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Ground improvement techniques

Densification by direct action on the soil structure

Ground reinforcement techniques

Global improvement of performance by installation of inclusions

Densified soilInitial Soil

Δh

Inclusions
Initial Soil

Homogeneous soil

Composite soil
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Peat Clay Silt Sand Gravel Rock fill
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Dynamic Compaction
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Stone Columns

Vacuum Consolidation
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Jet Grouting

Rapid Impact Compaction
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Peat Clay Silt Sand Gravel Rock fill

VibroCompaction

0.002 0.06 2 60

Mean grain dimensions (mm)

Consolidation

(preloading + Vertical Drains)

Dynamic Compaction

Dynamic Replacement pillars

Concrete/Mortar Inclusions
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Vacuum Consolidation

Soil Mixing

Jet Grouting
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Ground 
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Peat Clay Silt Sand Gravel Rock fill

Dynamic Replacement pillars
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methods
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The air and water pumping system is 

installed and creates vacuum in the 

soils below the impervious membrane 

equivalent to a depression between 60 

and 80 kPa, depending on the global 

efficiency of the system.
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𝑢𝑖𝑛𝑖𝑡 = 𝑢0 + 𝑃𝑎

𝑢𝑓𝑖𝑛𝑎𝑙 = 𝑢0 + 𝑃𝑎 − 𝛼𝑃𝑎

Classical preloading Vacuum preloading
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Classical preloading

Vacuum preloading

𝜎′ = 𝜎 − 𝑢
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A837 Highway (1993-1994)
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o A837 project (1993-1994) – Rochefort to Saintes

Total length of section : 37,5 km 

10 km go through marshy zones with fill from 2,0 m 

to 8,0 m high

• Current sections

Classical preloading with vertical drainage

Prefabricated band drains (10 cm) 

Grid : from 1,00 to 1,60 m

Depth : from 10 to 25 m

• Critical sections (bridge access embankments)

Menard Vacuum Technique as an alternative solution 

to preloading+drains+stone columns+berms
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Section (1) Tonnay Charente (2) Boutonne (3) Agnet

Thickness of soft soil 18 to 26 m 4 to 13 m 4 to 20 m

Height of fill above

ground level
2 m 5 to 8 m 6 m

Settlement criterion 10 cm after 30 years

Undrained Shear

Strength Su
Void ratio e

Compression 

index Cc
Swelling index Cs Creep index Cae

Coeff. of vertical 

consolidation Cv

Coeff. of horiz. 

consolidation Ch

Soft clay 15 kPa 1,99 1,24 0,079 0,068 10-7 m²/s 7 x 10-7 m²/s
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o Placing a free drainage sand blanket (0,5 to 1,0 m 

thickness) in order to provide a suitable working

platform

o Installation of vertical drains

o Installation of an horizontal drains network

o Installation of monitoring

o Excavation of trenches

o Installation of membrane

o Connection of drainage system to the pumps and 

beginning of pumping

o Add fill (to reach the final level and to compensate

the expected settlement)
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Preparation of peripheral sealing trenches
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Installation of membrane
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Monitoring of consolidation – Settlement plates and 
piezometers
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Connection of drainage system to the pumps and 
beginning of pumping 24
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Some pictures
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Tonnay Charente swamp area with 2 m high fill on membrane Boutonne River crossing (One zone is simply under vacuum, the 

other one is already filled)
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With Menard Vacuum Consolidation, no more temporary

surcharge.

The fill is placed directely on the membrane under

vacuum up to final elevation increased only by the height

of expected settlement during consolidation.
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Inclinometer results
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The embankment is on the left; there is a 

10 cm inwards horizontal displacement

due to horizontal consolidation.
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Advantages of Menard Vacuum solution

o Quicker embankment construction without any circular failure risk (6 to 9

months instead of 18 months)

o No more lateral berm

o Decreased volume of earthmoving (no more temporary surcharge)

o Better control of settlement with time
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The New Mexico City International Airport (NAICM)
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1st phase in operation: October 2020 
Total area: 4 430 hectares  
X-shaped terminal: 743,000 m2

Runways: 3
Passengers per year: 68 millions

Vacuum consolidation: Design and case studies

The NAICM was partially built when it was abruptly canceled in late 2018 
after a popular consultation. Instead, the current Federal government of 
Mexico plans to build an international airport at Santa Lucía Air Force Base 
north of the city.
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NAICM

Texcoco 
de Mora

Ex-lago de 
Texcoco
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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

Vacuum consolidation: Design and case studies
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Runway IIRunway III

Trial areas

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

Prefabricated Vertical Drains and Prelaoding under
Runway II
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Prefabricated Vertical Drains and Prelaoding under
Runway II
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Runway IIRunway III

Trial areas

Ground improvement works
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Menard Vacuum Trial Area - Execution
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Working platform
0,5 m + 0,5 m = 1 m of “tezontle” (13,7 kN/m3)

Monitoring installation

70 m x 50 m
3 500 m²

Vacuum consolidation: Design and case studies



42

29-May-20

Vertical and horizontal drains

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

Menard Vacuum Trial Area - Execution
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Beginning of Vacuum

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

Menard Vacuum Trial Area - Execution
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Vacuum pressure = 60 kPa in the
soil after 6 months

Vacuum pressure = 72 kPa in the
soil at the beginning

Loading fill

Results – Vacuum Pressure

Vacuum consolidation: Design and case studies

Atmospheric pressure = 78 kPa at 
the Texcoco Lake (2228 m a.s.l)
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+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

Results – Pore Water Pressures
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1 Month
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5 Months

6 Months

Vacuum starting up

NORTH

SOUTH

NORTH SOUTH

Results – Settlements
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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

Results – Settlements

Vacuum consolidation: Design and case studies
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Volume of extracted water
Vwater = 9 353 m3

Results – Settlements and extracted water
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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

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

Menard Vacuum Trial Area vs Drain to Drain Trial Area
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U% = 46%

U% = 46%

U% = 46%

V = 0 kPa

V  27 kPa

V  60 kPa

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

Menard Vacuum
2,90 m in 6 months

Vacuum consolidation: Design and case studies



Bibliography 58

29-May-20

Cognon, J.M. (1991). La consolidation atmosphérique. Vacuum consolidation. Revue Française Géotechnique, 

n°57, pp. 37-47 

Ghionna, V.N. et al. (2018). Vacuum preloading with drain to drain method for the New International Airport of 

Mexico City. DFI-EFFC International Conference on Deep Foundations and Ground Improvement, Rome, Italy.

Juarez Velazquez, L.D. and Cirion Arana, A. (2018). Vacuum Consolidation with impervious membrane Soil 

Improvement System (Atmospheric Consolidation System). Test panel case study made for Mexico’s New 

International Airport (NAIM) in Texcoco, Mexico. XXIX Reunión Nacional de Ingeniería Geotécnica, León, 

Mexico

Vacuum consolidation: Design and case studies



Conclusions

05



Conclusions 60

29-May-20

Vacuum consolidation is an effective means for improving highly compressible soft soils.

o The Vacuum Consolidation method uses the site atmospheric pressure to pre-load an 

impermeable soil in order to anticipate long-term surface deformations and to “prepare” the 

soil to withstand the future service loads.

o Vacuum consolidation can yield an effective equivalent preload of about 3 to 5 m of 

conventional surcharge;

o Vacuum consolidation allows to accelerate the consolidation process as compared to 

conventional stage-loading because it reduces drastically the risk of failure;

o It can be easily combined with classical preloading;

o As compared to classical preloading, the Vacuum pressure acts homogeneously 

throughout the soil mass, without any reduction in depth or width.

Vacuum consolidation: Design and case studies




