	 in	 totally	125	strikes	per	 sample.	The	degree	of	compaction	
can	then	be	obtained	by	comparing	the	volume	and	mass	before	compaction	with	the	volume	and	
mass	after	compaction	with	the	known	solid	density	of	the	material.		

3.2.5	Liquid	limit	
The	 liquid	 limit	 has	 been	 evaluated	 though	 two	 different	 methods.	 Both	 by	 using	 Casagrande’s	
method	and	by	using	cone	penetration	test.	To	perform	these	tests,	water	is	added	and	mixed	with	
the	soil.		

The	cone	penetration	test	is	performed	by	a	steel	cone	is	dropped	just	above	the	surface	of	a	flat	cup	
of	material.	The	cone	weight	60g	and	has	a	sharp	tip	with	an	inclination	of	60	degrees.	The	cone	is	
dropped	 and	 then	 lifted	 up	 after	 five	 seconds	 of	 sinking	 into	 the	 soil.	 The	 depth	 of	 the	 crater	 is	
measured.	The	liquid	limit	is	defined	as	the	water	content	of	the	clay	when	the	cone	sinks	10mm	in	5	
seconds.	If	a	10mm	crater	is	not	achieved,	more	water	is	added	to	the	clay	until	the	desired	depth	is	
reached	(Yakira,	2016).		

Casagrande’s	method	uses	a	machine	invented	by	Arthur	Casagrande.	The	machine	consists	of	a	cup	
and	a	connection	rod.	When	the	crankshaft	is	cranked,	the	cup	goes	up	and	down	hitting	the	base	of	
the	 machine	 causing	 the	 cup	 to	 vibrate.	 When	 performing	 the	 test,	 clay	 is	 put	 into	 the	 cup	
whereupon	a	cut	is	made	in	the	clay	and	the	crankshaft	is	cranked	with	the	clay	in	the	cup.	The	liquid	
limit	is	defined	as	the	water	content	of	the	clay	when	the	cut	has	sealed	after	25	hits.	

Another	definition	of	the	liquid	limit	is	according	to	(Sällfors,	2001)	when	the	material	has	strength	of	
1,5kPa.	

3.2.6	Plastic	limit	
The	definition	of	the	plastic	limit	is	when	the	soil	is	to	dry	to	be	considered	in	a	plastic	condition.	The	
plastic	 limit	 is	 investigated	 though	 a	 so-called	 plastic	 limit	 tests	 (Implementeringskomimsion	 för	
Europastandarder	 inom	 Geoteknik,	 IMG,	 2010).	 When	 tested,	 the	 material	 is	 rolled	 to	 a	 3mm	 in	
diameter	and	40mm	long	strip.	This	is	done	until	it	is	no	longer	possible,	as	the	material	loses	water	
when	handled,	and	breaks.	The	material	is	then	weighted,	dried	in	an	oven	and	then	weighted	again	
to	obtain	the	water	content.	The	plastic	limit	is	then	defined	as	the	water	content	at	which	the	strip	
failed.	The	test	is	repeated	and	a	mean	value	is	obtained.	
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3.2.7	Bulk	density	
The	 bulk	 density	 is	 the	 density	 of	 the	 untouched	 soil	 with	 the	 natural	 degree	 of	 compaction	 and	
natural	water	content.	To	obtain	this	density	a	tube	sample	with	the	diameter	of	5cm	and	a	height	of	
10cm	is	taken	and	the	bulk	density	can	be	calculated	as	presented	in	equation	(14).	

!!"#$
!!"#$

= 𝜌! 	 	 	 	 	 	 (14)	

3.2.8	Natural	organic	content		
To	obtain	the	natural	degree	of	organic	content	in	the	soil	a	loss	of	ignition	test	is	performed.	Soil	is	
dried	until	the	sample	is	completely	dry	and	spread	out	in	a	porcelain	bowl.	The	clay	is	then	ignited	
and	all	 the	organic	content	within	 the	clay	sample	burns.	The	sample	 is	 then	once	more	weighted,	
this	time	without	the	organic	content	that	burnt	up.	The	weight	difference	of	the	sample	before	and	
after	the	 ignition	corresponds	to	the	mass	of	the	organic	content.	The	organic	content	can	then	be	
described	as	by	equation	(15).	

𝑂! = 1 − !!
!!

	 	 	 	 	 (15)	

3.3	Sample	preparation	

3.3.1	General	
The	samples	have	been	prepared	in	the	soil	mechanics	laboratory	at	Luleå	university	of	Technology	
during	 three	 sessions	 during	 the	 summer/autumn	 of	 2016.	 During	which	 session	 each	 sample	 has	
been	prepared	dependent	on	 the	 curing	 time.	 The	 samples	with	 the	 longest	 curing	 time	 (90	days)	
have	been	produced	first,	then	the	60	days,	and	so	on.	This	way,	all	the	test	results	will	be	ready	for	
evaluation	about	at	the	same	time.	

3.3.2	Soil	preparation	
The	 Gothenburg	 soil	 used	 this	 MSc	 Project	 is	 very	 homogeneous	 due	 to	 the	 cohesion	 binding	
between	the	clay	particle.	When	adding	binder,	an	even	distribution	in	the	soil	is	desired.	Therefore,	
the	soil	is	crumbled	into	smaller	pieces	by	hand.	Organic	content	is	removed	and	the	soil	is	thereafter	
put	into	plastic	bags	to	prevent	water	from	evaporation	keeping	the	natural	water	content	intact.	

3.3.3	Binder	addition	
Once	the	soil	 is	crumbled	 into	small	pieces	 the	soil	 is	mixed	with	 the	cement	binder.	The	mixing	 is	
done	automatically	in	a	steel	bowl	fastened	under	a	rotating	rod.	Before	the	bowl	is	connected	to	the	
machine,	soil	is	added	to	the	bowl	in	layers	and	binder	is	spread	over	each	layer	of	crumbled	soil.	The	
amount	of	binder	that	is	added	is	dependent	on	the	series	that	is	being	mixed	at	the	time	but	varies	
between	1%	to	7%	of	soil	dry	mass.	After	the	layering	of	binder	and	crumbled	soil,	the	machine	mixes	
the	soil	and	binder	for	about	five	minutes.	Then	the	bowl	is	removed	and	the	soil	and	binder	is	mixed	
by	hand	to	make	sure	the	mixer	reaches	out	 in	all	corners	of	 the	bowl.	Finally	 the	soil	 is	mixed	for	
additionally	 five	minutes	 in	 the	mixer	 to	 get	 an	 as	 even	binder	 distribution	 as	 possible.	 If	 an	 even	
binder	distribution	 is	not	achieved,	parts	of	 the	sample	will	have	a	higher	content	of	cement	while	
other	parts	will	have	a	lower	content	resulting	in	an	uneven	strength	in	the	sample.		When	an	even	
distribution	 of	 binder	 is	 achieved,	 the	mixed	 soil	 is	 once	more	 sealed	 into	 plastic	 bags	 to	 prevent	
water	from	evaporating.	Though,	during	mixing	evaporation	cannot	be	prevented.	Hence,	the	water	
content	of	the	soil	is	measured	before	and	after	mixing.	
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3.3.4	Compaction	
After	mixing,	the	cement	soil	mixed	soil	is	put	in	layers	in	a	hard	plastic	tube	with	50mm	in	diameter	
and	170mm	in	height	for	compaction.	The	compaction	is	done	in	five	layers.	Each	layer	is	packed	with	
25	evenly	spread	blows	by	handheld	striker.	Before	a	new	layer	is	added,	the	surface	of	the	already	
packed	layer	is	scratched	to	make	the	layers	connect	better	reducing	the	risk	of	the	sample	failing	in	
the	layer	transitions.	Once	all	the	layers	has	been	packed	with	a	total	of	125	blows	from	the	striker	
the	sample	is	put	in	a	specially	made	vice.	With	the	vice	the	rough	edge	of	sample	is	pushed	out	until	
the	sample	measures	100mm	and	then	cut	off	to	obtain	a	flat	surface.	Afterwards	both	edges	of	the	
sample	are	sealed	with	a	rubber	membrane.	

3.3.5	Curing	
The	 samples	 are	 curing	during	 fully	 saturated	 conditions	 standing	 in	water	with	 a	membrane	 tape	
sealing	the	lower	edge	and	preventing	additional	water	to	leak	in.	The		samples	were	then	placed	in	a	
glass	 container	 partially	 filled	 with	 water	 to	 cover	 specimen	 height	 to	 ensure	 95%	 relative	
humidity.All	 samples	 was	 prepared	 during	 one	 hour	 after	 mixing	 soil	 with	 binder	 and	 stored	 in	
controlled	room	at	a	temperature	of	20	°C.	The	upper	edge	is	sealed	with	a	plastic	tape	to	prevent	
any	oxygen	to	enter	the	sample.	On	top	of	the	samples	subject	to	preloading	during	curing,	a	plastic	
plug	with	 the	 same	 diameter	 as	 the	 inner	 diameter	 of	 the	 tube	 is	 pushed	 down	 in	 the	 tube	 until	
contact	with	 the	soil	 is	 reached.	On	top	of	 this	plug	 the	 load	 is	applied	and	the	plug	will	make	the	
load	evenly	distributed	on	the	soil	surface	inside	the	tube.	

3.3.6	Unconfined	uniaxial	compression	test	
After	 the	 curing,	 of	 7,	 28,	 60	 or	 90	 days,	 the	 samples	 are	 tested	 in	 an	 unconfined	 uniaxial	
compression.	The	pre-loaded	samples	are	unloaded	and	pressed	out	of	the	plastic	tube.	All	samples	
are	 then	 compressed	 until	 failure	with	 a	 constant	 speed	 of	 1mm/s.	 Load	 and	 axial	 deformation	 is	
logged	as	well	as	time	by	the	machine	and	a	stress-strain	curve	can	be	drawn.	 Initially	the	samples	
have	 a	 diameter	 of	 50mm.	 This	 diameter	 is	 increasing	when	 the	 sample	 is	 being	 compressed.	 The	
lateral	deformation	in	measured	with	a	calliper	once	failure	has	occurred.		
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4.	Laboratory	result	

4.1	General	
The	result	from	the	work	performed	in	the	laboratory	is	divided	into	sub-results	of	soil	classification	
result,	 result	 of	 the	 sample	 manufacturing	 and	 the	 result	 from	 the	 uniaxial	 compressive	 test.	
Potential	sources	of	error	will	also	be	highlighted.		

4.2	Soil	classification	
The	soil	classification	of	the	used	Gothenburg	clay	has	been	performed	in	another	project	by	Wathiq	
Al-Jabban	and	is	therefore	already	known.	However,	as	the	result	from	the	soil	classification	will	be	
used	later	on	in	the	PLAXIS	3D	modelling	with	the	finite	element	method	the	soil	classification	result	
is	presented	below.	

4.2.1	Water	Content	
The	water	content	of	the	soil	has	been	evaluated	as	the	average	of	four	independent	samples.	As	the	
water	 content	always	varies	 slightly	 in	a	mass,	unless	 fully	 saturated,	an	average	value	of	 the	 four	
samples	are	considered	to	represent	the	clay	in	general.	The	average	water	content	was	measured	to	
31,2%.	

Table	1.	Result	of	water	content	trials.	(Al-Jabban, 2016)	

	

4.2.2	Bulk	density	
The	 bulk	 density	 and	 the	 dry	 density	 has	 been	 evaluated	 by	 filling	 a	 tube	with	 know	 volume	 and	
weight.	The	filled	tube	has	then	been	weighted	with	the	natural	water	content	to	achieve	the	bulk	
density	as	

𝜌! =
!!"#$!!!"#$

!!"#$
	 	 	 	 	 (16)	

The	dry	density	has	been	calculated	as		

𝜌! =
!!"# !"#$!!!"#$

!!"#$
	 	 	 	 	 (17)	

Resulting	in	a	bulk	density	of	1,55g/cm3	and	a	dry	density	of	1,18g/cm3.	

Table	2.	Bulk	density	and	dry	density	(Al-Jabban, 2016).	
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4.2.3	Plastic	limit	test	
For	 evaluation	 of	 the	 plastic	 limit,	 seven	 samples	 have	 been	 rolled	 according	 to	 the	 method	
explained	in	section	3.2.6.	The	average	plastic	limit	of	the	seven	trials	is	considered	to	represent	the	
clay	in	general.	The	result	is	presented	in	the	table	below.	

Table	3.	Plastic	limit	result	(Al-Jabban, 2016).	

	
	

The	plastic	limit	of	the	clay	is	when	the	clay	has	a	water	content	of	19,62%.	

4.2.4	Liquid	limit	test	
The	liquid	limit	of	the	Gothenburg	clay	has	been	evaluated	using	fall	cone	test,	further	explained	in	
section	3.2.5.	The	liquid	limit	is	taken	as	a	average	value	for	a	number	of	trials	presented	below.	

Table	4.	Liquid	limit	result	from	Cazagrandi’s	method	(Al-Jabban, 2016).	

	

The	liquid	limit	of	the	soil	is	when	the	clay	has	a	water	content	of	37%.	
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4.2.5	Particle	size	distribution	
Particle	 size	 distribution	 has	 been	 evaluated	 both	 by	 dry	 sieving	 and	 wet	 sieving.	 The	 result	 in	
presented	below	in	a	grain	size	distribution	curve.	

As	can	be	seen	in	the	particle	size	distribution	curve	above,	the	clay	consists	of	more	than	40%	fines	
whereof	more	than	16%	are	clay	particles	with	a	size	of	less	than	0,002mm.	The	used	material	
consists	of	29%	sand,	55%	silt	and	16%	clay.	

4.2.6	Compaction	ability	
The	modified	proctor	test	has	been	performed	according	to	DIN	4022	and	DIN	18	196.	The	soil	has	
been	compacted	in	five	different	layers.	Each	layer	has	been	struck	by	a	falling	weight	of	4,5kg	from	a	
height	of	0,45m.	Seven	trials	have	been	performed	to	ensure	the	results	accuracy.	The	figure	below	
shows	the	result	of	the	modified	proctor	test	in	form	of	a	proctor	curve	According	to	the	test	result	
the	most	favorable	water	content,	with	respect	to	compaction,	is	close	to	12%.	The	highest	achieved	
dry	density	is	1,971	tons/m3	(Al-Jabban, 2016).		

Figure	5.	Particle	size	bistribution	(Al-Jabban, 2016).	
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Figure	6.	Proctor	curve	(Al-Jabban, 2016).	

	

4.2.7	Natural	organic	content	
The	natural	organic	content	has	been	evaluated	with	a	loss	of	ignition	test	according	to	section	3.2.8.	
In	 total,	 five	 trials	 have	 been	 performed	 and	 the	 final	 result	 is	 an	 average	 value	 of	 the	 five	 trial	
results.		The	final	result	with	trial	results	are	presented	in	the	figure	below.	

	

Figure	7.	Result	from	loss	of	ignition	test	(Al-Jabban, 2016).	
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4.3	Sample	preparation	
The	 samples	 have	 all	 been	 produced	 in	 the	 same	way	 as	 explained	 in	 section	 3.3.	 Each	 series	 of	
samples	consists	of	four	or	five	samples	depending	of	if	the	remaining	mixed	soil	after	the	first	four	
samples	are	sufficient	enough	for	a	fifth	sample	in	that	series.		

4.3.1	Sources	of	error	
During	the	preparation	process	there	are	a	lot	of	potential	sources	of	error	and	the	errors	are	seldom	
noticed	before	the	testing	and	the	strength	is	not	as	high	as	expected	or	fails	in	an	unexpected	way.	
Though,	some	errors	are	more	likely	to	occur	than	others.	A	potential	source	of	error	is	the	mixing;	it	
is	critical	that	the	binder	is	evenly	spread	though	out	the	whole	mass.	Else,	some	part	of	the	sample	
will	 have	 a	 higher	 strength	 than	 it	 should	 while	 other	 parts	 will	 have	 less.	 As	 the	 sample	 is	 no	
stronger	than	the	weakest	part,	the	sample	will	fail	in	this	weaker	part	and	the	expected	strength	will	
not	be	reached.	However,	the	long	mixing	time	is	set	to	reduce	this	risk	to	a	minimum.	

Another	critical	 stage	 in	 the	sample	praparation	 is	 the	compaction.	The	compaction	 is	done	 in	 five	
layers.	After	every	new	layer	the	top	of	the	compacted	layer	is	scratched	before	next	layer	is	added	
to	make	the	two	layers	bond	together	more	efficiently	and	avoid	failures	at	the	surface	between	the	
layers.	

	

4.4	Unconfined	uniaxial	compression	test	

4.4.1	General	
From	the	unconfined	uniaxial	compression	test	the	strength	and	deformation	parameters	needed	for	
the	finite	element	method	modelling	in	PLAXIS	3D	can	be	evaluated.	The	input	needed	is	dependent	
on	how	the	column	is	modelled;	either	the	cement-clay	columns	can	be	modelled	as	soil	or	as	a	pile.	
The	 input	 data	 needed	 for	 the	 FEM	 modelling	 when	 the	 column	 is	 modelled	 as	 soil	 with	 Mohr-
Coulomb’s	failure	criterion	is	the	strength	of	the	columns,	Young’s	modulus,	Poison’s	ratio,	the	dead	
weight	both	dry	and	fully	saturated,	the	porosity,	the	friction	angle	and	the	cohesion.	If	instead	the	
soil	 column	 is	 modelled	 as	 a	 pile,	 a	 linear	 elastic	 failure	 criterion	 is	 used	 and	 less	 parameter	 are	
needed	as	this	failure	criterion	does	not	account	for	water,	cohesion	or	internal	friction.	

From	the	machine	in	which	the	unconfined	uniaxial	compression	tests	are	performed	the	computer	
logs	the	time	and	the	force	needed	to	compress	the	sample	at	a	rate	of	1mm/min.	Hence	also	the	
axial	 strain	 gets	 logged	as	 the	 time	were	 the	 sample	are	being	 compressed	 is	 know	as	well	 as	 the	
constant	speed.	Needed	input	that	cannot	be	evaluated	or	derived	from	the	test	has	to	be	obtained	
either	by	an	engineer	assessment	or	by	an	additional	 test.	Once	 the	 test	has	been	performed,	 the	
logged	 time	 and	 force	 are	 put	 into	 an	 excel	 sheet	 for	 further	 calculations.	 All	 parameters	 are	
evaluated	each	second	during	the	whole	testing	time	so	a	stress-strain	curve	can	be	drawn	for	each	
sample.	

4.4.2	Stress	–	strain	relation	
The	relation	between	the	stress	and	the	strain	is	used	to	describe	how	much	load	a	medium	of	any	
kind	can	carry.	Several	 strength	and	deformation	parameters	can	be	derived	 from	the	stress-strain	
relation.	If	the	relation	between	stress	and	strain	is	plotted,	multiple	points	at	the	stress-strain	curve	
are	of	great	interest	to	the	engineer.	The	shape	of	the	stress-strain	curve	can	vary	largely	depending	
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on	 the	 mediums	 ability	 to	 carry	 load	 under	 both	 elastic	 and	 plastic	 deformation.	 Figure	 8	 below	
shows	the	stress-strain	diagram	for	all	samples	in	this	project.	

	

Figure	8.	Stress-strain	diagram	for	all	samples.	

In	figure	8	the	X-axis	corresponds	to	the	axial	strain	while	the	Y-axis	corresponds	to	the	strength	of	
the	 sample.	 The	 shape	of	 the	 curves	differs	 a	 lot	 sample-to-sample.	One	obvious	 trend	 is	 that	 the	
increase	in	strength	results	in	lesser	strain	before	failure.	The	high	strength	samples	tend	to	fail	more	
brittle	than	the	samples	with	lower	strength	that	has	a	more	ductile	failure	process.	As	expected	the	
samples	 with	 the	 highest	 amount	 of	 cement	 developed	 the	 highest	 strength.	 Six	 clear	 shapes	 of	
curves	 can	 be	 seen	 in	 figure	 8	 as	 well	 as	 the	 separation	 between	 them.	 The	 six	 curve	 groups	
correspond	to	the	four	levels	of	binder	content:	7%,	4%,	2%	and	1%.	For	the	4%	and	the	7%	samples	
there	are	a	separation	between	the	samples	with	longer	curing	time	and	the	ones	with	only	7	days	
curing	time	dividing	those	series	into	two	groups.	This	difference	due	to	curing	time	is	however	not	
notable	for	the	low	strength	series.	

When	looking	closer	to	the	diagrams	of	a	specific	binder	content	differences	within	the	series	can	be	
noticed.	Figure	9	shows	the	stress-strain	diagram	for	all	samples	with	7%	binder	content	independent	
of	the	curing	time.	When	only	 looking	at	the	7%-series	the	group	of	curves	are	hard	to	distinguish.	
Four	curves	with	 lesser	strength	stand	out.	These	are	the	curves	 from	the	samples	 that	only	had	7	
days	curing	time.	Notable	for	these	samples	is	the	large	strains	before	failure,	which	can	be	explained	
by	the	low	curing	time	since	all	cement	has	not	yet	reacted	hence	the	more	ductile	behaviour.	The	
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same	 slightly	 increased	 ductile	 behaviour	 can	 also	 be	 seen	 for	 three	 of	 the	 14	 days	 curing	 time	
samples	with	strengths	about	480-495kPa.	Figure	9	shows	the	7%-series.	

	

Figure	9.	Stress-strain	diagram	for	all	7%-series	independent	of	curing	time.	

Among	the	samples	with	the	highest	strength	in	the	7%-series	the	pre-loaded	samples	with	both	28,	
60	and	90	days	 curing	 time.	However	 this	 trend	does	not	 follow	 through	 the	other	 series	 and	any	
distinguish	cannot	be	made	between	the	pre-loaded	samples	and	the	unloaded	samples.	Instead	it	is	
the	curing	time	that	distinguishes.	The	increase	in	strength	between	28	days	up	to	60	and	further	to	
90	 days	 curing	 is	 low	 compared	 to	 the	 increase	 in	 strength	 at	 earlier	 stages.	 The	 difference	 in	
strength	between	long	time	curing	and	short	time	curing	also	seems	to	decrease	with	lower	binder	
content.	In	the	stress-strain	diagram	for	all	2%-series	several	short	term	curing	samples	has	achieved	
a	higher	strength	than	some	of	the	long	term	curing	samples.	At	this	low	precent	of	binder	content	
only	the	series	with	the	absolute	shortest	curing	time	of	7	days	is	distinguished	from	the	rest.	Figure	
10	below	shows	the	stress-strain	diagram	of	all	2%-series.	
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Figure	10.	Stress-strain	diagram	showing	all	2%-series	independent	of	curing	time.	

Looking	at	the	strains	with	respect	to	curing	time	the	maximum	axial	strain	seem	rather	independent	
of	the	curing	time.	For	the	samples	with	high	binder	content	the	difference	in	maximum	axial	strain	
before	 failure	 for	 long	 term	and	short	 term	curing	 is	very	small.	 For	 the	high	strength	samples	 the	
difference	 is	almost	nothing	but	as	 the	strength	decreases	 this	strain-curing	time	relation	becomes	
harder	to	distinguish.	However,	in	difference	to	the	strength,	which	is	highly	dependent	on	the	curing	
time,	the	maximum	axial	strain	seems	more	or	less	independent	of	the	curing	time	when	the	cement	
content	is	high.	The	figure	below	shows	the	stress-strain	diagram	for	the	samples	that	has	cured	for	
90	days	and	the	once	that	has	cured	7	days	where	the	maximum	strain	for	the	high	strength	series	is	
almost	the	same	(about	2,5%)	regardless	of	the	curing	time.	
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Figure	11.	Stress-strain	diagram	for	all	90	days	samples.	

	
Figure	12.	Stress-strain	diagram	for	all	samples	with	7	days	curing	time.	
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4.4.3	Axial	strain	
The	axial	strain	is	calculated	as		

𝜀! =
∆!
!!
	 	 	 	 	 	 (18)	

Where	ΔH	is	the	change	in	sample	height	and	H0	is	the	initial	sample	height	of	100mm.	

4.4.4	Unconfined	compressive	strength,	UCS	
The	stress	is	calculated	as	the	force,	which	is	logged	in	the	data	file,	over	area.	

𝜎 = !
!
	 	 	 	 	 	 (19)	

Though,	as	the	compression	test	is	unconfined	the	compressed	area	is	increasing	with	the	force	due	
to	sample	strain.	Hence,	 the	compressed	area	 is	 increasing	slightly	every	second.	The	accumulated	
area	is	calculated	as	

𝐴! =
!!
!!!!

		 	 	 	 	 (20)	

Where	the	original	area	is	calculated	as		

𝐴! = 𝑟!𝜋	 	 	 	 	 (21)	

With	the	initial	radius	of	25mm	the	UCS	becomes	

𝑈𝐶𝑆 = !

( !!
!!!!

)
= !

!!
  	 	 	 	 	 (22)	

4.4.5	Poisson’s	ratio	
Poisson’s	ratio,	which	is	the	relation	between	axial	and	volumetric	strain	expressed	as	

𝜈 = !!!!!
!!!

	 	 	 	 	 	 (23)	

Where	𝜀!	is	the	volumetric	strain,	the	change	in	volume	due	to	compression	and	𝜀!	is	the	axial	strain.	

𝜀! =
∆!
!
		 	 	 	 	 	 (24)	

Poisson’s	ration	was	determined	to	0,25	for	all	tested	samples.	

4.4.6	Friction	angle	
In	a	laboratory	study	regarding	strength	of	stabilized	soils	resulting	in	a	doctor	thesis	(Åhnberg, 2006)	
found	 from	 triaxial	 compression	 tests	 that	 the	 friction	 angle	 remained	 stable	 without	 significant	
change	as	the	cohesion	increases.	This	means	that	for	the	stabilized	soil	the	increase	in	UCS	due	to	
higher	binder	content	is	a	result	of	in	creasing	cohesion	rather	than	any	friction	being	added.	The	two	
clays	 tested,	 Linköping	 clay	 and	 Löftabro	 clay,	 both	 had	 a	 mean	 friction	 angle	 of	 33°.	 Hence	 the	
friction	angle	for	the	Gothenburg	clay	will	for	this	Master	thesis	project	be	fixed	to	33°.	

4.4.7	Cohesion	
When	a	binder	of	any	type	is	added	to	a	clay	material	the	initial	cohesion	of	the	clay	is	changed.	In	
the	 laboratory	 study	 regarding	 strength	 of	 stabilized	 soils	 (Åhnberg, 2006)	 presented	 a	 relation	
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between	the	undrained	compressive	strength	and	the	effective	cohesion	for	clay	and	peat.	According	
to	(Åhnberg, 2006)	findings	the	cohesion	can	approximately	be	described	as		

𝑐! = 0,2482𝜎! 	 	 	 	 	 (25)	

Using	the	relation	in	equation	(25)	for	the	cohesion	with	the	compressive	strength	known	from	the	
unconfined	uniaxial	compression	tests	and	a	fixed	friction	angle	being	set	to	33°	in	accordance	with	
(Åhnberg, 2006)	doctor	thesis	all	input	parameters	for	Mohr-Coulomb’s	failure	criterion	is	known.	

	

	

Figure	13.	Relation	between	effective	cohesion	and	compressive	strength	(Åhnberg, 2006).	

Equation	(25)	can	however	only	be	used	for	stabilized	soil.	Regarding	the	normal	soil,	 the	cohesion	
can	be	evaluated	from	the	unconfined	uniaxial	compression	test.	In	(Craig, 2004)	a	relation	between	
the	principal	stresses	and	the	shear	strength	is	presented	as	in	equation	(26).	

Where	

𝜏! =
!!!!!!!

!
sin (2𝜃)	 	 	 	 	 (26)	
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Using	Mohr-coulomb’s	failure	criterion	

𝜏! = 𝑐! + 𝜎!′𝑡𝑎𝑛(𝜑)	

And	

𝜎!! =
𝜎!! + 𝜎!!

2
+
𝜎!! − 𝜎!!

2
𝑐𝑜𝑠(2𝜃)	

𝜎!! = 0𝑘𝑃𝑎 	

𝜎!! =
𝜎!!

2
+
𝜎!!

2
𝑐𝑜𝑠 2𝜃 =

𝜎!!

2
1 + cos 2𝜃 	

𝜃 = 45° +
𝜑
2
	

Results	in		

𝜎!!

2
sin 2𝜃 = 𝑐! +

𝜎!!

2
1 + cos 2𝜃 ∗ tan (φ)	

𝑐! =
𝜎!!
2 sin 2𝜃

𝜎!!
2 1 + cos 2𝜃 ∗ tan φ

=
sin 2𝜃

( 1 + cos 2𝜃 ∗ tan 𝜑
	

Hence	the	cohesion	is	constant	with	the	depth.	

4.4.8	Young’s	modulus	
The	Young’s	modulus	evaluated	from	the	unconfined	uniaxial	compressive	tests	is	E50.	E50	means	the	
elastic	modulus	from	0	kPa	pressure	up	to	50%	of	the	maximum	UCS	calculated	as.	

𝐸!" =
!,!!!
!!,!!!

	 	 	 	 	 	 (22)	

Where	𝜀!,!!!  is	the	axial	strain	at	50%	of	the	UCS.	

Hence	 the	E50	 increases	with	higher	UCS	and	with	 low	axial	 strain.	 Though,	 E50	 for	 a	high	 strength	
sample	and	a	 low	strength	 sample	 can	be	about	 the	 same	as	 long	as	 the	axial	 strain	 correlate	 the	
value	e.g.	a	high	strength	sample	can	have	the	same	elastic	modulus	as	a	low	strength	sample	if	the	
high	strength	sample	fails	more	ductile	than	the	low	strength	sample.	Young’s	modulus	corresponds	
to	the	elastic	span	where	the	sample	or	medium	being	loaded	can	deform	elastically	and	re-enter	its	
initial	form	when	unloaded.	However,	this	is	not	the	case	with	cement.	An	increase	of	binder	results	
in	a	higher	strength	and	a	more	brittle	failure.	That	is	why	for	the	cement	samples	with	high	strength	
will	also	have	the	highest	Young’s	modulus.	Figure	14	below	shows	the	relation	between	UCS	and	E50.	
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Figure	14.	Relation	between	Young’s	modulus,	E50,	and	maximum	UCS.	

		

4.4.9	Porosity	
The	porosity	can	according	to	(Larsson R. , 2008)	be	expressed	as	

𝑛 = 1 −  !!
!!(!!!)

	 	 	 	 	 (28)	

Where	

𝜌!	is	the	solid	density	

𝜌! 	is	the	bulk	density	

𝑤	is	the	water	content	

From	table	2	in	section	4.2.2	the	natural	water	content	was	determined	to	19,62%	and	from	table	1	
section	4.2.1	the	bulk	density	was	determined	to	1,55t/m3.	The	solid	density	has	not	been	evaluated.	
Though,	(Larsson R. , 2008)	suggests	that	clay	has	a	solid	density	between	2,7-2,8t/m3.	Using	a	solid	
density	of	2,7t/m3	the	porosity	of	the	natural	clay	can	be	determined	to	
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𝑛 = 1 −  
𝜌!

𝜌! 𝑤 + 1
= 1 −

1,55
2,7 0,1962 + 1

= 0,479	

Hence	the	porosity	of	the	natural	soil	is	about	48%.	

4.5	Evaluated	material	parameters	
The	axial	strain	and	the	UCS	are	calculated	every	second	hence	the	relation	between	time,	force	or	
stress	can	be	visualized	by	plotting	a	stress-strain	diagram	for	each	sample.	These	plots	can	then	be	
used	 to	 facilitate	 the	 conclusions	 of	 the	 test	 results.	 From	 each	 compression	 test	 strength	 and	
deformation	parameters	are	evaluated.	As	the	strength	varies	a	 lot	between	the	different	series	so	
does	 the	Young’s	modulus.	Once	all	 tests	 are	done,	 average	values	 for	both	pre-loaded	 series	 and	
unloaded	series	are	evaluated.	As	well	as	for	each	series	of	binder	content	according	to	section	4.4.2	
-4.4.9.		

When	 looking	 at	 the	 strength	 of	 all	 series	 it	 can	 be	 concluded	 that	 the	 strength	 increases	 faster	
during	the	first	weeks	of	curing.	The	difference	in	strength	between	14	days	of	curing	and	28	days	of	
curing	 is	greater	than	the	difference	between	28	and	60	days	of	curing.	This	 is	probably	due	to	the	
fact	that	almost	all	cement	has	reacted	with	the	clay	after	28	days.	Hence	the	strength	for	each	series	
of	 cement	content	 is	an	average	value	 from	all	 samples	with	a	curing	 time	of	28	days	or	more.	As	
Young’s	modulus,	evaluated	from	50%	of	maximum	UCS,	and	the	cohesion	according	to	equation	(25)	
is	 directly	 dependent	 of	 the	 strength	 also	 the	 evaluation	 of	 the	 elastic	 modulus	 and	 cohesion	 is	
average	values	from	all	samples	with	a	curing	time	of	28	days	or	more.	Average	values	from	all	pre-
loaded	samples	with	a	curing	time	of	28	days	or	more	has	been	used	to	see	if	there	is	any	difference	
between	pre-loaded	samples	and	not.	The	result	is	presented	in	table	5	below	where	the	letter	P	in	
the	series	column	referrers	to	the	pre-loaded	samples.	

Table	5.	Input	parameters	evaluated	from	the	compression	test.	

	

In	table	5	some	parameters	like	Poisson’s	ratio	and	the	friction	angle	is	constant.	The	friction	angle	is	
set	fix	to	33°	to	enable	further	evaluation	while	the	Poisson’s	ration	just	happened	to	be	constant.	

	 	

Series	

Poisson'
s	Ratio,	
v	

Young's	
modulus,	E	
[kPa]	

UCS	
[kPa]	

Friction	
angle	

Cohesion	
[kPa]	

Water	
content	
[%]	

Density	
[t/m3]	 Porosity	

7%	 0,25	 42792,63	 624,77	 33	 157,23	 24,42	 1,98	 0,54	
P7%	 0,25	 40783,07	 654,19	 33	 161,06	 24,42	 1,98	 0,54	

4%	 0,25	 10293,10	 193,51	 33	 47,54	 25,32	 1,97	 0,54	
P4%	 0,25	 12712,69	 194,20	 33	 47,81	 25,32	 1,97	 0,54	

2%	 0,25	 1681,14	 90,27	 33	 22,40	 24,81	 1,98	 0,54	
P2%	 0,25	 1685,30	 86,35	 33	 21,26	 24,81	 1,98	 0,54	

1%	 0,25	 697,93	 47,67	 33	 11,74	 25,73	 1,96	 0,54	
P1%	 0,25	 641,24	 46,32	 33	 11,40	 25,73	 1,96	 0,54	
Natural	
soil	 0,25	 193	 25,97	 33	 2,84	 31,2	 1,55	 0,48	
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5.	Finite	element	method	with	PLAXIS	3D	

5.1	General	
In	 PLAXIS	 3D	 footing	 cases	 with	 cement	 columns	 are	 to	 be	 studied	 and	 compared	 to	 simple	
foundation	 slab.	 Further	 the	 column	 foundation,	 using	 Mohr-Coulomb’s	 failure	 criterion,	 will	 be	
compared	to	a	pile	foundation	using	linear	elastic	theory.	Strength	and	deformation	parameters	for	
the	stabilized	soil	 columns	are	obtained	 from	the	 laboratorial	 investigations	presented	 in	 section	3	
with	the	results	presented	in	section	4.	The	PLAXIS	3D	study	aims	to	investigate	if	settlements	can	be	
reduced	and	a	sufficient	foundation	with	respect	to	bearing	can	be	build	with	these	columns.	Finally	
the	stress	situation	in	the	slab	will	be	investigated	for	both	pile	and	column	foundation.	

5.2	Theory	
PLAXIS	3D	 is	a	program	for	modelling	soil	 in	order	 to	simulate	 its	behaviour	 if	 loaded	or	any	other	
change	is	performed.	PLAXIS	3D	can	also	be	used	to	evaluate	safety	factors	for	slopes	or	excavations.	
PLAXIS	 3D	 uses	 the	 finite	 element	 method	 dividing	 the	model	 into	 nodes.	 Between	 these	 nodes,	
boundary	lines	are	drawn	creating	a	mesh	of	small	elements.	When	computing	a	model	the	program	
starts	 calculating	 stresses,	 strains	 etc.	 for	 each	 element,	 creating	 boundary	 conditions	 for	 the	
neighbouring	element	as	the	program	work	through	the	model.	The	size	of	the	mesh	is	dependent	on	
the	 number	 of	 nodes	 used	 in	 the	model.	 This	 can	 be	 refined	 resulting	 in	 a	 finer	mesh	with	more	
elements	to	calculate	but	a	more	accurate	result	will	be	obtained.	The	more	elements	that	need	to	
be	calculated	in	a	model,	the	longer	time	it	takes	for	PLAXIS	3D	to	compute	the	model.	

In	PLAXIS	3D	there	are	a	variety	of	calculation	models	that	can	be	chosen.	In	these	models	different	
failure	criterions	and	behaviour	of	soil	is	used.	The	models	are	more	or	less	complex	and	in	general	
the	 more	 complex	 models	 relies	 on	 better-input	 data.	 However,	 this	 project	 only	 uses	 the	 linear	
elastic	model	and	the	Mohr-Coulomb	model,	both	in	the	context	simple	models.	The	Mohr-Coulomb	
is	a	 linear	elastic	perfectly	plastic	model	of	 the	first	order.	The	model	 includes	a	 limited	amount	of	
material	 features	 that	 soil	behaviour	 shows	 in	 reality	 (PLAXIS, 2016a).	 The	basic	 input	needed	 to	
compute	this	model	is	Young’s	modulus,	Poisson’s	ratio,	the	friction	angle	and	the	soil	cohesion.	The	
Mohr-Coulomb	model	masters	stiffness	increase	with	depth	and	describes	the	stress	state	in	the	soil	
well	(PLAXIS, 2016a).	

The	linear	elastic	model	will	be	used	to	for	the	piles	in	the	foundation.	This	model	is	not	suitable	for	
soil	since	the	model	is	based	on	linear	deformation	with	a	certain	amount	of	elasticity.	Soil	however	
is	highly	irreversible	and	the	deformations	of	soil	cannot	be	considered	as	elastic	(PLAXIS, 2016a).	
Hence	the	linear	elastic	model	will	only	be	used	for	the	concrete	piles	and	the	concrete	slab.	

The	calculation	model	 is	 set	per	material	meaning	 that	 several	different	 calculation	models	 can	be	
used	in	the	same	computation.	As	the	material	changes,	so	should	the	model	 in	order	to	represent	
the	material	 behaviour	 as	 real	 as	 possible.	 Hence	 it	 is	 important	 for	 the	 engineer	 to	 know	which	
model	to	use	to	achieve	reliable	results.	

5.3	Hand	calculations	

5.3.1	General	
In	PLAXIS	three	models	are	to	be	computed:	simple	slab,	piled	slab	and	a	slab	founded	on	stabilized	
soil	columns.	All	cases	will	have	the	same	loading.	Hand	calculations	are	performed	to	obtain	bearing	
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capacity	 as	well	 as	 needed	amount	of	 piles/columns.	 The	PLAXIS	3D	model	 used	 for	 all	 footings	 is	
basically	 the	 same	model.	What	differ	 are	 the	 values	of	 the	 strength	and	deformation	parameters	
depending	 on	 the	 binder	 content	 for	 the	 soil	 columns.	 Also,	 the	 piles	 will	 be	 computed	 with	 the	
linear	elastic	model	using	strength	and	deformation	parameters	from	concrete	while	the	soil	columns	
will	be	modelled	with	the	Mohr-Coulomb	model.	All	models	will	be	undrained.		

5.3.2	Geometry	
The	basic	fictive	geometry	is	a	90x90m	plane	field	with	25m	of	Gothenburg	clay	beneath.	The	surface	
is	at	sea	level	and	firm	bedrock	is	found	at	-25m	continuing	down	to	-50m.	The	ground	water	table	is	
located	5m	below	 the	 soil	 surface.	The	properties	of	 the	Gothenburg	clay	are	according	 to	 section	
4.2.	Important	for	all	models	is	that	the	model	is	big	enough	in	X	and	Y	direction	so	that	the	default	
boundary	conditions	does	not	effect	the	stresses	after	loading.	

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑙𝑎𝑏 = 30 ∗ 30 = 900𝑚!	

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑙𝑎𝑦 𝑙𝑎𝑦𝑒𝑟 = 30 ∗ 30 ∗ 25 = 22500𝑚!	

The	input	parameters	used	for	the	untouched	natural	clay	will	be	kept	constant	though	all	models.	

5.3.3	Raft	foundation	
The	model	built	for	computing	the	raft	foundation	e.g	without	any	piles	or	columns	is	the	90x90m.	
For	this	case,	the	settlements	are	only	depending	on	the	bearing	capacity	of	the	natural	soil	and	the	
loading.	 The	 raft	 foundation	 is	 loaded	with	 30kPa	 (30kN/m2)	 corresponding	 to	 a	 building	 and	 has	
deadweight	of	25kN/m3.	The	settlements	are	calculated	for	the	stress	change	from	𝜎!! 	to	𝜎!!	by	hand	
is	according	to	Axelsson	(1998)	

𝛿 = (!!
!!!!!

!
+ !

!
ln (!!

!!∆!!
!!!

!
!!! )) ∗ ∆ℎ	 	 	 	 (29)	

Where	
𝛿	is	the	settlement	
𝑚	is	the	odometer	moduli	number	
𝜎!!	is	the	pre-consolidation	pressure	of	the	clay	
𝑀	is	the	compression	modulus	
∆ℎ	is	the	layer	thickness	
∆𝜎′	is	the	additional	stress	from	the	loading	
𝜎!′	is	in-situ	stress	

From	the	laboratory	test	results	in	section	4.4.5	and	4.4.10,	Poisson’s	ratio	and	Young’s	modulus	for	
the	 natural	 soil	 is	 determined	 to	 0,25	 respectively	 193kPa.	 Hence	 a	 relation	 presented	 in	 Jords	
Egenskaper	(Larsson R. , 2008)	page	40	can	be	used	to	determine	the	compression	modulus	as	

𝑀 = ! !!!
!!! !!!!

	 	 	 	 	 (30)	

𝑀 = 231,6𝑘𝑃𝑎	

The	stress	component	𝛽	is	according	to	Axelsson	(1998)	around	zero	for	clays.	With	the	natural	water	
content	as	 input,	 the	odometer	number	 for	 clays	 can	be	 chosen	 from	a	graph	presented	by	 Janbu	
(1970)	figure	15	(Axelsson, 1998).	From	section	4.2.1	the	water	content	was	set	to	𝑤 = 31,2%.	
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Figure	15.	Values	of	the	Odometer	number	presented	by	janbau	in	1970	(Axelsson, 1998)	

From	figure	15	above	the	Odometer	number	is	set	low	to	be	on	safe	side.	

𝑚 = 15	

	The	 clay	 is	 considered	 normally	 consolidated,	 hence	 𝜎!!	 equals	 𝜎!!.	 The	 initial	 stress	 𝜎!! 	 and	 the	
change	in	stress	∆𝜎′	must	however	be	calculated.		

𝑞 = 37,5𝑘𝑃𝑎	

𝜎!! = 𝜌𝑔ℎ + 𝑞 = 37,5𝑘𝑃𝑎	 	 	 	 	 (31)	

∆𝜎!! =
!

!!! !!!
	 	 	 	 	 (32)	

𝜎!"! = 𝜌𝑔ℎ − 𝑢 = 1,55 ∗ 9,81 ∗ 25 + 37,5 − 20 ∗ 1 = 217,6𝑘𝑃𝑎	

Inserting	the	result	from	equation	(30)	-	(32)	with	the	m-value	from	figure	15	and	assuming	the	clay	
to	be	normally	consolidated	with	a	uniform	stress	addition	results	in	a	settlement	of	

𝛿 =
1
𝑚
ln (

𝜎!! + ∆𝜎′
𝜎!!

!

!!!

) = 0,467𝑚	

5.3.4	Piled	raft	foundation	
The	piled	 raft	 foundation	 is	 going	 to	have	a	 rectangular	pile	pattern.	 The	piled	 slab	 is	 loaded	with	
30kPa.	 The	 piles	 have	 deadweight	 of	 25kN/m3	 as	well	 as	 the	 slab.	 The	 piles	 are	 concrete	 piles	 of	
construction	 class	 c30/35.	 Strength	 and	 deformation	 parameters	 for	 the	 concrete	 are	 taken	 from	
Eurocode	2.	To	be	able	to	decide	the	spacing	between	the	piles	the	β-method	presented	in	Eurocode	
7	is	used	when	calculating	the	design	bearing	capacity	of	a	pile.	
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Design	surface	Loads:		

Structural	load	 	𝑞! = 30 𝑘𝑃𝑎 = 30𝑘𝑁/𝑚!	
Deadweight	 	 	𝑞!" = 𝜌!𝐴 = 25 ∗ 0,3 = 7,5𝑘𝑁/𝑚!	 	 (33)	

Needed	bearing	capacity	

𝑞!"! = 37,5𝑘𝑁/𝑚!	

	

Pile	geometry	

The	concrete	pile	used	has	a	square	section.	

𝐴𝑟𝑒𝑎 = 0,45𝑚 ∗ 0,45𝑚 = 0,2045𝑚!	

𝐿! = 25𝑚	

Shaft	bearing:	

The	 shaft	 bearing	 capacity	 is	 dependent	 on	 the	mean	 effective	 stress	 acting	 along	 the	whole	 pile	
length.	Though,	according	to	Eurocode	7	overburden	pressure	cannot	be	accounted	for	pile	depths	
larger	 than	 20	 times	 the	 pile	 diameter.	Hence	maximum	accountable	 overburden	 pressure	will	 be	
found	 at	 20	 times	 the	 pile	 diameter	 and	 be	 considered	 constant	 from	 that	 point	 until	 the	 pile	
bottom.	The	mean	overburden	pressure	is	calculated	as	

𝜎′! = (!!!!!!)
!!

	 	 	 	 	 (34)	

Where	
𝐿!	is	the	pile	length	
u	is	the	pore	pressure	
h	is	the	depth	in	metre	
g	is	the	gravitational	constant	
𝜌! 	is	de	bulk	density	of	the	natural	clay	

Notable	 in	equation	(30)	 is	 that	the	pore	pressure	u	 is	equal	 to	zero	above	the	ground	water	table	
thereafter	increasing	linear	with	10kPa	per	metre.	

𝜎′! = (0,5𝜎 5 ∗ 5 ∗ +0,5 𝜎 12,5 + 𝜎 5 ∗ 7,5 + 𝜎 12,5 ∗ 12,5)/𝐿!	

𝜎′! = 88,6𝑘𝑃𝑎	

According	to	Eurocode	7	(European Committee for standardization, 2005b)	the	calculated	bearing	
capacity	is	expressed	as	

𝑅!,!"# = 𝛽! ∗ 𝜎!! ∗ 𝜃 ∗ 𝐿!	 	 	 	 	 (35)	

Where	𝛽! 	is	the	dimensionless	shaft	bearing	capacity	factor	depending	on	the	friction	angle	

𝛽! = tan (𝜑)(1 − sin (𝜑))	 	 	 	 	 (36)	
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𝜑 = 33°	

Gives	

𝛽! = 0,2959	

And		

𝜃	is	the	pile	circumference	for	the	0,522m	pile.	

Resulting	in	

𝑅!,!"# = 1362,1𝑘𝑁	

Point	bearing	

The	point	bearing	capacity	depends	on	thee	factors:	The	state	of	stress	at	the	bottom	of	the	pile,	the	
area	of	the	pile	cross-section	and	a	bearing	capacity	factor	𝑁!.	

The	effective	stress	at	the	bottom	of	the	pile	𝜎′(25)		

𝜎! 25 = 𝜎 25 − 𝑢 25 =  𝜌!𝑔ℎ − 𝜌!𝑔ℎ! = 184𝑘𝑃𝑎	 	 	 (37)	

From	the	graph	in	figure	16	taken	from	Eurocode	7,	a	value	of	𝑁! 	can	be	obtained	

tan 33 → 𝑁! = 13	
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Figure	16.	Bearing	capacity	factors	for	point	bearing	piles	EC7	(European Committee for standardization, 2005b)	

The	value	of	𝑁! 	 is	chosen	as	 low	as	possible,	 this	so	that	 the	clay	material	 is	considered	to	be	 less	
frictional.	 The	 calculated	 point	 bearing	 capacity	 according	 to	 equation	 4.13	 in	 EC7	 (European 
Committee for standardization, 2005b)	

𝑅!,!"# = 𝜎!! ∗ 𝑁! ∗ 𝐴 = 646,6𝑘𝑁		 	 	 	 (38)	

The	 total	 bearing	 capacity	 of	 a	 combined	 point	 and	 shaft	 bearing	 pile	 is	 then	 the	 point	 and	 shaft	
bearing	capacity	together	as	

𝑅!"! = 𝑅!,!"# + 𝑅!,!"# = 2008,7𝑘𝑁	 	 	 	 (39)	

Based	on	how	many	bearing	capacity	test	points	calculated,	EC7	stipulates	a	capacity	reduction	with	
ξ3.	For	this	case,	well-performed	investigations	are	assumed.	Hence	

𝜉! = 1,08	

Resulting	in	a	characteristic	bearing	capacity	of	

𝑅!,! =
!!"!
!!

	 	 	 	 	 	 (40)	

𝑅!,! = 1482,9𝑘𝑁	

To	 determine	 the	 design	 bearing	 capacity	 additional	 adjusting	 factors	 need	 to	 be	 considered.	 The	
design	bearing	capacity	is	expressed	as	in	equation	(37).	
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𝑅! =
!
!!"

!
!!
𝑅!,!  	 	 	 	 	 (41)	

The	model	factor	𝛾!" 	depends	on	the	type	of	analysis	performed.	For	the	𝛽-method	this	factor	is	1,2	
according	to	table	4.3	EC7	(European Committee for standardization, 2005b)	

𝛾!" = 1,2	

Further	𝛾! 	 is	 a	 partial	 factor	 for	 the	bearing	 capacity	 and	depends	on	 in	which	way	 the	pile	 takes	
load.	 For	 a	 combined	 pile	 (Point	 and	 shaft	 bearing)	 the	 value	 of	 𝛾! 	 is	 found	 in	 table	 4.5	 EC7	
(European Committee for standardization, 2005b)	

𝛾! = 1,3	

Resulting	in	a	final	design	bearing	capacity	of	

𝑅!,! = 950,5𝑘𝑁	

Due	to	the	partial	coefficients	prescribed	in	Eurocode	7	the	design	bearing	capacity	has	been	greatly	
reduced	in	order	to	be	on	the	safe	side.	Dividing	the	total	bearing	capacity	with	the	design	bearing	
capacity	will	result	in	a	factor	of	safety	as	

𝑆𝐹 = !!"!
!!

= 1,69   	 	 	 	 	 (42)	

The	load	from	the	structure	needs	to	be	carried	by	a	number	of	concrete	piles.	The	capacity	of	these	
piles	 depends	 on	 the	 shaft	 bearing	 capacity	 due	 to	 the	 friction/cohesion	 in	 the	 soil	 as	well	 as	 the	
earth	pressure	and	 the	 in	 this	case	also	 the	point	bearing	capacity.	Both	 the	shaft	bearing	and	 the	
point	bearing	capacity	are	dependent	on	the	surface	area	of	the	pile.	Hence	the	pile	dimension	and	
the	number	of	piles	needed	have	been	iterated	and	optimized	in	excel.	

When	calculating	the	number	of	piles	needed,	the	piles	are	considered	to	carry	all	loads.	No	vertical	
load	will	be	taken	by	the	surrounding	soil.	

𝐹!"! =
!",!!"
!! ∗ 900𝑚! = 33750𝑘𝑁	 	 	 	 (43)	

Needed	amount	of	piles	

!!"!
!"

= 36 𝑝𝑖𝑙𝑒𝑠	 	 	 	 	 (44)	

The	slab	is	a	square	30x30m	and	it	is	therefore	suitable	to	have	a	square	pile	pattern	to	minimize	the	
risk	of	uneven	settlements.	This	way	 the	slab	will	be	supported	evenly	 in	all	directions.	Due	to	 the	
pile	pattern,	all	piles	will	not	carry	the	same	load.	The	pile	close	to	the	edges	will	only	carry	half	the	
load	that	the	centre	piles	does	and	the	corner	piles	will	only	carry	one	forth.	However,	if	the	centre	
piles	can	carry	the	load	from	the	surface	load	they	are	subject	to	then	the	system	is	stable.	

𝑅!,! = 𝑐!! ∗ 𝑞 → 𝑐! =
𝑅!,!
𝑞

	

Resulting	in	a	maximum	centre-to-centre	length	of		
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𝑐! = 5,03𝑚 	

Hence	a	pattern	of	7x7	piles	will	be	used.	Resulting	in	a	total	of	49	piles,	C/C	4,925m	and	utilization	of	
74,25%.		

𝜂 = !!"!
!!∗!!

	 	 	 	 	 	 (45)	

Where		

𝑛! = 49 𝑝𝑖𝑙𝑒𝑠	

𝜂 = 74,25%	

Resulting	in	a	maximum	load	per	pile		

𝑞!,!"# = 𝐴!,!"# ∗ 𝑞!"! = 909,6𝑁	 	 	 	 (46)	

𝑞!,!"# = 909,6𝑁 < 𝑅! = 950,5𝑘𝑁	

5.3.5	Column	supported	raft	foundation	
The	column-supported	slab	will	be	considered	as	a	combined	point	and	shaft	bearing	foundation.	The	
maximum	axial	 force	 e.g	 the	maximal	 point	 load	 is	 here	 taken	 from	 the	 laboratory	 test.	 The	 shaft	
bearing	capacity	and	 the	geotechnical	design	bearing	capacity	 is	 calculated	as	 in	 section	5.3.5.	The	
only	 difference	 is	 the	 geometry	 of	 a	 circular	 soil	 column	 instead	 of	 a	 square	 concrete	 pile.	 The	
calculations	presented	are	for	a	column	consisting	of	7%	binder	content.	

Point	bearing	capacity	

𝑅!,!"# = 𝜎! ∗ 𝐴! 	

Where		

𝑢! 	is	the	ultimate	compressive	strength	according	to	table	5	

𝐴! 	is	the	area	of	the	column	surface	

𝑅!,!"# = 314,2𝑘𝑁	

Shaft	bearing:	

The	shaft	bearing	capacity	is	dependent	on	the	mean	effective	stress	acting	along	the	whole	column	
length.	 Though,	 according	 to	 Eurocode	 7	 overburden	 pressure	 cannot	 be	 accounted	 for	 column	
depths	 larger	 than	 20	 times	 the	 column	 diameter.	 Hence	 maximum	 accountable	 overburden	
pressure	will	be	found	at	20	times	the	column	diameter	and	be	considered	constant	from	that	point	
until	the	pile	bottom.	The	mean	overburden	pressure	is	calculated	as	

𝜎′! = (!!!!!!)
!!

	 	 	 	 	 (34)	

Where	
𝐿! 	is	the	column	length	
u	is	the	pore	pressure	
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h	is	the	depth	in	metre	
g	is	the	gravitational	constant	
𝜌! 	is	de	bulk	density	of	the	natural	clay	

Notable	in	equation	(30)	is	that	the	pore	pressure	u	is	equal	to	zero	above	the	ground	water	table	
thereafter	increasing	linear	with	10kPa	per	metre.	

𝜎′! = (0,5𝜎 5 ∗ 5 ∗ +0,5 𝜎 12,5 + 𝜎 5 ∗ 7,5 + 𝜎 12,5 ∗ 12,5)/𝐿! 	

𝜎′! = 85,6𝑘𝑃𝑎	

According	to	Eurocode	7	(European Committee for standardization, 2005b)	the	calculated	bearing	
capacity	is	expressed	as	

𝑅!,!"# = 𝛽! ∗ 𝜎!! ∗ 𝜃 ∗ 𝐿! 	 	 	 	 	 (35)	

Where	𝛽! 	is	the	dimensionless	shaft	bearing	capacity	factor	depending	on	the	friction	angle	

𝛽! = tan (𝜑)(1 − sin (𝜑))	 	 	 	 	 (36)	

𝜑 = 33°	

Gives	

𝛽! = 0,2959	

And		

𝜃	is	the	circumference	for	the	0,5m	diameter	column.	

Resulting	in	

𝑅!,!"# = 2059,0𝑘𝑁	

The	 total	 bearing	 capacity	 of	 a	 combined	 point	 and	 shaft	 bearing	 pile	 is	 then	 the	 point	 and	 shaft	
bearing	capacity	together	as	

𝑅!"! = 𝑅!,!"# + 𝑅!,!"# = 2549,9𝑘𝑁	

Based	on	how	many	bearing	capacity	test	points	calculated,	EC7	stipulates	a	capacity	reduction	with	
ξ3.	For	this	case,	the	highest	partial	coefficient	is	chosen.	Hence	

𝜉! = 1,4	

Resulting	in	a	characteristic	bearing	capacity	of	

𝑅!,! =
!!"!
!!

	 	 	 	 	 	 (40)	

𝑅!,! = 1821,3𝑘𝑁	

To	 determine	 the	 design	 bearing	 capacity	 additional	 adjusting	 factors	 need	 to	 be	 considered.	 The	
design	bearing	capacity	is	expressed	as	in	equation	(37).	
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𝑅! =
!
!!"

!
!!
𝑅!,!  	 	 	 	 	 (41)	

The	model	factor	𝛾!" 	depends	on	the	type	of	analysis	performed.	For	the	𝛽-method	this	factor	is	1,2	
according	to	table	4.3	EC7	(European Committee for standardization, 2005b)	

𝛾!" = 1,2	

Further	𝛾! 	is	a	partial	factor	for	the	bearing	capacity	and	depends	on	in	which	way	the	column	takes	
load.	 For	 a	 combined	 column	 (Point	 and	 shaft	 bearing)	 the	 value	 of	 𝛾! 	 is	 found	 in	 table	 4.5	 EC7	
(European Committee for standardization, 2005b) (PLAXIS, 2016b)	

𝛾! = 1,3	

Resulting	in	a	geotechnical	design	bearing	capacity	of	

𝑅!,! = 1167,5𝑘𝑁	

The	final	design	bearing	capacity	is	the	smallest	of	the	geotechnical	design	bearing	capacity	and	the	
structural	design	bearing	capacity.	The	structural	design	bearing	capacity	 is	calculated	according	 to	
section	4	in	Design	Guide:	Soft	soil	stabilisation	(EuroSoilStab, N/A)	where	the	maximum	load	each	
column	can	carry	is	expressed	as	

𝑞!,!"# = 0,9 ∗ 𝑎 ∗ 𝜎!"#	 	 	 	 	 (47)	

And	
0,9	corresponds	to	90%	of	the	ultimate	strength,	which	is	the	long-term	strength		
𝜎!"#	is	the	ultimate	strength	taken	as	half	the	UCS	from	the	laboratory	testing	

𝜎!"# =
!!
!
	 	 	 	 	 	 (48)	

	
𝑎	is	a	correlation	factor	between	the	total	column	area	and	the	unsupported	area	expressed	as	

a = !!,!"!
!!

	 	 	 	 	 	 (49)	

And	c	is	the	centre-to-centre	measurement	between	the	columns.	

Inserting	equation	(39)	and	(40)	into	equation	(38)	results	in	

𝑞!,!"# = 0,9 ∗ !!,!"!
!!

∗ !!"#
!
	 	 	 	 	 (50)	

In	equation	 (41)	both	a	and	c	depends	on	the	number	of	columns.	 Inserting	the	variable	𝑛!	as	 the	
number	of	columns	in	equation	(41)	results	in	

𝑞!,!"# = 0,9 ∗ ( !!∗!!

(!!!!)
!!!!

!) ∗  !!
!
	 	 	 	 (51)	

Where	
𝐿!is	the	side	length	of	the	square	slab	
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𝐴! 	is	the	surface	area	of	all	columns	
𝑑	is	the	diameter	of	the	column	

Equation	 (42)	 has	 an	 unknown	 variable	𝑛!	 hence	 insoluble.	 Therefore	 another	 relation	 describing	
𝑞!,!"#	must	be	derived.	The	minimum	column	load,	also	depending	on	the	amount	of	columns	can	
be	expressed		

𝑞!,!"# = 𝑞!"! ∗
!
!!
	 	 	 	 	 (52)	

Due	 to	 the	 static	 assumption	where	 all	 load	 is	 carried	 by	 the	 columns.	 Now	 letting	 the	minimum	
column	load	bearing	capacity	be	equal	to	the	maximum	column	load	bearing	capacity		

𝑞!,!"# = 𝑞!,!"#	 	 	 	 	 (53)	

Inserting	equation	(43)	and	(44)	into	equation	(42)	results	in	a	solvable	system	as	

𝑞!"! ∗
!
!!
= 0,9 ∗ ( !!∗!!

(!!!!)
!!!!

!) ∗  !!"#
!
	 	 	 	 (54)	

Solving	equation	(45)	for	𝑛!	results	in	

𝑛! ≈ 56 𝑐𝑜𝑙𝑢𝑚𝑛𝑠	

And	the	minimum	column	load	bearing	capacity	as	

𝑞!,!"# = 𝑅!,!! 607,6𝑘𝑁	

The	final	design	bearing	capacity	is	the	smallest	of	the	geotechnical	design	bearing	capacity	and	the	
structural	design	bearing	capacity	as	

𝑅! = min
 𝑅!,! = 1167,5𝑘𝑁
𝑅!,!! 607,6𝑘𝑁

= 607,6𝑘𝑁	

The	column	foundation	is	considered	to	be	static	e.g.	all	load	will	be	carried	by	the	columns.	Which	is	
a	 simplification	 of	 the	 real	 situation	 where	 the	 load	 is	 carried	 by	 both	 the	 columns	 and	 the	
surrounding	 soil.	 However,	 making	 this	 simplification	 the	 column	 settlements	 can	 be	 calculated	
according	 to	 section	4	 in	Design	Guide:	 Soft	 soil	 stabilisation	 (EuroSoilStab, N/A).	The	hand	made	
calculations	 can	 then	 be	 compared	 with	 the	 settlements	 obtained	 from	 PLAXIS	 3D	 for	 the	 same	
foundation.	

From	the	total	load	on	the	slab	

𝐹!"! = 33750𝑘𝑁	

And	the	bearing	capacity	of	each	column	

𝑅!,! = 607,6𝑘𝑁	

The	necessary	amount	of	columns	needed	to	carry	this	load	is	
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𝑁! =
𝐹!"!
𝑅!

= 56 𝑐𝑜𝑙𝑢𝑚𝑛𝑠	

Though,	a	square	even	column	pattern	is	wanted	to	minimize	the	risk	of	uneven	settlements.	Hence	
a	pattern	of	8x8	columns	is	used.	The	settlements	of	a	column	can	according	to	(EuroSoilStab, N/A)	
section	4	be	calculated	as	

𝑆! =
∆!
!
!!
!!
	 	 	 	 	 	 (55)	

Where		
∆h	is	the	stratum	thickness	
q!	is	the	load	acting	an	the	column	
E!	is	Young’s	modulus	of	the	column	
𝑎	is	a	correlation	factor	between	the	total	column	area	and	the	unsupported	area	expressed	as	

a = !!,!"!
!!

	 	 	 	 	 	 (56)	

And	c	is	the	centre-to-centre	measurement	between	the	columns.	

The	system	is	considered	to	be	static.	The	column	will	carry	all	loads.	Hence	q1	is	equal	to	q1,	max	that	
is	the	column	failure	load.		

𝑞!,!"# =
!!"#
!!

	 	 	 	 	 	 (57)	

Using	a	square	column	pattern	of	centre-to-centre	distance	4,14m.	The	maximum	area	each	pile	is	
subject	to	is	a	square	with	the	centre-to-centre	measurement	as	sides.	

𝑐/𝑐 = 4,14𝑚 → 𝐴!,!"# = 4,15! = 17,1𝑚!	

Resulting	in	a	maximum	load	per	column		

𝑞! = 𝐴!,!"# ∗ 𝑞!"! = 641,3𝑘𝑁	 	 	 	 (58)	

𝑞! = 641,3𝑘𝑁 > 𝑅!,! = 607,6𝑘𝑁	

It	 is	 possible	 to	 distribute	 the	 load	 so	 that	 some	 of	 the	 load	 is	 carried	 by	 the	 surrounding	 soil.	
However,	 the	surrounding	soil	 is	more	prone	to	settlements	than	the	columns.	Distributing	 load	to	
the	unstabilized	soil	may	increase	settlements.	 Instead	the	column	pattern	must	be	intensified	to	a	
9x9	square	pattern	with	c/c	of	3,63m.	

Resulting	in	a	maximum	load	per	column		

𝑞! = 𝐴!,!"# ∗ 𝑞!"! = 3,63! ∗ 37,5 = 494,1𝑘𝑁	

𝑞! = 494,1𝑘𝑁 < 𝑅!,! = 607,6𝑘𝑁	

Resulting	in	a	settlement	of	

𝑆! = 0,16𝑚	
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Another	way	to	calculate	the	settlements	in	the	columns	is	by	saying	that	the	settlements	equal	the	
axial	strain	(compression)	as	

𝛿 = 𝜀 ∗ ∆ℎ	 	 	 	 	 	 (59)	

Where	

𝜀 = ∆!!

!
	 	 	 	 	 	 (60)	

And	

𝑀 = ! !!!
!!! !!!!

	 	 	 	 	 (61)	

The	 total	 settlement	 is	 therefore	 the	 sum	of	 the	 settlements	due	 to	 the	additional	 stress	acting	at	
each	layer.	Though,	when	installing	columns	or	piles,	settlements	start	to	evolve	at	two	thirds	of	the	
column	or	pile	 length.	Hence	∆ℎ	 is	only	2/3	of	 the	 total	 column/pile	 length.	No	distribution	of	 the	
additional	stress	is	known,	uniform	distribution	on	all	levels	is	assumed.	

𝛿!"! =
∆!!

!
∗ ∆ℎ	 	 	 	 	 (62)	

Resulting	in	a	total	settlement	of	

𝛿!"! = 0,1𝑚	

5.4	Method	
In	the	following	section	the	PLAXIS	3D	model	will	be	explained	and	the	input	parameters	defined.	

5.4.1	Parameters	
PLAXIS	3D	hosts	several	models	with	various	complexities.	The	models	used	is	a	less	complex	mohr-
Coulomb	model	using	the	input	parameters	defined	in	table	6.	

Table	6.	Basic	input	used	in	a	Mohr-Coulomb	model	in	PLAXIS	3D.	

Basic	input	 Definition	 Unit	
E	 Young’s	modulus	 kPa	
𝜈	 Poision’s	ratio	 -	
c	 Cohesion	 kPa	
𝜑	 Friction	angle	 °	
𝜓	 Angle	of	dilatancy	 °	
	

The	 purpose	 of	 the	 bedrock	 under-layering	 the	 soil	 is	 to	 create	 a	 firm	 layer	 that	 the	 loads	 can	 be	
transferred	 to.	 Hence	 firm	 and	 represented	 rock	 parameters	 for	 Swedish	 bedrock	 has	 been	
estimated.	The	used	parameters	for	the	bedrock	are	presented	in	table	7.	

	

	

	



	

44	

Table	7.	Input	parameters	used	to	define	the	bedrock.	

Basic	input	 Definition	 Unit	
E	 Young’s	modulus	 38GPa	
𝜈	 Poision’s	ratio	 0,3	
c	 Cohesion	 N/A	
𝜑	 Friction	angle	 45°	
𝜓	 Angle	of	dilatancy	 N/A	
	

5.4.2	Mesh	
When	 the	 modelling	 is	 done	 and	 the	 studied	 case	 is	 to	 be	 calculated,	 the	 model	 must	 first	 be	
meshed.	This	means	that	the	model	is	divided	into	triangular	elements,	nodes	and	gauss	points.	The	
model	size	can	be	adjusted	by	using	a	finer	or	coarser	mesh.	The	finer	mesh	that	is	used,	the	more	
elements	nodes	and	gauss	points	is	used.	This	increases	the	calculation	time	but	results	in	general	in	
a	more	 accurate	 result.	 The	models	 calculated	 in	 this	Master	 thesis	 project	 was	 first	 built	 with	 a	
coarse	mesh	but	later	increased	to	a	fine	mesh.		

	

Figure	17.	The	mesh	used	for	all	simulations.	
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5.4.3	Calculation	phases	
The	models	have	been	calculated	in	three	phases	as	presented	below.	

1. Initial	phase	
-The	model	is	determined.	No	additional	loads	or	structures	are	calculated	for.	

2. Construction	phase	
-The	piles/columns	and	the	concrete	plate	are	constructed	and	being	calculated	for.	Only	
deadweight	applies.	

3. Loading	phase	
-Additional	load	is	applied.	

5.5	Result:	PLAXIS	simulation	

5.5.1	General	
The	hand	calculations	 in	section	5.3	are	here	used	when	designing	the	PLAXIS	3D	model.	Using	the	
same	 design	 both	 by	 hand	 and	 in	 the	 FEM	 simulation	 allows	 the	 two	 methods	 to	 be	 compared.	
Notable	 is	 that	 the	when	 performing	 hand	 calculations	with	 Eurocode,	 partial	 coefficients	 is	 used.	
Hence	safe-side	values	of	bearing	capacities	are	obtained.	PLAXIS	3D	however	simply	uses	the	values	
that	 are	 put	 into	 the	 program	 and	 cannot	 calculate	 or	 take	 into	 consideration	 that	 the	 bearing	
capacity	has	been	reduced.		

The	 geometry	 is	 presented	 in	 section	 5.3.2	 and	 is	 kept	 constant.	 The	 analysis	 is	 undrained.	 The	
stiffness	 of	 the	 concrete	 is	 taken	 from	 table	 4.1	 in	 Eurocode	 2:	 Design	 of	 concrete	 structures	
(European Committee for Standardization, 2005a).	Remaining	used	input	parameters	are	evaluated	as	
in	 section	 4.	 The	 PLAXIS	 3D	model	 used	 for	 these	 simulations	 is	Mohr-Coulomb.	 This	model	 does	
however	not	simulate	any	soil	hardening	e.g.	Young’s	modulus	is	constant	though	the	whole	model.	
In	 reality	 the	 soil	 stiffness	 tends	 to	 increase	 with	 depth.	 From	 table	 5	 in	 section	 4.4.10	 Young’s	
modulus	 is	 set	 to	 193kPa,	 which	 is	 very	 soft.	 The	 PLAXIS	 2D	 Material	 models	 (PLAXIS, 2016b)	
present	a	relation	in	which	soil	hardening	can	be	estimated	from	a	reference	stiffness	together	with	
the	cohesion,	friction	angle	and	the	state	of	stress	as	

𝐸!" = 𝐸!",!"# ∗  !! !"# ! !!!! !"# !
!! !"# ! !!!"# !"# !

	 	 	 	 (63)	

This	formula	is	originally	a	part	of	the	hardening	soil	model	but	has	ben	used	to	capture	the	stiffness	
increase	of	the	soil	even	when	using	the	Mohr-Coulomb’s	model.	In	equation	(63)	𝜎!!	is	the	maximum	
axial	 pressure	 depending	 on	what	 sample	 series	 that	 is	modelled	 and	 pref	 is	 a	 reference	 pressure	
suggested	to	100kPa	(PLAXIS, 2016c).	The	stiffness	of	the	clay	is	assumed	to	be	constant	to	a	depth	
of	4m.	Using	 the	 soil	hardening	with	a	 reference	 stiffness	of	193kPa	at	a	 level	of	 -4m	 (from	which	
depth	the	clay	was	fetched)	results	in	a	stiffness	increase	with	approximately	10kPa/m.	

5.5.2	Raft	foundation	
The	unsupported	slab	settles	according	to	the	hand	calculations	only	by	47cm.	This	settlement	
depends	on	the	low	additional	stress	that	is	distributed	with	the	2:1	method	over	a	large	area.	
Simulating	the	same	case	with	PLAXIS	3D	results	in	a	much	larger	settlement.	
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Figure	18.	Total	displacement	simulated	with	PLAXIS	3D.	

Figure	18	above	shows	a	 total	displacement	of	about	1,5m.	The	 largest	settlement	 (red	zone)	 is	as	
expected	found	 in	the	centre	of	 the	slab.	The	PLAXIS	3D	simulation	also	 indicates	that	a	soil	heave	
will	occur	in	the	neighbouring	areas	with	a	magnitude	of	0,2m.	Looking	at	a	vertical	cross	section	of	
the	model,	figure	19,	the	simulation	shows	that	the	additional	stress	is	causing	settlements	in	the	top	
layers	and	down	to	a	depth	of	about	20m.	
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Figure	19.	Cross	section	of	the	total	displacement	for	a	unsupported	slab.	

The	 settlements	 are	directly	 dependent	on	 the	 additional	 stress	 from	 the	 structure.	 It	 is	 therefore	
safe	to	say	that	at	a	depth	of	about	20m	the	additional	stress	is	close	to	zero.	

5.5.3	Piled	raft	foundation	
For	 the	 piled	 raft	 foundation	 no	 settlement	 calculations	 have	 been	 done.	 Instead,	 the	 necessary	
amount	of	piles	and	a	proper	pile-pattern	has	been	calculated.	The	piles	are	driven	down	to	bedrock	
and	are	considered	to	be	both	shaft-and	point	bearing.	Due	to	the	high	stiffness	of	the	concrete	piles	
and	 the	 point	 bearing,	 settlements	 should	 be	 low	 as	 long	 as	 the	 piles	 do	 not	 fail.	 The	 piles	 are	
modelled	as	embedded	beams.	However	PLAXIS	3D	cannot	simulate	failure	of	embedded	beams.	The	
embedded	 beams	 are	 linear	 elastic	 without	 any	 failure	 criterion	 therefore,	 if	 the	 failure	 load	 is	
exceeded,	the	program	will	just	keep	loading	the	pile	and	the	pile	will	continue	to	deform.		
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Figure	20.	Total	displacement	for	a	concrete	pile	supported	slab	simulated	with	PLAXIS.	

The	 total	 displacement	 will	 according	 to	 the	 PLAXIS	 simulation	 be	 about	 0,075m	 of	 settlement.	
Compared	with	the	unsupported	slab,	the	concrete	piles	reduce	the	settlement	by	1,45m.	There	will	
still	be	some	soil	heave	around	the	edges	of	the	slab.	The	magnitude	of	0,13m	is	though	lesser	than	
for	the	unsupported	slab.	If	studying	the	vertical	cross-section	in	figure	21	below	it	can	bee	seen	that	
the	 settlements	 for	 the	 piled	 slab	 is	 more	 uneven	 in	 the	 horizontal	 plane.	 This	 means	 that	 the	
settlements	are	slightly	larger	between	the	pile	rows	and	the	plate	is	subject	to	a	sagging	moment,	
which	results	in	deflection	between	the	columns.	
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Figure	21.	Vertical	cross	section	of	the	total	displacement	for	a	piled	raft	foundation.	

	

5.5.4	Column	supported	slab	
The	 column	 pattern	 and	 bearing	 capacity	 calculated	 in	 section	 4.3.5	 based	 on	 7%	 cement	 is	 now	
simulated	with	 PLAXIS	 3D.	 The	 columns	 cannot	 carry	 as	much	 load	 as	 the	 concrete	 piles.	Hence	 a	
larger	number	of	columns	are	needed.	The	columns	are	modelled	as	embedded	beams	and	a	total	of	
81	cement	columns	are	used	in	this	simulation.	
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Figure	22.	Total	displacement	of	a	column	supported	slab	simulated	with	PLAXIS	3D.	

The	 settlement	 for	 the	 column	 supported	 slab	 is,	 as	 expected,	 between	 the	 settlement	 of	 the	
unsupported	and	the	piled	slab.	The	total	displacement	for	a	9x9	square	pattern	of	cement	columns	
is	according	to	PLAXIS	3D	about	0,37m.	Notable	is	the	low	magnitude	of	the	surrounding	soil	heave	
and	the	limited	area	of	the	uplift.	Comparing	the	cross	section	of	the	total	displacement	for	the	piled	
raft	foundation	in	figure	21	with	the	cross-section	of	the	column	supported	slab	in	figure	23	it	can	be	
concluded	 that	 the	 settlements	 for	 the	column	supported	slab	 is	more	evenly	distributed	 than	 the	
settlement	for	the	piled	raft	foundation.	This	is	probably	because	the	columns	settle	more	softly	than	
the	 concrete	 piles.	 Though,	 if	 using	 the	 same	 pattern	 for	 a	 less	 stiff	 column	 the	 settlements	 gets	
bigger.	
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Figure	23.	Cross-section	of	the	deformations	for	a	columns	supported	slab.	

To	see	if	it	is	possible	to	reduce	settlements	with	an	increased	number	of	columns	a	model	consisting	
of	 10x10	 columns	were	 tested.	 The	 settlement	was	 recued	 slightly	 as	 shown	 in	 figure	 24	 but	 not	
more	than	some	4cm.		
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Figure	24.	Cross-section	of	a	column	supported	slab	with	a	10x10	column	pattern.	

	

5.6	Conclusion	of	FEM		
PLAXIS	3D	works	fine	to	compare	hand	made	calculations	with	simulated	results.	However,	the	result	
obtained	with	 PLAXIS	must	 not	 be	more	 correct	 than	 the	 one	 calculated	 by	 hand.	 It	 is	 up	 to	 the	
engineer	to	evaluate.	For	 the	 inexperienced	PLAXIS	3D	user	but	experienced	geotechnical	engineer	
the	well-tested	calculation	methods	may	be	more	correct.	To	achieve	proper	simulations	with	PLAXIS	
3D	it	is	important	that	the	user	understands	how	the	program	calculates	and	what	input	parameters	
that	makes	the	difference.	Hence	the	parameters	put	into	the	program	should	be	carefully	evaluated.	
Since	no	 triaxial	 testing	has	been	performed	at	 this	 stage,	 some	parameters	have	been	derived	or	
assumed	within	 the	 reasonable	 span.	Which	 is	 not	 preferable	 for	 the	 PLAXIS	 3D	model	 or	 for	 the	
hand	made	calculations.	
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6.	Conclusion	
From	 the	 sample	manufacturing	 and	 the	 fallowing	 unconfined	 uniaxial	 compression	 test	 it	 can	 be	
concluded	 that	 the	pre-loaded	sample	series	did	not	have	 the	expected	strength	 increase.	A	mean	
value	for	the	maximum	uniaxial	strength	was	calculated	for	each	binder	content	series	presented	in	
table	 5.	 As	 the	 strength	 of	 the	 pre-loaded	 and	 the	 unloaded	 samples	 shows	 no	 pattern	 e.g.	 the	
strength	of	 the	pre-loaded	samples	varies	 from	stronger	to	weaker	than	the	unloaded	samples	the	
pre-loaded	 can	 not	 be	 assumed	 to	 have	 a	 positive	 effect.	 Instead	 factors	 such	 as	 degree	 of	
compaction,	 water	 content	 and	 evenly	 distributed	 binder	 content	within	 the	 sample	must	 have	 a	
greater	impact	than	the	pre-loading.		

Another	 factor	 influencing	 the	 strength	 of	 the	 columns	 is	 the	 curing	 time.	 The	 achieved	 strengths	
from	 samples	with	 the	 same	binder	 content	 but	with	 different	 curing	 times,	 varying	 from	7	 to	 90	
days	shows	that	the	first	28	days	are	when	the	reaction	between	the	cement	binder	and	the	material	
has	its	highest	rate.	During	this	period	the	strength	is	rapidly	increasing.	After	some	28	days	most	of	
the	binder	has	reacted	with	the	material.	The	reaction	continues	until	all	cement	has	reacted.	Hence	
the	small	continuing	in	increased	strength.	

The	 most	 important	 factor	 regarding	 the	 strength	 of	 the	 samples	 is	 the	 binder	 content.	 The	
maximum	uniaxial	strength	increase	has	a	slightly	exponential	curve	with	the	strength	of	7%	series	is	
three	 times	as	big	as	 the	 strength	of	 the	4%	series	while	 the	2%	series	 is	about	half	 the	4%	series	
strength.	The	elastic	modulus	of	the	samples	is	in	this	master	thesis	evaluated	as	E50,	which	is	50%	of	
the	 maximum	 uniaxial	 strength.	 This	 means	 that	 the	 elastic	 part	 of	 the	 deformation	 curve	
corresponds	to	50%	of	the	maximum	uniaxial	strength.	Hence	Young’s	modulus	is	in	direct	relation	to	
the	strength	of	the	columns.	

Regarding	if	the	columns	can	be	used	instead	of	concrete	piles.	It	can	be	concluded	that	it	is	possible.	
The	bearing	capacity	of	 the	columns	 is	high	enough	to	carry	 the	 load,	 in	 this	case	37,5kPa,	using	a	
reasonable	 tighter	 pattern	 than	 needed	 if	 concrete	 piles	were	 used	 instead.	 The	 columns	 bearing	
capacity	 is	 good	 when	 using	 7%	 binder	 but	 the	 stiffness	 of	 the	 columns	 is	 low	 compared	 to	 the	
concrete	piles.	The	low	stiffness	of	the	columns	allows	the	column	to	settle	with	the	surrounding	soil.	
It	 is	 therefore	 essential	 to	 increase	 this	 stiffness	 by	 adding	 additional	 binder	 to	 the	 mixture	 and	
thereby	reducing	the	settlement.	The	binder	content	needed	is	depending	on	how	much	settlement	
that	can	be	accepted.	

Also	the	stress	in	the	concrete	slab	will	be	locally	reduced,	as	there	will	be	more	columns	and	a	larger	
area	 at	 which	 the	 load	 is	 spread	 out	 upon.	 Due	 to	 the	 columns	 are	 being	more	 ductile	 than	 the	
concrete	 piles,	 a	 larger	 part	 of	 the	 total	 load	 will	 be	 distributed	 to	 the	 surrounding	 soil	 as	 the	
columns	deform.	Hence	the	stress	carried	by	each	column	will	be	 lower	and	the	stress	distribution	
locally	in	the	slab	is	decreased	around	the	bearing	columns.		
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7.	Discussion	
When	 simulating	 a	 PLAXIS	 3D	model	with	 some	 assumed	 values	 of	 input	 data	 it	 is	 always	 hard	 to	
evaluate	 how	 much	 the	 result	 differs	 in	 for	 example	 settlement	 compared	 to	 if	 complete	 and	
properly	evaluated	parameters	were	used.	The	simulations	presented	 in	section	5	are	all	simulated	
using	Mohr-Coulomb’s	failure	criterion.	The	basic	input	for	the	Mohr-Coulomb	failure	criterion	is	the	
principle	stresses	𝜎!!	and	𝜎!! 	as	well	as	the	cohesion	and	the	friction	angle	(Craig, 2004).	The	friction	
angle	was	set	fix	to	33	degrees	and	the	cohesion	is	evaluated	empirically	(Åhnberg, 2006).	Depending	
on	 how	 close	 the	 empiricism	 is	 to	 the	 real	 values	 the	more	 accurate	 is	 the	 PLAXIS	 3D	 simulation.	
However,	 the	 real	 values	will	 never	 be	obtained	unless	 triaxial	 testing	 is	 performed	on	 the	 clay	 at	
various	depths.	Only	then	can	a	new	model	be	simulated	and	be	considered	more	accurate.	Another	
problem	with	modelling	stabilized	soil	columns	in	PLAXIS	3D	is	that	the	columns	have	been	modelled	
as	embedded	beams	with	the	material	set	of	the	stabilized	soil.	Instead	it	would	be	preferable	to	just	
set	 the	stabilized	soil	properties	within	a	circular	boundary	 representing	 the	column	diameter.	The	
embedded	beams	do	not	occupy	any	volume	 (PLAXIS, 2016c)	 hence	 the	unstabilized	 soil	 volume	
becomes	greater	than	in	reality.	

Other	 factors	 influencing	 the	 strength	 are	 degree	 of	 compaction	 and	 binder	 content.	 Both	 these	
factors	are	hard	to	verify	as	they	are	manually	done.	The	binder	is	spread	in	layers	of	the	soil	before	
mixing	but	whether	a	sample	contains	7%	binder	or	6%	is	impossible	to	know.	Several	steps	are	done	
during	 the	 manufacturing	 process	 to	 minimize	 the	 risk	 of	 higher	 or	 lower	 binder	 content.	 For	
example,	the	soil	mixed	both	manually	and	by	an	automatic	mixer.	Also	once	the	soil	I	mixed	and	put	
into	an	 impermeable	plastic	bag	the	soil	used	for	each	 layer	 is	taken	from	every	corner	of	the	bag.	
Still	it	is	only	assumed	that	the	binder	truly	gets	evenly	spread.	The	same	goes	regarding	the	degree	
of	compaction.	All	samples	are	compacted	with	the	same	amount	of	strikes	but	as	the	strikers	weight	
falls	from	slightly	different	heights	each	strike	and	the	striker	does	not	move	in	an	even	pattern.	One	
cannot	say	that	the	compaction	is	exactly	the	same	for	all	samples.	Hence	the	degree	of	compaction	
may	vary	slightly.	If	the	layers	are	not	properly	integrated	failure	between	the	layers	may	occur	but	
no	such	failure	has	been	noticed.	One	sample	showed	much	lower	strength	than	the	other	samples	
in	the	same	series	and	was	therefore	removed	from	the	evaluation.	

Once	the	strength	of	each	series	is	evaluated	by	the	uniaxial	compression	test	the	columns	are	scaled	
up	 to	 real	 size	 and	 the	 bearing	 capacity	 is	 determined.	 However,	 Eurokod	 7:	 Dimensionering	 av	
geokonstruktioner.	Del	1:	Allmänna	regler	do	not	present	any	calculation	method	regarding	bearing	
capacity	of	 stabilized	 soil	 columns.	 The	bearing	 capacity	has	 therefor	been	 calculated	using	 the	𝛽-
method	 and	 considered	 as	 a	 combined	 shaft	 and	 point	 bearing	 pile.	 Using	 the	 𝛽-method	 for	
piles/columns	of	this	relatively	long	piles/columns	will	result	in	the	shaft	bearing	beeing	greater	than	
the	point	bearing.	Driven	prefabricated	piles	has	a	flat	surface,	either	circular	or	rectangular (SGF:s 
Jordförstärkningskommitté, 2015).	The	in-situ	fabricated	columns	will	not	have	this	flat	surface	as	the	
piles.	 Instead	the	surface	of	the	column	will	be	very	rough	and	wavy.	This	will	mainly	 influence	the	
dimentionless	 factor	𝛽! 	which	 is	 the	 shaft	bearing	 capacity	 factor	depending	on	 the	 friction	angle.	
This	factor	is	used	to	describe	the	frictional	force	between	pile	and	soil.	Considering	the	column	with	
a	very	rough	and	wavy	surface	to	have	the	same	friction	 force	as	as	 flat	concrete	surface,	which	 is	
done	using	the	𝛽-method,	is	to	underestimate	the	shaft	bearing	capacity	of	the	column.	Countinous	
though	the	project	determining	the	column	bearing	capacity,	both	with	hand	calculations	and	using	
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PLAXIS	 3D,	 has	 been	 one	 of	 the	 greatest	 difficulties.	 Mainly	 due	 to	 the	 lack	 of	 standardized	
calculation	and	modelling	methods	regarding	the	area	of	stabilized	soil	columns.	

Assumed	that	the	bearing	capacity	used	 is	somewhat	represented	and	that	the	PLAXIS	3D	model	 is	
correct	the	relatively	large	settlements	of	the	columns	supported	slab	could	be	decreased	if	a	higher	
binder	 content	 was	 used	 together	 with	 a	 narrower	 column	 pattern.	 If	 a	 narrower	 pattern	 can	
decrease	the	settlement	to	the	same	level,	as	the	concrete	pile	foundation	at	the	same	or	lower	cost	
then	environmental	benefits	may	be	achievable.	This	in	form	of	decreased	need	of	transportation	as	
an	example.	

Further	 the	 column	 strength	 is	 evaluated	 from	 unconfined	 uniaxial	 compression	 test	 where	 the	
smallest	principle	stress	𝜎!! 	is	zero	(Larsson R. , 2008).	This	principle	stress	is	for	the	in-situ	columns	
never	 equal	 to	 zero	 due	 to	 the	 confinement	 produced	 by	 the	 surrounding	 soil.	 Using	 Mohr-
Coulomb’s	 failure	 criterion	 based	 on:	 the	 principle	 stresses,	 the	 friction	 angle	 and	 the	 cohesion	
(Craig, 2004)	will	result	in	a	lower	theoretical	strength.	Also	the	derived	cohesion	in	section	4.4.7	is	
affected	 by	 assuming	𝜎!! 	 equal	 to	 zero,	which	 contributes	 to	 the	 lower	 theoretical	 strength.	 Once	
more	the	results	would	be	more	accurate	if	the	testing	was	done	triaxial.	The	downside	of	the	triaxial	
testing	is	the	high	cost	per	sample	and	the	time	being	consumed	(Craig, 2004).		
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