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• JET	GROUTING:	
•  Introduced	to	the	field	of	geotechnical	engineering	
more	than	40	years	ago.	

•  It	primarily	acts	in	the	ground	either	as	a	mean	of	
stabilization	or	as	a	sealing	structure.	

•  The	eroded	soil	is	rearranged	and	mixed	with	the	
cement	suspension.		

•  The	result	is	a	structured	element	or	column,	which	
has	improved	mechanical	characteristics	compared	
with	the	original	soil.	
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• JET	GROUTING:	
•  Different	types	of	jet	grouting:	
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• JET	GROUTING:	
•  Different	types	of	applications:	
− Sealing	structures	
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• JET	GROUTING:	
•  Different	types	of	applications:	
− Stabilization	and	soil	improvement	

§  Escavation	pits	

§  New	foundation	

§  Underpinning	
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• JET	GROUTING:	
•  Different	types	of	applications:	
− Tunneling	
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• Soil	improvement	by	jet	grouting	for	the	
construction	of	the	Access	to	the	Barcelona	
Airport		
Application	of	the	recent	technologies	
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•  With	its	famous	football	team	and	history	as	an	Olympic	city,	Barcelona	is	no	stranger	to	
breaking	records.	

2SGT2019 
2nd Seminar on Transportation Geotechnics 
Soil Improvement Challenges in Alluvial Zones 
28-29 January 2019 | Vila Franca de Xira | Portugal 

357	



•  Jet	grouting	project	at	Barcelona	airport	is	just	one	more	on	the	list	of	breaking	records	for	
this	unique	centre	of	culture	and	sport.	
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•  Started	in	May	2016	and	was	completed	in	April	2018,	Keller	drilled	279.000	m,	jetted	89.000	
m	and	deployed	four	rigs	on	double	shifts,	six	days	per	week.		

•  This	jet	grouting	project	is	a	record	in	Spain	and	it	is	one	of	the	largest	ever	performed	in	
Europe.	
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ACCESS TO BARCELONA AIRPORT – GENERAL PROJECT DATA 

LOCATION 
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ACCESS TO BARCELONA AIRPORT – GENERAL PROJECT DATA 

GENERAL PROJECT DATA 
 
− Spanish Ministry for Public Works 
− Railway connection to the Airport 

− 4,5 km tunnel (2,8 km TBM) 
− New Intermodal Station 

− MC: JV Sacyr-Ferrovial-Copcisa 

− 40 months execution period 
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ACCESS TO BARCELONA AIRPORT – GENERAL PROJECT DATA 

GENERAL PROJECT DATA 
 
− Spanish Ministry for Public Works 
− Railway connection to the Airport 

− 4,5 km tunnel (2,8 km TBM) 
− Tunnel: dia. 10,8 m; max. depth 26,0 m 

− 13.400 m3 of soil improvement (jet grouting) 

− 50.000 m2 DW 
− 316.000 m3 excavation 
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ACCESS TO BARCELONA AIRPORT – GENERAL PROJECT DATA 

ACCESS TUNNEL 

ACCESS TUNNEL  

− 1,8 m dia. colum 
− 19.230 m of jet grouting (2,5–5,5 m) – sealing slab and struts 

− 68.400 m of drilling (15,0-35,0 m) 
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ACCESS TO BARCELONA AIRPORT – GENERAL PROJECT DATA 

RUNWAY AREA 
 − 1,8 m dia. column 

− 17.362 m of jet grouting 

− 39.000 m of drilling (15.0-35.0 m) 
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ACCESS TO BARCELONA AIRPORT – GENERAL PROJECT DATA 

INTERMODAL STATION 

INTERMODAL STATION 

− 1,8 m dia. column 
− 47.400 m of jet grouting (5,5–9,0 m) 

− 186.800 m of drilling (28,0-35,0 m) 
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ACCESS TO BARCELONA AIRPORT - DESIGN 

DESIGN 

− SOIL CHARACTERISTICS 
− JET GROUTING DIAMETER 
− COLUMN DISTRIBUTION – GRID 
− STRUCTURAL ANALYSIS 
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ACCESS TO BARCELONA AIRPORT - DESIGN 

SOIL CHARACTERISTICS 
 

− UG-0 Fill material 

− UG-1 Cleyey silt 

− UG-2 Fine sands 

− UG-3 Silts and clay 

− Gravel and sands 
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ACCESS TO BARCELONA AIRPORT - DESIGN 

SOIL CHARACTERISTICS 
 

− UG-0 Fill material 

− UG-1 Cleyey silt 

− UG-2 Fine sands 

− UG-3 Silts and clay 

− Gravel and sands 
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ACCESS TO BARCELONA AIRPORT - DESIGN 

SOIL CHARACTERISTICS 
 

SILTY SAND 

CLAY AND SILT 

SILTY SAND 

CLAY AND SILT  
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ACCESS TO BARCELONA AIRPORT - DESIGN 

SOIL CHARACTERISTICS 
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ACCESS TO BARCELONA AIRPORT - DESIGN 

COLUMN DIAMETER 

− Project initial solution: 
§  dia.: 1,20 m 
§  Grid: 1,0 x 1,0 m 

2SGT2019 
2nd Seminar on Transportation Geotechnics 
Soil Improvement Challenges in Alluvial Zones 
28-29 January 2019 | Vila Franca de Xira | Portugal 



373 

ACCESS TO BARCELONA AIRPORT - DESIGN 

COLUMN DIAMETER 

− Project initial solution: 
§  dia.: 1,20 m 
§  Grid: 1,0 x 1,0 m 
§  Point/Column influence: 0,87 m2 

§  Theoretical overlap: 6 cm 
§  DEVIATION (VERTICALITY) 

NO CONSIDERED! 

THEORETICAL OVERLAP 
6,6 cm!!! 
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ACCESS TO BARCELONA AIRPORT - DESIGN 

COLUMN DIAMETER 

− Project initial solution: 
§  dia.: 1,20 m 
§  Grid: 1,0 x 1,0 m 
§  Point/Column influence: 0,87 m2 

§  Theoretical overlap: 6 cm 
§  DEVIATION (VERTICALITY) 

NO CONSIDERED! 
§  JGG: min. deviation 1% 
§  EN12716: deviation up to 2% 

THEORETICAL OVERLAP 
6,6 cm!!! 
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ACCESS TO BARCELONA AIRPORT - DESIGN 

COLUMN DIAMETER 

− Project initial solution: 
§  dia.: 1,20 m 
§  Grid: 1,0 x 1,0 m 
§  Theoretical overlap: 6 cm 

§  Deviation: 0,5% 
§  Depth: 20m 
§  Overlap: -29 cm 

2SGT2019 
2nd Seminar on Transportation Geotechnics 
Soil Improvement Challenges in Alluvial Zones 
28-29 January 2019 | Vila Franca de Xira | Portugal 



376 

ACCESS TO BARCELONA AIRPORT - DESIGN 

COLUMN DIAMETER 

− Project initial solution: 
§  dia.: 1,20 m 
§  Grid: 1,0 x 1,0 m 
§  Theoretical overlap: 6 cm 

§  Deviation: 0,5% 
§  Depth: 20m 
§  Overlap: -29 cm 
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ACCESS TO BARCELONA AIRPORT - DESIGN 

COLUMN DIAMETER 

− Keller solution: 
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ACCESS TO BARCELONA AIRPORT - DESIGN 

COLUMN DIAMETER 

− Keller solution: 
§  dia.: 1,80 m 

•  Soil characteristics 
•  Depth (up to 40 m) 
•  Control deviation/verticality 
•  Geometrical efficiency 
•  Equipment 
•  EXPERIENCE 
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ACCESS TO BARCELONA AIRPORT - DESIGN 

COLUMN DIAMETER 

− Keller solution: 
§  dia.: 1,80 m (based on experience) 
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ACCESS TO BARCELONA AIRPORT - DESIGN 

COLUMN DIAMETER 

− Keller solution: 
§  dia.: 1,80 m (based on experience) 
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ACCESS TO BARCELONA AIRPORT - DESIGN 

COLUMN DIAMETER 

− Keller solution: 
§  dia.: 1,80 m (based on experience) 
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ACCESS TO BARCELONA AIRPORT - DESIGN 

COLUMN DISTRIBUTION - GRID 
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ACCESS TO BARCELONA AIRPORT - DESIGN 

COLUMN DISTRIBUTION - GRID 
− Project solution: dia. 1,20 m 
− Overlap: 6 cm 

− Keller alternative solution: 1,80 m 

− Permanent deviation control (incliJet) 

− Overlap: 25-35 cm  
− Deviation: 0,5-1%! 
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ACCESS TO BARCELONA AIRPORT - DESIGN 

COLUMN DISTRIBUTION - GRID 
− Project solution: dia. 1,20 m 
− Overlap: 6 cm 

− Keller alternative solution: 1,80 m 

− Permanent deviation control (incliJet) 

− Overlap: 25-35 cm  
− Deviation: 0,5-1%! 

§  Less critical points 
§  Better control 

§  Higher final quality 
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ACCESS TO BARCELONA AIRPORT - DESIGN 

COLUMN DISTRIBUTION - GRID 
− Project solution: dia. 1,20 m 
− Overlap: 6 cm 

− Point/Column influence: 0,87 m2 

− Keller alternative solution: 1,80 m 

− Permanent deviation control (incliJet) 
− Overlap: 25-35 cm  

− Point/Column influence: 1,7 m2 

− Optimization (production time and total 
number of columns: > 50%!  
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ACCESS TO BARCELONA AIRPORT - DESIGN 

COLUMN DISTRIBUTION – STRUCTURAL ANALYSIS 
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ACCESS TO BARCELONA AIRPORT - DESIGN 

COLUMN DISTRIBUTION – STRUCTURAL ANALYSIS 

− Technical specifications: 
§  UCS: 3,50 Mpa 
§  C ≥ 0,50 Mpa 
§  E = 1.000 – 4.000 Mpa 
§  Density ≥ 19 kN/m3  
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ACCESS TO BARCELONA AIRPORT - DESIGN 

COLUMN DISTRIBUTION – STRUCTURAL ANALYSIS 

− Technical specifications: 
§  UCS: 3,50 Mpa 
§  C ≥ 0,50 Mpa 
§  E = 1.000 – 4.000 Mpa 
§  Density ≥ 19 kN/m3  

2SGT2019 
2nd Seminar on Transportation Geotechnics 
Soil Improvement Challenges in Alluvial Zones 
28-29 January 2019 | Vila Franca de Xira | Portugal 



389 

ACCESS TO BARCELONA AIRPORT - DESIGN 

COLUMN DISTRIBUTION – STRUCTURAL ANALYSIS 
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ACCESS TO BARCELONA AIRPORT - DESIGN 

COLUMN DISTRIBUTION – STRUCTURAL ANALYSIS 

− Result: 
§  Optimization of the jet grouting 

sealing slab width 
§  Optimization of DW 
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ACCESS TO BARCELONA AIRPORT - CONTROL 

CONTROL 

− FIELD TRIAL TESTS 
− DIAMETER CONTROL - ACI 
− VERTICALITY CONTROL – Inclijet 
− IMPROVED SOIL CHARACTERISTICS 
− EXECUTION PARAMETERS CONTROL 
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ACCESS TO BARCELONA AIRPORT - CONTROL 

FIELD TRIAL TESTS 
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ACCESS TO BARCELONA AIRPORT - CONTROL 

FIELD TRIAL TESTS 

− Various field trial tests were performed:  
§  Different areas of the project (tunnel, runway area, intermodal station) 
§  Different depths 
§  Different soil conditions 

− Objective: 
§  To verify jet grouting diameter and mechanical characteristics 
§  To control and verify deviation range 
§  To establish optimum execution parameters (monitor, nozzles, 

pressure, flow rate, w/c, etc.)  
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ACCESS TO BARCELONA AIRPORT - CONTROL 

FIELD TRIAL TESTS 
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ACCESS TO BARCELONA AIRPORT - CONTROL 

FIELD TRIAL TESTS 
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ACCESS TO BARCELONA AIRPORT - CONTROL 

FIELD TRIAL TESTS 
 
− Acoustic Column Inspector - ACI® 
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ACCESS TO BARCELONA AIRPORT - CONTROL 

FIELD TRIAL TESTS 
 
− Acoustic Column Inspector - ACI® 
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ACCESS TO BARCELONA AIRPORT - CONTROL 

FIELD TRIAL TESTS 
 
− Acoustic Column Inspector - ACI® 

º

Hydro jet 

Soilcrete jet grouting 
        column 

ACI rod/sensor 

ACI rod/sensor 
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ACCESS TO BARCELONA AIRPORT - CONTROL 

FIELD TRIAL TESTS 
 
− Acoustic Column Inspector - ACI® 
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ACCESS TO BARCELONA AIRPORT - CONTROL 

FIELD TRIAL TESTS 
 
− Acoustic Column Inspector - ACI® 

2SGT2019 
2nd Seminar on Transportation Geotechnics 
Soil Improvement Challenges in Alluvial Zones 
28-29 January 2019 | Vila Franca de Xira | Portugal 



401 

ACCESS TO BARCELONA AIRPORT - CONTROL 

Time scale Distance between ACI rod and column axis 

Execution parameters 

Permanent 
peaks 
demonstrate 
contact 
between jet 
and ACI 

No contact 
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ACCESS TO BARCELONA AIRPORT - CONTROL 

MORE THAN 400 
PROJECTS WITH 

THE 
APPLICATION OF  
THE ACI SYSTEM 

CONTROL 
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ACCESS TO BARCELONA AIRPORT - CONTROL 

FIELD TRIAL TESTS 
 
− Verticality control - IncliJet®  

§  Fundamental for permeability reduction by jet grouting and for trial 
tests (diameter) 

§  Keller controlled: 
§  All trial columns 
§  > 50% of executed columns in general (> 7.000 measurements)   
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ACCESS TO BARCELONA AIRPORT - CONTROL 

FIELD TRIAL TESTS 
 
− Verticality control - IncliJet® 

− Medium deviation: 0,5% 
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ACCESS TO BARCELONA AIRPORT - CONTROL 

FIELD TRIAL TESTS 
 
− Final ACI tube/sensors position 
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ACCESS TO BARCELONA AIRPORT - CONTROL 

FIELD TRIAL TESTS 
 
− Verticality control - IncliJet® 

− Medium deviation: 0,5% 
− Grid: 1,35 x 1,35 m triangular 
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ACCESS TO BARCELONA AIRPORT - CONTROL 

FIELD TRIAL TESTS 
 
− Verticality control - IncliJet® 

− Medium deviation: 0,5% 
− Grid: 1,35 x 1,35 m triangular 
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ACCESS TO BARCELONA AIRPORT - CONTROL 

IMPROVED SOIL CHARACTERISTICS 

− Technical specifications: 
§  UCS: 3,50 Mpa 
§  C ≥ 0,50 Mpa 
§  E = 1.800 – 4.000 Mpa 
§  Density ≥ 19 kN/m3  

− Wet samples (fresh jet grouting) 
− Core drilling (aprox. 28 days) 
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ACCESS TO BARCELONA AIRPORT - CONTROL 

IMPROVED SOIL CHARACTERISTICS 

− Wet samples (fresh jet grouting) 
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ACCESS TO BARCELONA AIRPORT - CONTROL 

IMPROVED SOIL CHARACTERISTICS 

− Wet samples (fresh jet grouting) 
− Core drilling (aprox. 28 days) 

− Technical specifications: 
§  UCS: 3,50 Mpa 
§  C ≥ 0,50 Mpa 
§  E = 1.800 – 4.000 Mpa 
§  Density ≥ 19 kN/m3  

CONFIRMED 
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ACCESS TO BARCELONA AIRPORT - CONTROL 

IMPROVED SOIL CHARACTERISTICS 

− Lugeon permeability tests: 

CONFIRMED 
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ACCESS TO BARCELONA AIRPORT - CONTROL 

IMPROVED SOIL CHARACTERISTICS 

− Lugeon permeability tests: 
§  Max. pressure: 4 bars 
§  Factor safety > 1,3 
§  10 min pressure phases 
§  Med. perm.:9,5·10-8 m/seg 

CONFIRMED 
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ACCESS TO BARCELONA AIRPORT - CONTROL 

EXECUTION PARAMETERS 

− Different types of monitors and nozzles 
(DX, D, DS) 

− Nozzle: 2 x 4.6 mm / 6,5 mm 
− Pressure: 400-600 bares 

− Grout density: 1.5-1.55 t/m3 

− Flow rate: 420-650 l/min 
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EXECUTION PARAMETERS 
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ACCESS TO BARCELONA AIRPORT - CONTROL 

EXECUTION PARAMETERS 
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ACCESS TO BARCELONA AIRPORT - CONTROL 

KELLER SITE DATA MANAGER 
•  Flowchart 
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ACCESS TO BARCELONA AIRPORT - CONTROL 

KELLER SITE DATA MANAGER 

Keller data logger Summary report 

Deviation report 

•  Documentation for each column 
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ACCESS TO BARCELONA AIRPORT - CONTROL 

KELLER SITE DATA MANAGER 
•  View: production by calendar weeks 

•  View: production parameter sets 
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ACCESS TO BARCELONA AIRPORT - CONTROL 

KELLER SITE DATA MANAGER 

•  View: column length 

•  View: injection volume 
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ACCESS TO BARCELONA AIRPORT - CONTROL 

KELLER SITE DATA MANAGER 

•  View: deviation 

 
 

 
 

 

303 pcs. column for sealing, average 0,61% 807 pcs. column for slab, average 0,46% 
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ACCESS TO BARCELONA AIRPORT - CONTROL 

KELLER SITE DATA MANAGER 

•  KCI: real 3D 
− select KCI - exportfile from KSDM 
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ACCESS TO BARCELONA AIRPORT –EQUIPMENT AND EXECUTION   

EQUIPMENT AND EXECUTION 

− 4 rigs 
− double shift, 6 days per week 

− 8 teams 

− Total drilling length: 293.400 m 

− Total jetting length: 85.000 m 
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ACCESS TO BARCELONA AIRPORT –EQUIPMENT AND EXECUTION   

EQUIPMENT AND EXECUTION 

− New generation jet grouting rigs: 
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ACCESS TO BARCELONA AIRPORT –EQUIPMENT AND EXECUTION   

EQUIPMENT AND EXECUTION 

− Special jet grouting rigs for inclined columns: 
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ACCESS TO BARCELONA AIRPORT –EQUIPMENT AND EXECUTION   

EQUIPMENT AND EXECUTION 

− New generation jet grouting pumps and 
plants: 

§  Pressure up to 900 bars 
§  Flow rate >  800 lit/min 
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EQUIPMENT AND EXECUTION 
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EQUIPMENT AND EXECUTION 

− Already finished: 
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• SUMMARY:	
− JET	GROUTING	

§  Its	versatility	and	flexibility	together	with	its	field	of	applications,	in	almost	every	soil	
formation,	makes	it	a	perfect	solution	for	complex	geotechnical	problems.		

§  It	is	effective	in	open	field	as	well	as	in	confined	space	with	limited	headroom,	since	the	
column	diameter	does	not	correspond	to	the	size	of	the	rig.	

§  In	the	last	decade,	the	unique	features	of	this	technology	were	used	in	almost	all	high	
profile	transportation	and	infrastructure	projects	in	Europe	in	order	to	facilitate	the	
construction	process	and	to	improve	the	level	of	safety	and	efficiency.		

§  Application	of	the	recent	technology	was	presented.	

2SGT2019 
2nd Seminar on Transportation Geotechnics 
Soil Improvement Challenges in Alluvial Zones 
28-29 January 2019 | Vila Franca de Xira | Portugal 

447	



• SUMMARY:	
− JET	GROUTING	

§  Importance	of	QAQC	and	trial	field	tests:	

•  Diameter	control:	ACI		

•  Importance	of	verticality;	design	consideration	and	control;	IncliJet	

•  Geomechanical	characteristics	control	

§  New	generation	equipment		
•  New	rigs	(mast	>	40	m)	

•  High	capacity	pumps	and	plants	(>	500	bars	and	flow	rate	>	600	l/min)	

•  New	nozzle,	rods	and	monitor	design	–	better	efficiency	
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Soil improvement by jet grouting for the construction of the 
Access to the Barcelona Airport  

Application of the recent technologies 

Goran Vukotić 
Keller 

Comissão Portuguesa de Geotecnia nos TransportesSociedade Portuguesa 
de Geotecnia 

Portugal 
Comissão Portuguesa 

de Geossintéticos Comissão Portuguesa de Geotecnia nos Transportes 

Organização Apoios 

MUITO OBRIGADO PELA VOSSA ATENÇÃO! 
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Successful Menard Vacuum trial area in the 
New Mexico City Airport 

Jérôme Racinais 
TC211 Vice-Chairman 
Engineering Director 

2SGT2019 
2nd SEMINAR 
ON TRANSPORTATION
GEOTECHNICS

Soil Improvement Challenges 
on Alluvial Zones 
 
28-29 January 2019 | Vila Franca de Xira | Portugal 

Comissão Portuguesa de Geotecnia nos TransportesSociedade Portuguesa 
de Geotecnia 

Portugal 
Comissão Portuguesa 

de Geossintéticos Comissão Portuguesa de Geotecnia nos Transportes 

Organização Apoios 
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The	New	Mexico	City	International	Airport	(NAICM)	

1st	phase	in	operation:	October	2020		
Total	area:	4	430	hectares			
X-shaped	terminal:	743,000	m2	

Runways:	3	
Passengers	per	year:	68	millions	
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Soil	conditions	
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NAICM	

Texcoco	
de	Mora	

Ex-lago	de	
Texcoco	

Soil	conditions	
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Soil	conditions	
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§  Water	content		(w%)	=	220%	to	420%	

§  Void	ratio	(e)	=	5	to	12	

§  Liquid	limit		(wL)=	110%	to	460%	

§  Plastic	limit	(wP)=	35%	to	120%	

§  Plastic	index	(IP)=	75%	to	340%	

§  Eoed	=	0,15	MPa	to	0,45	MPa	up	to	1,5	MPa	

§  CV	=	0,3	m²/year	to	0,8	m²/year	

	

	

Soil	conditions	
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Runway	II	Runway	III	
Trial	areas	

Ground	improvement	works	
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33	Millions	lm	in	6	months	
Up	to	15	rigs	

Prefabricated	Vertical	Drains	and	Preloading	under	Runway	II	

2SGT2019 
2nd Seminar on Transportation Geotechnics 
Soil Improvement Challenges in Alluvial Zones 
28-29 January 2019 | Vila Franca de Xira | Portugal 

457	



Prefabricated	Vertical	Drains	and	Preloading	under	Runway	II	
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Menard	Vacuum	Trial	Area	
αPa	

αPa	

αPa	
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Menard	Vacuum	Trial	Area	

Classical	preloading	

Vacuum	preloading	

𝜎↑′ =𝜎−𝑢		
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Working	platform	
0,5	m	+	0,5	m	=	1	m	of	“tezontle”	(13,7	kN/m3)	

Monitoring	installation	

Menard	Vacuum	Trial	Area	-	Execution	

70	m	x	50	m	
3	500	m²	
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Vertical	and	horizontal	drains	

Menard	Vacuum	Trial	Area	-	Execution	
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Menard	Vacuum	Trial	Area	-	Execution	

Before	Vacuum	 After	beginning	of	Vacuum	
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Menard	Vacuum	Trial	Area	-	Execution	

Beginning	of	Vacuum	

2SGT2019 
2nd Seminar on Transportation Geotechnics 
Soil Improvement Challenges in Alluvial Zones 
28-29 January 2019 | Vila Franca de Xira | Portugal 

464	



Menard	Vacuum	Trial	Area	-	Execution	

Loading	fill	
0,3	m	of	sand	(19	kN/m3)	+	0,7	m	of	“tezontle”	(11	kN/m3)	
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Menard	Vacuum	Trial	Area	-	Results	

Vacuum	pressure	=	60	kPa	in	the	
soil	after	6	months	

Vacuum	pressure	=	73	kPa	inside	
the	vacuum	pump	

Note:	The	atmospheric	pressure	at	the	Texcoco	Lake	(2228	m	a.s.l.)	is	78	kPa		

Loading	fill	

Vacuum	pressure	
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Menard	Vacuum	Trial	Area	Menard	Vacuum	Trial	Area	-	Results	
Pore	Water	Pressures	

+0,5	m	@	
13,7	kN/m3	

+0,5	m	@	
13,7	kN/m3	

Working	platform	
+0,3	m	@	
19	kN/m3	

+0,7	m	@	
11	kN/m3	

Loading	fill	

Vacuum	
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Menard	Vacuum	Trial	Area	-	Results	
Settlements	

Settlement	after	6	months	
s	=	2,90	m	at	the	centre		
s	>	2,20	m	at	the	edges	

Vacuum	

Consolidation	analysis	
U%	=	46%	after	6	months	
Long-term	settlement	=	6,30	m	
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Menard	Vacuum	Trial	Area	-	Results	
Settlements	

Ed
ge
	o
f	f
ill
	

NON	TREATED	AREA	
Edge	of	fill	

1	Month	

2	Months	

3	Months	

4	Months	
5	Months	
6	Months	

Vacuum	starting	up	

NORTH	

SOUTH	

NORTH	 SOUTH	
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Volume	of	extracted	water	
Vwater	=	9	353	m3	

Menard	Vacuum	Trial	Area	-	Results	
Settlements	and	extracted	water	
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Menard	Vacuum	Trial	Area	Menard	Vacuum	Trial	Area	-	Results	
Settlements	

Volume	of	settlement	
Vsettlement	=	9	628	m3	

The	amount	of	extracted	water	is	equal	to	the	total	
settlement.	Menard	Vacuum	Consolidation	method	has	
nothing	to	do	with	dewatering.	

Volume	of	extracted	water	
Vwater	=	9	353	m3	
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Menard	Vacuum	Trial	Area	Menard	Vacuum	Trial	Area	-	Results	
Lateral	displacements	
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Menard	Vacuum	Trial	Area	Menard	Vacuum	Trial	Area	vs	Drain	to	Drain	Trial	Area	
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Menard	Vacuum	Trial	Area	Menard	Vacuum	Trial	Area	vs	Drain	to	Drain	Trial	Area	
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Menard	Vacuum	Trial	Area	Menard	Vacuum	Trial	Area	vs	Drain	to	Drain	Trial	Area	

Settlements	
2,00	m	at	the	centre	
1,20	m	at	the	edges	
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Menard	Vacuum	Trial	Area	Menard	Vacuum	Trial	Area	vs	Drain	to	Drain	Trial	Area	

U%	=	46%		

U%	=	46%		

U%	=	46%		

ΔV	=	0	kPa	

ΔV	≈	27	kPa	

ΔV	≈	60	kPa	
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Menard	Vacuum	Trial	Area	Menard	Vacuum	Trial	Area	vs	Drain	to	Drain	Trial	Area	

Drain	to	Drain	method	
1,98	m	in	6	months	 Menard	Vacuum	

2,90	m	in	6	months	
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Menard	Vacuum	Trial	Area	Menard	Vacuum	Trial	Area	vs	Drain	to	Drain	Trial	Area	

Menard	Vacuum	Consolidation	method	 Drain	to	Drain	method	
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Obrigado!	
Thank	you!	
Merci!	

jerome.racinais@menard-mail.com	
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Challenges in ground improvement research 

Wolfgang Jimmy Wehr 
Professor Geotechnical Engineering,  
Erfurt university of applied sciences,  

Germany 
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Contents 

•  Optimization	of	vibro	compaction		
		
•  Grain	crushing	due	to	depth	vibrators	
	
•  Filter	stability	of	vibro	stone	columns	
	
•  Further	challenges	
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Vibro compaction: model test cylinders 
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Vibro compaction:  model test device 

drainage	

wooden	plate	with	holes	for	dynamic	probing	tests	
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Vibro compaction: working platform 

design	(master	thesis)	
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Vibro compaction: test of depth vibrator 
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Vibro: resonance frequencies of different 
depth vibrators 
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Vibro: Limitation of resonance frequencies 
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Vibro: resonance 

•  Does	resonance	of	pure	soil	exist?		
		
•  Can	vibrator	amplitudes	in	the	soil	be	larger	than	

amplitudes	in	the	air?	

•  Is	amplitude	control	possible	by	the	crane	operator?		
 

488	



2SGT2019 
2nd Seminar on Transportation Geotechnics 
Soil Improvement Challenges in Alluvial Zones 
28-29 January 2019 | Vila Franca de Xira | Portugal 

Grain crushing due to depth vibrators 

•  1.	vibro	stone	column		

•  2.	Proctor	with	gravel		

•  3.	modified	Proctor	with	gravel		

•  4.	modified	Proctor	M-vibrator	
with	gravel		

•  5.	gravel	delivered	to	site		
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Grain crushing due to depth vibrators 

  
Proctor 

 
Proctor test 

modified  
Proctor test 

modified 
Proctor  

M-vibrator 

modified 
Proctor   
S-vibrator 

Mass falling weight 2.5 kg 4.5 kg 4.5 kg 4.5 kg 
Diameter falling weight 50 mm 50 mm 50 mm 50 mm 
          
Falling height  305 mm 457 mm 457 mm 457 mm 

Number of layers  3  5  5  5  
Number of blows / layer 56  56  71  178  

Volume of test cylinder  2208.93 cm³ 2208.93 cm³ 2208.93 cm³ 2208.93 cm³ 

Compactions energy 0.569 
MNm/m³ 

2.557 
MNm/m³ 

3.242 
MNm/m³ 

8.106 
MNm/m³ 
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Grain crushing due to depth vibrators 

•  Grain	crushing	of	depth	vibrators	is	modelled	by		
modified	Proctor	test	in	the	laboratory	

	
•  New	modified	parameters	are	determined	with	

standard	tests	(oedometer	–	Es-	constrained	modulus,	
simple	shear	–	friction	angle	phi)	

	
•  Es	is	usually	larger	than	200MN/m2	because	of	

reloading	
•  Phi	is	usually	larger	than	45o		because	of	large	grains	
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Vibro stone columns: filter stability 
acrylic	glass	with	many	small	soil	particles	in	the	
water	=	critical	hydraulic	gradient	

1	acrylic	glass	
2	sand	
3	clay	
4	sand	base	
5	latex	coating	
6	water	level	outlet	
7	water	level	inlet	 492	
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Vibro stone columns: filter stability 
Construc-

tion project 
 

Soil 
Depth of 
sensor 

 
[m] 

Distance b. 
sensor & 

RSS 
[m] 

Excess 
Porewater 
pressure  

[kPa] 

Hydraulical 
gradient 

 
[-] 

Melle TL, w-st 7.5 1.40 33.8 2.4 

Bremen TL, br-w 3.2 0.78 51.6 6.6 

Klagenfurt SU* 5.0 0.76 108.0 14.2 

Surcharge	p	[kN/m²]		

Hy
dr
au

lic
al
	g
ra
di
en

t	[
-]	
	

Tests	(8/16)					
Tests	(16/32)					
pore	water	pressure	
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Vibro stone columns: filter stability 

•  Filter	stability	criteria	(Terzaghi)	not	valid	for	gravel-
clay	interface	

•  Hydraulical	gradients	generated	by	excess	pore	water	
pressure	are	considerably	lower	than	laboratory	
(Munich	and	Erfurt	university)	values		

•  During	column	installation	the	excess	pore	water	
pressure	is	not	high	enough	to	start	the	erosion	
process	around	vibro	stone	columns	in	cohesive	soil	
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Further challenges 
•  Multi-criteria	optimization	of	stone	/	concrete	

columns		(costs	vs.	settlement)	–	IT-interface	
	
 
•  What	is	Multi-criteria	optimization?	

•  An	optimization	with	different	variables,	i.e.		
•  Column	length	
•  Column	diameter	
•  Column	grid	
•  Thickness	of	load	distribution	layer	
•  …..	

•  Multiple	calculations		
•  An	optimization	algorithm	finds	the	optimal	solution		
•  Short	calculation	time	

•  Theory:	results	of	Edgeworth-pareto-front	
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Further challenges 
•  Multi-criteria	optimization:	backpack	(Dantzig	1940)	
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Further challenges 
•  Multi-criteria	optimization:	soil	profile	/	parameters	

with	vibro	stone	columns 

497	



2SGT2019 
2nd Seminar on Transportation Geotechnics 
Soil Improvement Challenges in Alluvial Zones 
28-29 January 2019 | Vila Franca de Xira | Portugal 

Further challenges 
•  Multi-criteria	optimization:	results 

optimal  
Input parameters 

settlements [mm] 

Total costs [€/m2] 
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Further challenges 
•  Leckage	of	excavation	pits	
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Further challenges 
•  Leckage	of	excavation	pits	
	
 

admissible	amount	of	water	
1.5	l/s	and	1000m²	

Thermo-hydrograph 

Water dosage 

Photo documentation 
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Further challenges 
•  Leckage	of	excavation	pits	

•  Determination	of	wet	area	in	the	laboratory	
depending	on	temperature,	moisture	content	in	
the	air,	wind	speed,	wall	roughness	…	

•  Comparison	of	wet	area	in	laboratory	and	on	site	

•  Analytical	formula	to	calculate	wet	area	will	be	
developed	
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Further challenges 
•  Suitability	of	ground	improvement	methods	during	

earthquake	with/without	soil	liquefaction	

•  Optimierung	of	penetration	of	top	vibrator	systems	
with	tube	/	sheet	pile	/...	–	mechanical	engineering	
interface	

	
•  …	
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Summary 
Optimization	of	vibro	compaction	with	frequency	control		
		
Change	of	column	design	parameters	depending	on	
compaction	energy	due	to	grain	crushing	
	
Evaluation	of	critical	hydraulic	gradient	to	ensure	filter	
stability	of	vibro	stone	columns.	Modification	of	testing	
device.			
	
Realistic	design	of	jet	grout	column	diameter	due	to	
consideration	of	new	parameters	
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Jet grouting: combination of analytic 
approaches 

of			

1.  Bernd	Bergschneider	(Wuppertal):	maximum	diameter	
2.  Jürgen	Stein	(Hamburg):	development	of	diameter	vs	time	
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Jet grouting: design of column diameter 

New	items		
•  pore	water	pressure	depending	

on	soil	permeabilty	
(consolidation	calculation	to	
built	of	excess	pore	water	
pressure)	and		

•  cohesion	of	soil	along	the	shear	
zones		
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Jet grouting: design of column diameter 
•  Analytical	formula	to	calculate	column	diameter	

will	be	developed	depending	on	
•  jet	grouting	machine	parameters	
•  jet	grouting	execution	parameters	
•  soil	and	water	parameters	
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Application of Geotextile Encased Columns 
(GECs) in embankment over soft soils 

Patricia Amo Sanz 
Huesker Geosintéticos S.A. 
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• Methods of constructing embankment foundations to 
avoid the collapse of the structure built on soft soils  
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•  Advantages of Ringtrac® as methods of constructing embankment 
foundations to avoid the collapse of the structure built on soft soils  
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Cu	<	15	kN/m2	

-  Can	be	used	in	very	soft	soils	(cu	<	15	
kN/m2).	Also	permissible	under	
EBGEO	for	use	in	soils	with	Cu	<	3	
kN/m2	

-  Settlement	reduction.	

-  Acceleration	of	settlements	(vertical	
drainage	effect	à	Megadrain).	
Around	90	%	of	consolidation	is	
during	construction	period.	

-  Increase	of	shear	strength.	

-  Flexible	bearing	behaviour.	

-  Geotextile	is	a	filter	and	separation	
element.	
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• How the system works? 
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•  Regulations for the GEC system in general and for 
German harbour and coastal construction in particular 
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• Regulations for the GEC system in German road 
and rail projects 
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• How is the design? 
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Raithel	 Global	Stability	
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• Design with Raithel: 
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• Global stability with GGU analysis and PLAXIS 
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•  Installation methods 
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Displacement	method	 Replacement	method	 Vibro	Displacement	method	
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• Characteristics of column manufacturing methods 
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• Conclusions 
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-  Suitable	for	extremely	soft	soils.	

-  Almost	all	settlement	takes	place	within	construction	period	and	reduce	50-75	%	in	
creep	settlement.	

-  Up	to	50	%	fewer	columns	than	with	vibro	stone	column	solution.	

-  Adaptability	to	local	conditions	and	loads.	

-  Use	of	locally	sourced	soils	as	columna	fill.	

-  High	level	of	certainty	in	costing	and	construction.	

-  Neighbouring	structures	shielded	from	horizontal	presure	+	Adjacent	buildings	
unaffected	by	settlement.	
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Aplicação de tecnologia Geotube® no 
encapsulamento de 

solos contaminados em aterro: caso de obra 
marítimo-portuário de referência 
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Embraport	-	Project	Location	
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The	Project		
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The	Project		

• 	850.000	m2	total	area	

• 	2.0	million	TEU/yr	

• 	2	billion	liter/yr	bulk	liquid		

• 	1.1	km	pier	length	
	

• 	Largest	Terminal	In	South	America	

• 	Rated	Most	Innovative	Port	Project	on	KPMG’s	2012	
Infrastructure	100	Global	Projects	List		
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The	Challenge	
	
• 	50%	of	Project	Area	Located	In	Wetlands	
and	Tidal	Zone	

• 	600,000	m3	of	Contaminated		Sediments	
to	be	removed	

• 	Required	Large	Volume	of	Imported	
Selected	Fill	

• 		Traditional	Engineering	Solutions	
threaten	Economic	Viability	of	Project		
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The	Solution	
	

• 	Use	Geotube	Dewatering	Technology	to	contain	and	dewater	600,000	m3	of	
contaminated	sediments	

• 	Create	Geotube	Dewatering	Cells	within	the	designed	fill	area	

•  	 Dredged	 Contaminated	 Sediments	 to	 be	 Contained,	 Dewatered	 and	
Consolidated	within	the	Geotube	Units,	replacing	approximately	450,000	m3	
of	imported	select	fill	

• 	Create	a	Beneficial	Use	for	the	Contaminated	Sediments	and	greatly	reduce	
project	construction	cost		
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TenCate	Geotube	–	Dewatering	Technology	
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TenCate	Geotube	–	Dewatering	Phases	
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The	Design	
	

• 	Enclose	the	tidal	flat	area	of	the	project	with	3.5m	high	clay	berms	

• 	Construct	Geotubes	Dewatered	Cells	equal	to	235,000	m2	within	the	tidal	
flat	area	of	the	project	site	

• 	Install	13,500	lm	of	36.5m	Cir.	Geotube	units	with	a	storing	capacity	of	
35.2m3/m	in	the	Dewatering	Cells	

• 	Dredged	Contaminated	Sediments	into	Geotubes	Units,	to	be	Dewatered	
and	Consolidated	to	at	least	450,000	m3	to	replace	imported	select	fill	
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The	Design		
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The	Design		
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For verification, the gravel has no cohesion, therefore c = 0, 
and the footing is at surface level, therefore D = 0 and q = 0 which 
simplifies the formula to  

 

Solve for the Allowable Bearing Capacity, 
 

where B = 0,7m, γ = 2,1T/m², Sγ = 0,8 for a square footing as 
indicated by Terzaghi and Nγ = 763 for ϕ = 50º, giving:   
 

qu = 0,8 x 2,1 x 0,7 x 763/2 = 448,6(T/m²) 
 

which leads to the safety factor: 
 

Bearing Capacity FS = (448.6 / 185.7) = 2.42 

The	Pavement	Design		

2SGT2019 
2nd Seminar on Transportation Geotechnics 
Soil Improvement Challenges in Alluvial Zones 
28-29 January 2019 | Vila Franca de Xira | Portugal 

533	



The	Dewatering	Operation		

2SGT2019 
2nd Seminar on Transportation Geotechnics 
Soil Improvement Challenges in Alluvial Zones 
28-29 January 2019 | Vila Franca de Xira | Portugal 

534	



The	Dewatering	Operation		

2SGT2019 
2nd Seminar on Transportation Geotechnics 
Soil Improvement Challenges in Alluvial Zones 
28-29 January 2019 | Vila Franca de Xira | Portugal 

535	



The	Dewatering	Operation		

2SGT2019 
2nd Seminar on Transportation Geotechnics 
Soil Improvement Challenges in Alluvial Zones 
28-29 January 2019 | Vila Franca de Xira | Portugal 

536	



The	Dewatering	Operation		

2SGT2019 
2nd Seminar on Transportation Geotechnics 
Soil Improvement Challenges in Alluvial Zones 
28-29 January 2019 | Vila Franca de Xira | Portugal 

537	



The	Dewatering	Operation		
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The	Construction		
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The	Construction		
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Questions	are	welcome!	
Thank	you	for	your	interest!	

Presented	by:	
Emanuel	Ferreira	
Co-	Authors:	
Filinto	Oliveira		

Gerben	van	den	Berg	
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THE USE OF 16 TON CDC COMPACTION FOR THE 
GROUND IMPROVEMENT OF THE TRANSPORTATION 

ROUTE OF A 13.500 TON RAILWAY BRIDGE (NL) 

J.W. Dijkstra M.Sc. 
Cofra 
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Index 
•  Project overview 
•  Specific case 
•  Chosen method 
•  Challenges 
•  Results 
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Main Project 

•  SAA (Schiphol-Amsterdam-Almere) 
•  SAA-One (number 2 on the map) 
•  Widening of the A1 highway  
•  Main highway >200.000 cars/day 
•  Construction of new railway bridge 
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Bridge location 
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Bridge and route details 

•  Free span of 255m (Eiffel tower is 
324m), height 50m 

•  Weight of 13.500 ton (almost two 
times the steel weight of the Eiffel 
tower) 

•  140 kN uniform loading of SPMT 
•  Path of the bridge 380m 
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Soil conditions 

•  Up to 4m peat on top of thick 
sand body 

•  Very loose sections of sand in top 
layers underneath the existing 
highway 
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Requirements 

•  Have a dilatant behavior of the 
sand and prevent static 
liquefaction under the sudden 
loading 

•  Target ~85% RD over top 6.5m 
(orange) 

•  Minimum is 80% RD on limited 
stretches (red)  

2SGT2019 
2nd Seminar on Transportation Geotechnics 
Soil Improvement Challenges in Alluvial Zones 
28-29 January 2019 | Vila Franca de Xira | Portugal 

553	



Boundary conditions highway 

•  Only weekend closures possible 
for improvement of highway 

•  Removal of asphalt  
•  Perform solution 
•  Solution needs to be suitable to be 

performed 3m from moving traffic 
•  Make subbase 
•  Install pavement 
•  Install markings 

•  Time slot of 8 to 12 hours for ground 
improvement and testing !! 
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Ground improvement solution 

•  Compaction of highway sections 
with CDC 

•  Soil replacement with CDC 
compaction on other sections 

(sand available from surcharge of PVD 
improved main stretch of highway)  
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Compaction method 

•  CDC compaction 
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Compaction method 
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Impression 
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Working alongside highway 
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Timelaps 
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Challenge: Loose sand 

•  Very loose condition backfilled 
sand combined with high water 
table 

•  Shoebox – no drainage to the 
sides 

Resulting in: 
•  Stability issues 
•  Compaction less effective 
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Solution: Dissipation of porewater 

•  Adjusted work method 
•  Installation of PVD 

2SGT2019 
2nd Seminar on Transportation Geotechnics 
Soil Improvement Challenges in Alluvial Zones 
28-29 January 2019 | Vila Franca de Xira | Portugal 

562	



Challenge: Time 

•  Immediate CPT testing after 
compaction 

Resulting in: 
•  Cone resistance line is 

influenced, limited effect (?). 
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Solution: GPS quality control 

•  GPS based positioning and 
registration of data 
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Our GPS quality control 

•  Used on all our techniques 
•  Consolidation (PVD, vacuum) 
•  Compaction (Roller, CDC en Vibro) 
•  Elements (GEC, stone columns, piles) 
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GPS quality control CDC 

•  Settlement 
•  Blows 
•  Settlement per blow 
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GPS quality control CDC 

•  Settlement 
•  Blows 
•  Settlement per blow 
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End results CPT 
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End results CPT 
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End results: Dilatancy 
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Obrigado! 
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Reinforcement and Ground Improvement 
GEOPIER® Solutions 

Javier Moreno 
TERRATEST, S.A. 
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GEOPIER® Ground Improvement Options 

Impact Pier 

Geopier System 

X1 System 

Geo-Concrete  
Columns 
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Scoped of application – Intermediate Foundations 
 

Impact Pier 

Geopier System 

X1 System 

Geo-Concrete  
Columns 
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Impact Pier X1 System 
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Common Applications 

Impact Pier 

Geopier System 

X1 System 

Geo-Concrete  
Columns 

Replacement	of	drilled	shafts	and	structural	fillers	

Native 
soil 

Poor  
Fill 

Water 

Table 
Structural 

fillers 
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Common Applications 

Impact Pier 

Replacement	of	structurally-supported	floor	slabs	

Soft	Soils	

Floor	Slab	

Elements	reinforce	soft	and	compressible	soils	for	support		
of	relatively	thin	floor	slabs.	
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Common Applications 

Impact Pier 

Provide	global	stabilization	for	embankments	and	retaining	walls	

Shear	reinforcement		in	Geopier	improvement	zone	
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Common Applications 

Impact Pier 

Provide	support	for	tank	and	wind	power	tower	foundations	
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Soft	Soil	

Soft	to	Medium	Stiff	

Settlements	control	and	increased	rotational	stiffness	
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GEOPIER® Solutions 

Impact Pier X1 System 

“Displacement	and	
Substitution”	

	

“Drilling	and	
compacting”	 “Rigid	Inclusions”	
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Geopier System (GP3®) Construction 

Excavate	
cavity	 Open-graded	stone	 Tamp	bottom	

bulb	
Well-graded	stone	
tamped	in	30	cm	
lifts	
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Impact® Geopier Construction 

Hammer	

Hopper	

Mandrel	

Displacement	Method	-	good	for	saturated	sands	and	caving	soils	

Pre-stressing	and	
pre-deforming	the	
surrounding	soils.	
(Over-consolidation)	
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Impact® Geopier Construction 
Crowd	pressure	
from	rig	weight	
and	hydraulics	

High-	
Frequency	
Impact	
hammer	

As	hollow	
mandrel	is	raised,	
stone	flows	from	
hopper	down	

through	mandrel.	
After	

driven	to	
full	depth,	
mandrel	
is	raised	
up	1	m	

Then	
driven	
back	
down	
70	cm	 Dense,	

	30	cm	lifts	
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Geopier Rigid Inclusions – Geo Concrete Column (GCC®) 
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Geo Concrete Column (GCC®) Construction 
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Geo Concrete Column (GCC®) Design 

	
•  Design	for	both	Structural	and	Geotechnical	Performance	

•  Structural	is	Function	of	unconfined	Compressive	Strength	
•  Geotechnical	is	a	function	of	skin	friction	and	end	bearing	

•  Use	of	an	Expanded	Head	to	reduce	LTP.	
•  LPT	and	GCC	are	interdependent.	
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Thank you for your attention 
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Compaction grouting                                  

José Luiz Antunes 
Keller Grundbau GmbH – Portugal Branch 

													A	technology	of	soil	improvement	(almost)	unknown	in	Portugal	
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 Compaction grouting  

Content 

•  Concept 
•  Fields of Application 

•  Project Parameters 
•  Execution 

•  Monitoring 

•  Examples 
•  Conclusions 
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Displacement injection 

•  Compaction grouting technology is based on the 
soil injection of a high consistency mortar, so that 
the injected mixture does not penetrate the 
ground, being concentrated around the injection 
point 

 
•  The injected material fills the voids and causes the 

lateral displacement of the soil, densifying it and 
stabilizing it in the treated zone. The hardening of 
the mortar provides an increase of resistance in 
the injected zone 

 Compaction grouting 
 Concept 
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•  The vertical tension of the treated layer must 
ensure that the thick mortar moves the 
ground horizontally avoiding to cause 
surface heaves 

 
•  It is important that during the injection there 

is a displacement of the ground without 
breaking its structure 

Compaction grouting 
   Concept 

"column" made visible 

•  The elements resulting from the injection are 
usually not regarded as structural elements 
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•  In general, in soils with 4 <SPT <20 

•  Granular soils 

•  Dry cohesive soils or with low W%  

                
 

Application field 

Compaction grouting 
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•  Soil improvement. •    Structural underpinning 

•   Cavities filling •  Increase of bearing capacity 

Compaction grouting 

Application field 
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•  Soil improvement. •    Structural underpinning 

•   Cavities filling •  Increase of bearing capacity 

Compaction grouting 

Application field 

LIQUEFACTION! 
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Compaction grouting 

•   Drillings grid: 1.0 to 3.5 m 

•  Sequence of the drillings/injections in order to 
obtain the maximum possible soil confinement 

•  Injection during drilling advance or tool withdrawal 

Injected volume 

Volume of treated soil 
=  5 – 15% 

•  Injection volume ratio 

•  Steps or stages of injection: 0,20 – 1,00 m 

1,00 a 3,50 m 

1,00 a 3,50 m 

PLAN VIEW 

Steps 

0,20 to  1,00 m 

CORTE 

Design parameters 
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Compaction grouting 
 

•  Injection pressure: between 5 and 30 bar 

•  High consistency mortar: Cone Abrams between 3 
and 8 cm 

Design parameters 
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• Design and construction procedure: 

Control panel 

Mixing unit 

Punp 

Silos 

Compaction grouting – Execution 
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UPWARDS (Bottom-up) DOWNWARDS (Top-down) 

Compaction grouting 

Execution 
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Steps 

0,20 a 1,00 m 

•  By volume 
•  By pressure 

•  By surface displacement 
•  By mortar reflux at the mouth of the 

hole 

Ending criteria for each step 

Compaction grouting 

Execution 
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•  Systematic control of mortar by testing it with 
the Abrams Cone (Slump test) 

•  Control of execution parameters 

•  Control of movements (heaves) at the 
working platform or structure/foundation 

Compaction grouting 

Monitoring 
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Compaction grouting 

Parameter monitoring 
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Compaction grouting 

Precision optical surveying 

Rotary laser and rulers 

Displacement monitoring at the surface 
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Compaction grouting 
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Monitoring improvement results 
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Compaction grouting 

0 10 20 30 40 50 60 70 80 90 100

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

10.0

11.00

12.00

13.00

14.00

15,00

P
ro

fu
n

d
id

a
d

 (
m

)

N20 = Nº golpes por 20 cm.

N20 (ANTES)

N20 (DESPUES)
- Aumento de N20 entre 2 e 6 vezes 

- Aumento de DR entre 1,5 e 3 vezes 

Monitoring improvement results 
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Compaction grouting 
Monitoring by excavation 
control 
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Change of the original load plan in an industrial unit 

Example 1 

Compaction grouting 
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Compaction grouting 

Exemplo 1 
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Compaction grouting 

Exemplo 1 
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Example 2 
: 

Change in the surrounding conditions of an industrial warehouse due to loss of 
fines by water percolation 

Compaction grouting 
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Compaction grouting 

Example 2 
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Example 3  

Compaction grouting 

Rehabilitation of a road bridge after flood damage 
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Compaction grouting 

Ø Wide range of treatable soils 

Ø Treatment of soil in localized areas 

Ø Quick installation and execution from the inside and/or outside of 
structures 

Ø Possibility to work in limited spaces (headroom <3,0 m) 

Ø Suitable to apply in hard to reach places 

Ø Non-destructive process adaptable to the existing foundations 

Ø Clean process - does not generate spoil material 

Ø Does not require structural connection to the existing foundation 

Ø Economic alternative when compared with other suitable indirect 
foundations or soil replacement  

 

Conclusions 
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                          Obrigado!  

                         José Luiz Antunes 
                          jose.antunes@Keller.com  
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Tratamentos de recalce de lajes com recurso a inclusões 
semi-rígidas por colunas de solo-cimento 
Procedimento SPRINGSOL 

José Luis Arcos 
Director Técnico Rodio Kronsa 
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Tratamentos de recalce de lajes com recurso a 
inclusões semi-rígidas por colunas de solo-

cimento. 
Procedimento SPRINGSOL 

José Luis Arcos 

2º Seminário 
Geotecnia nos Transportes 

Desafios Associados ao Melhoramento de Solos em Zonas 
Aluvionares 

SPRINGSOL	

2SGT2019 
2nd Seminar on Transportation Geotechnics 
Soil Improvement Challenges in Alluvial Zones 
28-29 January 2019 | Vila Franca de Xira | Portugal 

615	



2SGT2019 
2nd Seminar on Transportation Geotechnics 
Soil Improvement Challenges in Alluvial Zones 
28-29 January 2019 | Vila Franca de Xira | Portugal 

Tratamentos de recalce de lajes com recurso a inclusões 
semi-rígidas por colunas de solo-cimento. 

Procedimento SPRINGSOL 

SPRINGSOL	
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Tipos	de	tratamentos	de	terreno	com	
recurso	a	injecções	de	ligantes	
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Tratamento do terreno por injecção, através da desintegração 
do solo e da execução da mistura de ligantes 
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SOIL-MIXING: 

•  Processo Básico: 
•  O solo é desintegrado através de uma ferramenta mecânica 
•  Incorpora-se um ligante hidráulico ao solo  
•  Produz-se uma mistura de solo com ligante. 

•  Ligantes: 
•  Cimento, Cal ou um outro ligante especialmente desenhado para 

uma determinada função 
•  O ligante aplica-se em forma de pó ou líquido (pré-misturado com 

água), distinguindo-se assim o método seco do húmido; 

•  Resultado: 
•  Obtém-se uma inclusão de solo-ligante em forma de coluna, em 

forma de elemento linear, de trincheira, parede ou painel 
rectangular,…  
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Comparação entre colunas de Springsoil e colunas de jet-grouting 

Jet Grouting Soil Mixing 

Desintegração Energia hidráulica (caudal de calda 
sob pressão) Energia mecânica (braços cortantes) 

Geometria Incerta, diâmetro limitado pela 
energia 

Conhecida, diâmetro limitado pela 
ferramenta mecânica 

Quantidade de produtos 
sobrantes Grande Reduzida 

Riscos de Sobrepressão 
Possibilidade de sobrepressões 
(por obturação da saída de calda) 
provocando a expansão do terreno 

Praticamente nulos 

Características (Rc, K) Função do caudal e do terreno Função do caudal e do terreno 
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Tipos	de	tratamento	do	terreno	por	desintegração	e	execução	da	mistura	com	ligante	

MSM	
Mass	Stabilisation	
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Colmix	 Colmix	
doble	
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CSM	
Geomix	
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Trenchmix	
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Springsol	
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Inclusões semi-rígidas. Colunas Springsol. 

1 2 3 4 

Procedimento SPRINGSOL. 
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Classificação	do	Springsol	
dentro	dos	métodos	de	
Soilmixing:	
	
-  Forma	de	aplicação	do	ligante:	

(Wet),	mistura	por	via	húmida	
com	calda	de	cimento;	

	
-  Método	de	mistura:	Eixo	

vertical	rotativo	com	aletas	na	
extremidade	inferior	das	
varas;	

-  Ponto	de	inserção	do	ligante	
no	extremo	inferior		
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Parâmetros que determinam o processo de execução das colunas de Soilmxing 
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Balance de masas en el proceso de mezclado: 
 

Atención!!! A tener en cuenta en las correlaciones de resistencia: 
ü  El cemento remanente en la columna tratada, es el aportado menos el evacuado en el 

rechazo.  
ü  El agua del material suelo-cemento es en parte procedente de la que aporta la lechada 

y la ya existene en el terreno) 
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As	correlações	habituais	não	têm	em	conta	a	
influência	do	teor	de	água	do	terreno,	pelo	
que	devem	sempre	confirmar-se	com	
ensaios.	

Resistência	do	material	em	função	do	tipo	de	terreno	

UCS	(MPa)	

Población	

Distribución	Log-normal	

Notas	sobre	a	dosagem	de	cimento:	
-  A	natureza	do	solo	tem	um	papel	muito	importante	na	UCS	
-  A	dosagem	de	cimento	é	definida	para	alcançar	um	valor	médio	de	UCS	(fcm)	
-  Dada	a	variabilidade	da	UCS,	pode	ser	calculado	um	valor	mínimo	de	UCS	(fck)	
-  Nas	técnicas	de	melhoria	de	solos,	pode	considerar-se	fck=fcm.	O	valor	médio	é	

justificado	pela	geometria	do	volume	tratado	e	pela	sua	capacidade	de	distribuir	as	
cargas	em	caso	de	existir	uma	falha	localizada.	

Incorporação	de	
cimento	habitual:	
200	à	400	kg/m3	de	
solo.	
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Produto	resultante	do	Springsol:	
		

-  Geometria	perfeitamente	definida	(garante	o	cumprimento	do	diâmetro	da	
coluna)	

-  Resistência	dependente	da	natureza	do	terreno	a	tratar,	do	seu	teor	de	
água	terreno,	da	relação	água-cimento	da	mistura	de	ligante	e	da	dosagem	
de	cimento	resultante	no	terreno	tratado.	

-  Comportamento	semelhante	ao	de	uma	inclusão	semi-rígida	no	terreno	não	
tratado,	podendo	o	terreno	tratado	ser	estudado	como	um	todo	através	de	
propriedades	homogeneizadas,	ou	considerar-se	a	interação	individual	da	
coluna	com	o	terreno	envolvente.				

-  Evolução	da	resistência	do	material	solo-cimento	mais	lenta	que	
argamassas	e	betões	e	continua	a	ser	incrementada	para	além	dos	28	dias,	
sendo	habitual	falar-se	de	resistências	de	90	dias.						

-  Permeabilidade	muito	baixa,	entre	1×10-7	e	1×10-9m/s	sendo	importante	
criar	barreiras	impermeáveis	ao	fluxo	da	água	no	terreno	através	de	colunas	
sobrepostas.	

Tipo de solo tratado Rc 90/ Rc 28 E/Rc28 

Coerente 1.3 – 1.5 100 – 300 

Granular 1.5 – 2.0 300 – 600 

Permeabilidade: 
1×10-7 a 1×10-9m/s  
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Índice da Mistura: 

Mínimos ratios de mezcla Imix = N*Uperf/wrot, según tipo de suelo

Imix = [cortes/metro]

Granular Cohesivo

100 a 150 200 a 250

Determinação da soilmixing - Springsol: 
Ponderação das massas para estimar a dosagem final de 
cimento na coluna tratada  

Índice de Incorporação 
(em função do tipo de solo e da resistência final requerida) 
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Procedimento SPRINGSOL. Tipos de ferramentas 

Ferramenta 
de mola 

mecânica  
Diâm. 400 – 600 mm 
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Ferramenta Springsol 
de mola pneumática 
Diâm. 400 -600mm 

Orden de inicio y 
finalización de grabación 
de datos de columna. Vía 

Mando/Vía PC

Integración datos del 
módulo electrónico y 

descarga a PC
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Sistema 
Springsol® 
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Procedimiento SPRINGSOL. Aplicaciones 2SGT2019 
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Springsol® aplicado no tratamento de aterro ferroviário como inclusão rígida 

Execução entre travessas   Sem contaminação da camada de balasto 
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Springsol® aplicado no tratamento de recalce de lajes 
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Springsol® aplicado no tratamento de recalce de lajes 

         

Trabalhos concluídos no interior das salas intervencionadas 
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Springsol® aplicado no tratamento de soleira de um Centro Comercial 

Decathlon Puerto de 
Santa María (Cádiz) 

Trabalhos de recalce, 
mantendo a loja em 
funcionamento 
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Springsol® aplicado no tratamento de aterro 

Aterro na linha férrea de Linares-Almería 
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Springsol® aplicado no tratamento de talude de um aterro instável 
Aterro numa plataforma fotovoltaica em Sevilha 
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Springsol® aplicado no tratamento de fundações de um tanque de ácido sulfúrico   
(Bilbao) 
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Springsol® aplicado no tratamento de maciço e impermeabilização do 
terreno 

Springsol® aplicado no 
tratamento de 
impermeabilização e 
consolidação da frente de 
uma escavação subterrânea 
(Singapura) 

Springsol® em Lisieux , 
Francia (Ano 2012) para 
tratar solo contaminado
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Equipamento necessário para a execução de colunas de solo-cimento Springsoil 
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•  Economia, para a mesma finalidade, os consumos de ligante são muito inferiores aos 
consumos requeridos noutras técnicas. Em particular, relativamente à técnica de Jet-Grouting, 
para se conseguir a mesma coluna de solo-cimento, os consumos podem ser da ordem dos 
25%. 

 

•  Sustentabilidade, (utiliza o próprio solo como material de construção). Diminuição de 
consumo de material e, por exemplo, relativamente ao Jet-Grouting verifica-se uma redução 
dos resíduos sobrantes. 

•  Geometria conhecida com exatidão, ao contrário de outras técnicas de tratamento por 
injecção, a geometria do elemento tratado é conhecida. Nas injecções de calda sob pressão e 
na técnica de jet-grouting, o diâmetro de afectação é sempre uma incógnita.   

•  Possibilidade de registo de parâmetros de execução e automatização dos procedimentos. 
 
 

•  Controlo dos reduzidos resíduos gerados através de sistemas de captação desenhados 
para esse fim. 

Vantagens do Soilmixing, relativamente a 
outros métodos de tratamento por injecção 
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Biocementation by Biocalcis, from design to 
site implementation 

 
Annette Esnault Filet1 & Jorge Paulino2 

1 : annette.esnault@soletanche-bachy.com 

2 : jorge.paulino@rodio.pt 
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Photo:	C	Eeckhout,	2008	
	

1	

2SGT2019 
2nd Seminar on Transportation Geotechnics 
Soil Improvement Challenges in Alluvial Zones 
28-29 January 2019 | Vila Franca de Xira | Portugal 

650	



2	
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Example of K vs Calcite content 
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INJECTION	without	risk	of	pressure	build	up			
Fluids	must	permeate	the	soil	to	be	treated		
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Photo:	C	Eeckhout,	2008	
	

4	

	

Anti-liquefaction	soil	treatment	
Erosion	control	(suffusion	–	internal	erosion)	
Maritime	structures	–	quay	walls	
Restoration	of	reinforced	earth	structures	
Foundations	
Embankments	
Old	masonry	restoration	
	

…	
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LIQUEFACTION 
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Séisme	de	San	
Fernando	1971	

Séisme	de	Tohoku	2011	

Niigata,	Japon,	1964	
Magnitude	7.5	
Richter	
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MECHANICAL PROPERTIES OF CALCIFIED MATERIAL 
(examples) 
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-  Mechanical	 properties	 enhanced	 by	 the	 treatment	
(modulus,	cohesion,…)	

-  Improvement	of	liquefaction	curve	
-  Laboratory	trials	:		

-  No	liquefaction	occurs	even	for	low	calcite	levels	

σc=50kPa	-	CSR=0,35	 σc=50kPa	-	CSR=0,60	

temps	(s)	

ε	
a	
(%

)	

temps	(s)	

ε	
a	
(%

)	

MECHANICAL PROPERTIES 
BOREAL PROJECT : application on dykes (EDF, CNR) 
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-  Optimal	configuration		

BOREAL PROJECT : application on dykes (EDF, CNR) 
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-  Liquefaction	level		

	
	

(	Examples	)	
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Anti-liquefaction soil treatment 

•  Commercial	targets:	
•  existing	structures:	«	update	»	following	new	rules	and	values	for	seismic	design	(i.e.	

Eurocode)	
•  new	structures	

•  Usual	(standard)	solutions:	
•  Geomix	or	Trenchmix	(soil-mixing)	caissons	
•  Jet	Grouting	
•  Stone	columns	
•  Various	soil	improvement	techniques	(vibro-compaction,	traditional	compaction)	
•  …	
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Example : Switzerland – Industrial Site 

•  Anti-liquefaction	treatment	under	existing	silos	constructed	on	deep	
foundations	(piles)	à	major	constraints:	very	small	working	space	(reduced	
height)	&		

•  presence	of	deep	foundations	and	
•  underground	cables	and	pipes	

•  Treatment	of	«	Alluvions	Modernes	»:	
•  .	between	-3.5m	et	-9.5m	
•  .	surface	16m	x	16m	

•  Design	office	defined	soil	parameters	to	be		
•  obtained:	
•  .		cu	and	/	or	UCS	
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Example : Switzerland – Industrial Site 

•  									«	Soil	Mix	Caissons	»				VS				«	Biocalcification	»	

2SGT2019 
2nd Seminar on Transportation Geotechnics 
Soil Improvement Challenges in Alluvial Zones 
28-29 January 2019 | Vila Franca de Xira | Portugal 

661	



Anti-liquefaction soil treatment 

•  Advantages	compared	to	usual	(standard)	solutions	:	

•  Homogenous	soil	treatment	:	“mass”	treatment	
à Values	of	cu	/	UCS	to	be	obtained	are	smaller	than	those	needed	for	soil	mix	solutions	(as	

those	are	discontinuous)	
	

•  No	piling/excavation	tool	
à Very	small	diameter	injection	boreholes	:	reduced	risk	of	damage	to	the	existing	

foundations	and	underground	cables	and	pipes	&	limited	damage	(=	deconstruction)	of	
existing	base	slab	
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Design approach & target properties  
of treated ground 

	

Soil	is	transformed	in	coherent	soil	mass	characterized	by	its	unconfined	compression	
strength	(UCS)	
	

§  Estimation	of	mechanical	characteristics	based	on	correlations	between	UCS	and	undrained	
cohesion,	limit	pressure,	modulus	

§  Hydraulic	characteristics:	
UCS	≤	500	kPa	!	no	significant	change	in	permeability	
UCS		≥	1000	kPa	!	reduction	in	permeability	but	due	to	cost	of	high	resistance	injection	this	application	has	not	
been	targeted	for	now	

	

Target	properties	of	treated	ground	:	design	will	define	value	of	UCS	needed	for	required	soil	
resistances		
Then	depending	on	the	target	UCS	value	and	soil	characteristics	(porosity,	density)	the	
process	will	be	adapted		
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Implementation design 
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Specific	Modelling	tools	

• Hydraulic Modelling  -  Couple	Solute	transport	with	Darcy’s	law	(ex COMSOL Multiphysics)	:	

Optimisation	of	grouting	grid	and	injection	parameters	
according	to	K,	Porosity,	etc.	
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A3 test : Injection in sandy gravels  

665	
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Photograph	courtesy			VSF	(NL)	

Some	examples	from	2005	to	2018	

THANK	YOU	FOR	YOUR	ATTENTION		
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SYNTHESE DES RESULTATS POST TRAITEMENT 
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Extrait	film	CNR	
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ANCHORED HIGH PERFORMANCE TURF 
REINFORCEMENT MAT FOR SLOPE 

STABILIZATION 
Randy Thompson, P.E. 

Propex Geosolutions 
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de Geotecnia 
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Organização Apoios 
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Agenda 

• Products	and	Solutions	
•  Slope	Stability	Design	
• Case	Study	
• Questions	and	Discussion	
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Surficial Slope Stabilization  
with the ARMORMAX System 
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•  Engineered	Earth	Anchors	
are	designed	to	provide	
resistance	to	shear	and	
lateral	forces,	and	embedded	
beyond	the	predicted	plane	
of	failure	

•  HPTRM	distributes	loads	
amongst	anchors	while	
providing	a	continuous	
compressive	cover	

•  HPTRM	is	also	permeable	for	
pore	pressure	relief	and	
promotes	vegetative	
establishment	
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Surficial Sloughing is often  
Incorrectly Treated as Erosion 
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These	two	photos	are	examples	of	a	shallow	plane	slope	failure	that	ARMORMAX	could	
be	used	for	the	repair.	Attempted	repairs	with	erosion	control	blankets	and	low	
strength	TRMs	were	unsuccessful.	
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USACE EM 1110-2-1902 

Surficial Sloughing 
 
	• A	shear	failure	in	which	a	surficial	portion	of	the	

embankment	moves	downslope	is	termed	a	surface	
slough.	

•  Surface	sloughing	is	considered	a	maintenance	
problem,	because	it	usually	does	not	affect	the	
structural	capability	of	the	embankment.		

• However,	repair	of	surficial	failures	can	entail	
considerable	cost.	

•  If	such	failures	are	not	repaired,	they	can	become	
progressively	larger,	and	may	then	represent	a	
threat	to	embankment	safety.	
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ARMORMAX 75 for Slope Stabilization 
Problem Areas for Consideration 
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A	small	landslip		of	the	embankment	threatening	the	stability	of	the	track	
foundation.		Along	with	correcting	drainage	issues,	ARMORMAX	75		is	
evaluated	through	a	geotechnical	design	to	correct	this	type	of	failure.		
	
Picture	is	taken	from	Network	Rail,	Earthworks	Technical	Strategy,	June	2018.	
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ARMORMAX 75 for Slope Stabilization 
Problem Areas for Consideration 
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The	slumped	slope	above	is	typical	of	the	type	failure	that	ARMORMAX	can	be	
engineered	to	stabilize.		Using	soil	nails	to	repair	this	shallow	plane	slope	failure	is	
overkill,	expensive,	and	slow.		Perhaps,	a	more	traditional	repair	is	to	use	the	added	
weight	of	rip	rap	to	stop	the	slope	from	slumping.	
	
Picture	is	taken	from	Network	Rail,	Earthworks	Technical	Strategy,	June	2018.	
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Surficial Stability Equation 
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Resting	Forces	>	Driving	Forces	(Factor	of	Safety	greater	than	1.0)	=	slope	stability	
Resting	Forces	<	Driving	Forces	(Factor	of	Safety	less	than	1.0)	=	slope	instability		
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ARMORMAX System Slope Stabilization 
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Anchor	Driving	with	a		
Percussion	Hammer	

	
	

ARMORMAX System for Slope Stabilization 
•  GeoStudio’s 2016 Slope/W 

Software 
•  Slope	stability	determined	
through	vertical	slice	limit	
equilibrium	methods	for	given	
project	conditions	

•  Software	determines,	anchor	
size,	drive	depth,	and	frequency	
of	installation		

•  Minimum	acceptable	factor	of	
safety	(FS)	for	a	slope	under	
normal	long-term	loading	
conditions	is	1.5		

•  Under	rapid	drawdown	
conditions,	FS	=1.1	
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ARMORMAX Design Case History: 
Madalena Rail Station, Vila Nova de Gaia, Portugal 
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The picture on the left shows an aerial view of the Madalena Station 
and the picture on the right shows the slope to be redesigned to 

accommodate  a wider and safer loading platform. 
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ARMORMAX Design Case History: 
Madalena Rail Station, Vila Nova de Gaia, Portugal 
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1.15H:1V Unreinforced Slope; F.S.= 0.84 
 

Factor	of	Safety	Unreinforced	=.84	

Propex	first	calculated	the	
unreinforced	Factor	of	Safety	of	
the	Slope	to	be	equal	to	.84	
taking	into	account	the	Platform	
Loading:	56	kN/m2	
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ARMORMAX Design Case History: 
Madalena Rail Station, Vila Nova de Gaia, 

Portugal 
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 Proposed Steepening of the 
Slope utilizing ARMORMAX 75 

 

The	loading	platform	geometry	
dictated	the	slope	be	
constructed	to	a	1.15:1.		Given	
the	loads	of	the	platform	and	
train,	Propex	used	Slope/W	to	
complete	an	ARMORMAX	Design	
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ARMORMAX Design Case History: 
Madalena Rail Station, Vila Nova de Gaia, Portugal 

Construction in 2019 
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Anchor Details: 
Length=2.75 m 
Horizontal Spacing = 1.2 m 
Vertical Spacing = 0.75 m 
Pullout Capacity = 8.5kN 
 

1.15H:1V Slope Reinforced with ARMORMAX 75; F.S.= 1.53 
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ARMORMAX Installation Details 
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Re-grade	the	failed	slope	with	the	
“sloughed”	material	

	

Shape	the	slope	by	removing	objects	
that	would	prevent	the	ARMORMAX	
making	intimate	contact	with	the	soil	
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ARMORMAX Installation Details 
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Unroll	the	High	Performance	Turf	Reinforcement	Mat		
on	the	prepared	slope		

Atlanta	International	Airport,	USA	 USACE	Hurricane	Protection	Levee,	
	New	Orleans,	Louisiana,	USA		
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ARMORMAX Installation Details 
Driving anchor  with a breaker 
hammer mounted to an 
excavator	

Manually driving anchor  2.5m (8’) 
deep with 16kg (35# ) air hammer on 
a steep slope	
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ARMORMAX Installation Details 

•  Anchor	is	Load	Locked	to	develop	a	
Frustum	Cone	using		a	JackJaw.			

•  When	a	load	is	applied,	the	anchor	
will	rotate	in	the	ground	by	up	to	90°	
and	load	lock.	

•  As	the	load	exerted	on	the	soil	
increases,	a	body	of	soil	above	the	
anchor	is	compressed	and	minimizes		
any	further	anchor	movement.	The	
size	of	the	developed	cone	depends	
on:	

•  The	shear	angle	of	the	soil	
•  The	size	of	the	anchor	
•  	The	depth	of	installation	
•  	The	load	applied	
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ARMORMAX Installation Details 
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Specified Anchoring 
Pattern 

•  Spacing of  1.2m (4’)  
in the ‘X’ direction, 
1.5m (5’) in the “Y” 
direction 

•  150mm (6”)overlap 
for HPTRM panels 

•  Pattern staggered to 
secure HPTRM 
efficiently 

•  Spacing and density 
modeled in slope 
stability software 
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Finishing the ARMORMAX Installation  
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Top left: Hydro seeding on top of soil fill; Bottom left: placing turf; 
Right: Blown Fiber Matrix (BFM) and slope seed mixture 
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ARMORMAX and Soil Nail Combination in Alluvial Soils  
Case History: Metal Art Museum 

 
•  Application:	Vegetated	Slope	
Stabilization	

•  Client: City	of	Memphis,	TN	

•  Installed:	2009	
•  Product: ARMORMAX®		

•  1.8m	(6’)	Type	B2	Anchors	
•  0.5	anchors	per	square	yard	
•  0.6	anchors	per	square	meter	

•  Quantity:	3,000	SY	(2,500	SM)	

•  Scenario:	Slope	rehabilitation	for	
	museum	hillside	

	Replacement	of	failing	gabion	
	basket	slope	reinforcement	

	Vegetated	solution	desired	
	adjacent	to	Mississippi	River	
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ARMORMAX and Soil Nail Combination in Alluvial Soils  

Case History: Metal Art Museum 

Original	Design:	20m	long	soil	nails	
	on	a	1.5m	x1.5m	pattern	

	

Value	Engineering	Proposal	utilized	
ARMORMAX	to	increased	soil	nail	

spacing	to	2.4m	x	2.4m		
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Close	proximity	to	existing	building,	combination	of		
rigid	tendon	anchors	and	deep	soil	nails	
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ARMORMAX and Soil Nail Combination in Alluvial Soils  

Case History: Metal Art Museum 

Anchor	load	testing	and	driving	with	percussion	hammer	
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ARMORMAX and Soil Nail Combination in Alluvial Soils  

Case History: Metal Art Museum 

Small	equipment	used	facilitating	construction	in	limited	easements	 690	
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ARMORMAX and Soil Nail Combination in Alluvial Soils  

Case History: Metal Art Museum 

Hydro-seeding	atop	HPTRM	with	Blown	Fiber	Matrix	(BFM)	and	slope	seed	mixture	
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ARMORMAX and Soil Nail Combination in Alluvial Soils  

Case History: Metal Art Museum 

Finished	Installation	 692	



ARMORMAX: Other Considerations  
Propex Project Experience Worldwide 
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A	Portfolio	of	Performance	Supporting	the	use	of	this	Technology	
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ARMORMAX: Other Considerations 
Performance in Wildfire Prone Areas 
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•  FOFEM	–	First	Order	Fire	Effects	Model	for	predicting	tree	mortality,	fuel	consumption,	smoke	
production,	and	soil	heating	caused	by	prescribed	fire	or	wildfire.	

•  Measured	soil	heat	profiles	during	60	experimental	burns,	identifying	changes	in	maximum	soil	
temperature	and	heat	duration	as	a	function	of	soil	moisture	and	soil	texture.		

•  Underlying	soils	having	20%	volumetric	moisture	or	greater	is	an	effective	means	for	limiting	
lethal	heating	in	a	variety	of	soils.	

•  PYRAMAT	normally	placed	under	2.5	cm	(1”)	of	soil	cover.		In	wildfire	prone	areas,	consider	using	
7.5	to	15	cm	(3	to	6”)	of	soil	cover.	

*Soil	Science	Society	of	America	Journal	Abstract	-	FOREST,	RANGE	&	WILDLAND	SOILS,	Soil	Physical	Properties	Regulate	Lethal	Heating	during	Burning	of	Woody	Residues	
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ARMORMAX Summary for Slope Stability Solutions 
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ARMORMAX	Reinforced	Vegetated	Slope	may	Replace	the	Above	Traditional	Methods	
or	be	used	in	Combination	with	the	Above	Solutions	to	Improve	Performance	
	

*Picture	is	taken	from	Network	Rail,	Earthworks	Technical	Strategy,	June	2018.	
	

Propex is an International Company that  
has been in business for over 100 years 
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Conclusion 
Project Discussion and Questions 
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Stuart	Pywell	
Business	Development,	Portugal	
sgpywell@gmail.com	
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