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ABSTRACT 

 

The paper describes the performance of an extensively instrumented trial field of vacuum assisted fill 

loading with prefabricated vertical drains in the area of Texcoco Lake (2228 m a.s.l.)  for the 

construction of the new International Airport of Mexico City. A vacuum preloading of approximately 

60 kPa was applied on top of drains over a period of 180 days using the drain to drain technique 

combined with cylindrical capped drains (Star Drains) installed at 1.2 m interval on a  triangular grid. 

The loading fill consisted of 2 m thick locally available low density volcanic material (“Tezontle”). 

Soil profile in the area is characterized by very soft Mexico City clay having notoriously very poor 

geotechnical properties. A final settlement close to 2 m was recorded at the central point of the fill 

corresponding to a consolidation degree of approximately 70%. Settlements measured both on the 

ground surface and at depth were in good agreement with  predictions by numerical analyses.  
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INTRODUCTION  

 

The new International Airport of Mexico City is located in the area of the Texcoco Lake; this area is 

subjected to land subsidence due to a huge deep pumping program in the lower acquifers located 

below 60 m depth started at industrial scale in 1930. The site rests over a deep formation of Mexico 

City clays, which are extremely plastic materials exhibiting notoriously large natural void ratios  and 

water contents, with very poor geotechnical properties. The ground water level is rather shallow. 

Without a suitable soil improvement, excessive differential settlements and stability problems of 

runways and taxiways would be expected along with detrimental effects on airport buildings. To this 

purpose, a system of prefabricated vertical drains (PVD) with combined vacuum and surcharge 

preloading was considered: a trial field was then planned using the technique of vacuum preloading 

with the “drain to drain” (membraneless) method, where the vacuum is individually applied to each 

drain through specifically designed connection caps. This system has been extensively applied 

throughout the world in many infrastructural works. In Mexico Star Drains have been recently 

successfully adopted by Odebrecht Co. for the Etileno XXI project in Coatzacoalcos, State of 

Veracruz, in similar subsoil conditions.  

 

TRIAL FIELD AND PVD DRAINS DESCRIPTION  

 



 

 

The test embankment had a footprint of 76 m in length and 56 m in width and a final height of 2 m 

(Figs.1÷2). It was composed of two layers of a lightweight gravelly-sized material of volcanic origin 

(“Tezontle”), compacted to a dry unit weight (γt ) of approximately 12.2 kN/m3, separated by a thin 

layer of the same material with finer (sandy) grain size (“Tezontle fino”), having the function of 

protecting the vacuum lines. In overall a vertical pressure of about 24.4 kPa was imposed on the 

ground surface by the surcharge fill. A reinforcing geogrid was laid at the base of the embankment to 

prevent failures and ensure more uniform settlements, while an underlying geotextile fabric was 

adopted to prevent intrusion of clayey particles into the first Tezontle layer.  

 

 
Fig. 1 – Plan of test embankment with location of monitoring instrumentation and of site investigations  

 

 
Fig. 2. Schematic cross section of test embankment and stratigraphy  

 

The drains system consisted of partially penetrating vertical pipes of plastic material having a star 

shaped internal core wrapped by a protective geotextile filter (“Star Drains”) (Fig.3);  the drains have 

an outer diameter of 30 mm and are installed by a steel mandrel having an outer diameter of 60 mm. 

The first 3 m of the pipes from the top cap were sealed by an impermeable plastic tape to reduce the 



 

 

risk of air inflow from ground surface. PVD drains were installed at a depth of 28 m from ground level 

(GL) that, in the test fill area, is located at 2228 m a.m.s.l. The bottom of drains was 2 m above the 

deep formation named Capa Dura (Fig.2). Drains were arranged according to a triangular pattern with 

a spacing of 1.2 m.  The installation was carried out from the top of the first layer of Tezontle. Special 

laboratory tests were carried out to measure the well resistance of the drains under different 

confinement pressures. Such tests gave very high values of discharge capacity: qw= 60• 10-4 m3/sec at a 

confinement pressure of 300 kPa. However in the numerical analyses carried out to model test fill 

behavior such value was reduced to take into account possible effects caused by negative long term 

phenomena such as buckling, kinking, and clogging phenomena (Miura et al., 1998; Aboshi et al., 

2001; Lee and Karunaratne, 2007).  

 
VACUUM SYSTEM 

 

The vacuum system consisted of 6 

vacuum pumps aligned along the southern 

side of the embankment, each one feeding 

10 lines of solid, air and water tight, 

plastic pipes laid horizontally on the 

surface of the first Tezontle layer (Fig.4). 

Once all drains were installed, each drain 

cap was individually connected to the 

relevant vacuum line. An air-water 

separator tank was used at each pump 

location in order to draw apart the water 

contained in the air-water mixture 

abstracted from the drains and detect its 

amount. The vacuum pressure recorded at 

pump manifolds was on average 70 kPa. 

Taking into account that the atmospheric 

pressure at the trial fill site is about 78 

kPa, the efficiency of the pumps was 

about 87%, with no single pump working 

below 80%. An average head loss of 

approximately 30% was detected between 

the pumps and the terminals of the vacuum lines on top of their farthermost drains and approximately 

15% on top of drains located at mid points of the vacuum lines.  

 

GEOTECHNICAL INVESTIGATION AND SOIL PROPERTIES   

 

Field investigation  

 

An intensive site investigation was conducted in the area of test fill before its construction in order to 

determine soil stratigraphy and geotechnical properties of soil layers. Site investigations included (Fig. 

1): 3 drilling boreholes with continuous coring (BH) for high quality soil sampling; 3 boreholes with 

SPT tests in sandy layers; 7 CPTU with dissipation tests; 22 Field Vane tests carried out in 4 

boreholes.  

 

Soil profile and groundwater level  

 

Field investigation evidenced a relatively uniform soil profile consisting of the following units (Fig.2):  

 Formacion Argilosa Superior (FAS): highly plastic and extremely compressive soft clay of 

lacustrine origin with water content ranging from 150% to 300% and void ratios ranging from 

4 to 8; the unit extends approximately from 0 to 30 m from ground level (GL); 

 
Fig. 3 – StarDrains 

 

 
Fig. 4 – Drain layout 

 

 



 

 

 Capa Dura (CD): very dense to hard slightly cemented sandy silt layer from 30 to 31.5 m from 

GL; the number of SPT blows is usually very high; 

 Formacion Argilosa Inferior (FAI): soft clay of lacustrine origin with occasionally interbedded  

lenses of fine sands and volcanic ashes of centimetric thickness, extending from 31.5 m to 45 

m below GL; as this unit is deeper than FAS, it exhibits higher strength and lower 

compressibility due to the increase in overburden; 

 Formacion Argilosa Profunda (FAP): soft clay with characteristics similar to FAI extending at 

depths below 45 m from GL; this unit is similar to FAI and FAS but it exhibits lower void 

ratios and natural water contents due to water pumping in the deeper acquifers.  
 

The ground water table (GWT) was found at very shallow depths, approximately 1 m from GL.  

 

Laboratory tests  

Particular attention was devoted to the one dimensional compressibility properties of cohesive layers 

at short and long term: the test program included 21 stress controlled oedometer tests and 11 long 

duration “creep” tests. Unconsolidated undrained triaxial tests (TX-UU) were also conducted to have 

supplementary data on the undrained shear strength (cu) of fine grained materials.  

 

Soil properties  

 

The most relevant soil properties obtained are summarized in Figs. 5 to 8.  

The pore water pressure (u) profile measured by piezometers is shown in Fig.6. The deviation from the 

hydrostatic trend observed in the lower portion of the curve is an effect of the deep pumping.  

  

The high variability of e-logϬ’v compression curves in Fig. 8 is in relation with the pronounced 

variability of initial void ratios and natural water contents, as evidenced in Fig.5. Using data of virgin 

compression lines, a relationship was found between the permeability coefficients in vertical direction 

(kv) and the void ratio (e), that was in agreement with Taylor (1948) law written in semi-logarithmic 

version: log kv = log kv,0 – (eo - e) / Ck. In such expression kv,0 is the permeability coefficient at the in 

situ void ratio (e0) whereas Ck is a permeability change index. Tavenas (1983) proposed to link Ck to 

the in situ void ratio through the following equation: Ck= 0.5•e0.  However, for the investigated 

samples more appropriate values of Ck/e0 were the following: Ck/e0 = 0.35 for FAS formation and 

Ck/e0 = 0.45 for FAI formation. These values were used in the numerical analyses.   

 



 

 

 
Fig. 5. Index properties for FAS and FAI layers: unit weight, water content, void ratio, overconsolidation ratio 
(Legend ○=BH1, ▲= BH2, +=BH3)  

 
Fig. 6 - Cc and Cr from oedometer tests; groundwater pressures from 
piezometers and evaluated vertical obverburden stresses  
(Legend ○=BH1, ▲= BH2, +=BH3)  

Fig. 7 – Horizontal permeability 
coefficients from CPTUs  

 

 

MONITORING SYSTEM AND 

INSTRUMENTATION 

 

An intensive monitoring program was 

conducted in the test area in order to follow 

the consolidation process during the whole 
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test period.  The following instrumentation was installed (Fig.1):   

a) 246 superficial benchmarks installed on top of the test fill and all around the boundaries of the 

embankment;  

b) 9 settlement plates placed at the base of the first Tezontle layer with the aim to monitor 

settlements of the original ground surface from the beginning of the construction works; 

c) a horizontal inclinometer laid below the embankment along the transverse centerline of the 

improved area, to detect the deformed shape of the ground close to base of the fill during the 

test; 

d) a steel pipe inserted in a 47 m deep borehole to measure (by precision leveling on the top) the 

settlements in the deep sediments, i.e. the area subsidence; 

e) 18 magnetic extensometers installed in 3 boreholes aligned along the longitudinal centerline of 

the test fill in the E-W direction. Each boring contained a multipoint extensometer with 6 

measuring magnets positioned at depths ranging approximately from 2 m to 47 m from GL; 

f) 7 vertical inclinometers installed close to the external boundaries of the test embankment;  

g) 15 piezometers installed in 3 different clusters (“islas”) located along the transverse centerline 

of the test fill; each cluster included 5 couples of piezometers each formed by a Casagrande 

piezometer and an electric vibrating wire piezometer; 

h) 2 deep observation wells (PO), to detect possible variations of ground water level (GWL). No 

significant variations were observed in the whole test period;      

i) manometers installed at pump manifolds and at selected terminals of vacuum lines on top of 

drains to check vacuum pressures supplied by each pump and head loss along the vacuum 

lines;    

j) mechanical calipers installed over the tension cracks opened on ground surface close to the fill 

edge to monitor their evolution with time.  

 

Precision leveling of benchmarks and measurements of the other instruments were carried out daily.  

 

CONSTRUCTION PHASES AND LOADING HISTORY  

 

The construction sequence involved the following phases: 

 

i. placing the first layer of Tezontle (height= 0.6 m);  

ii. installing Star-drains from top of Tezontle layer;   

iii. positioning vacuum lines and connecting drain caps to them;  

iv. placing the protective layer of fine Tezontle on the vacuum lines (height=0.3 m);    

v. activation of vacuum pumps and checks of vacuum system performance;    

vi. placing the final layer of Tezontle (height = 1.1m).  

 

The overall duration of vacuum application was 180 days. Monitoring data continued to be collected 

for a period of 60 days after vacuum switch-off.  

 

ANALYSIS OF MONITORING DATA  

 

Settlements at the centre of the embankment  

 

Fig.9 illustrates the time history of settlements measured in the centre of test fill. A final settlement of 

1.97 m was obtained in six months. Settlements stopped very quickly after the vacuum pumps were 

switched off. Based on results of a previous field test conducted in an adjacent area with a traditional 

surcharge fill without vacuum, the performance of the new test fill with vacuum can be considered 

very satisfactory and even better in terms of time to reach the same settlement.   

 

Differential settlements along the transverse centerline   

 



 

 

Fig.10 summarizes data obtained from the horizontal inclinometer. Curves evidence isochronic 

settlement profiles that have almost symmetrical shapes and trends similar to that exhibited by 

traditional embankments. The differential settlements between the center and the boundaries of the 

embankment are influenced by the inward movements of the lateral boundaries caused by vacuum. 

Boundary settlements vary linearly with the corresponding ones detected at the centre. Along the 

transverse centerline a ratio equal to 0.6 between lateral and central settlements was observed: this 

value is practically coincident with that predicted by the elastic theory for traditional embankments.  

 

Deep settlements at centre of fill  

 

Fig.11 shows the trend with depth and time of the vertical settlements measured through the magnet 

extensometers at the center of the trial embankment.  

 

Negligible settlements were measured in the 60 days after vacuum switch-off: the last two lines in the 

figure are practically coincident.  

 

  

Fig. 9 – Settlement at center of test field. The 
green line shows embankment construction 

sequence.  

Fig 10 – Time history of settlements measured by 
horizontal inclinometer  

 

Horizontal displacements outside the vacuum treated area  

 

Fig.12 summarizes the time trend of the lateral displacements measured by vertical inclinometers. The 

following comments can be made: 

a) vacuum application induced significant 

horizontal displacements directed towards the 

embankment body; the displacements 

extended to significant depths reaching, in 

some cases, points near the bottom of the 

casings; 

b) the placement of the final layer of Tezontle 

caused lateral displacements in the outward 

direction with strong deformations on top of 

casing; 

c) after vacuum switch off, the inward lateral 

movements manifested a slight tendency to 

reduce or even revert; 

d) the maximum values measured at ground 

surface at the end of the test in the 

inclinometers installed nearest to the fill 

ranged between 170 and 270 mm, gradually 
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reducing in magnitude moving away  from the improved area; appreciable values (of the order of 50 

mm) were still detected at a distance of 20 m from the border of the embankment.  

According to Mesri and Khan (2012) the ground surface horizontal displacements at the boundary of 

the vacuum treated area are in some relationship with the settlements at the centre of fill. This has been 

confirmed by data gathered in the present trial field; nevertheless the observed trend remained below 

those inferred by the aforementioned authors from the 

analyzed case histories.  

 

Tension cracks close to the outer boundaries of the 

fill.  

Negative pressures applied by vacuum in soil below 

the test fill tend to develop tension cracks on ground 

surface close to the improved area (Seah,2006). 

Theoretical  reasons explaining the formation of such 

cracks have been presented by Chai et al. (2005). 

Local cracks developed along the two minor sides of 

the embankment. Five cracks were observed 

that were oriented approximately parallel to the sides of the embankment, reaching, at the final stage, 

lengths up to 420 mm and opening sizes up to 35 mm.   

 

Pore water pressures variations  

Pore pressures variations measured by piezometers under vacuum application are influenced, among 

other parameters, by the distance of the piezometer tips from the drain pipes. The real position of the 

piezometers with respect to the drain pipes can be affected by possible deviations from the vertical of 

both instruments and drains. This can give rise to unpredictable discrepancies between piezometers 

readings and theoretical predictions.  

The variations of pore pressures measured by piezometers at the center of the fill can be observed in 

Fig. 13. Pressure variations in this figure are corrected for the settlements of the piezometers tips. It is 

worthwhile to point out that both the values and the shapes of the curves in the figure depict pore 

pressures in soil surrounding the drains that are affected by all the uncertainties described above. In 

particular they are not indicative of the vacuum distribution inside the drains.  

 

Water discharge from the vacuum system 

In a one dimensional consolidation process a direct relationship exists between the settlement rate 

(ds/dt) of the ground surface and the flow rate (qw) of water flushed out from the soil. Basing on such 

premise, the daily flow rates qw(t) of water extracted by the vacuum pump feeding the central portion 

of the embankment have been plotted in Fig.14 versus the settlements of the centre of the 

embankment. As can be seen the two curves show a similar trend that can be satisfactorily described 

by an exponential law.  

 

Fig. 11 – Settlement at center of test field 
measured by magnet extensometers 

 

 

 

Fig. 12 – Cumulative displacements measured by a series of 
vertical inclinometers located at 5 m spacing 
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Fig. 13 – Variation of water pressure (average from 
Vibrating-Wire and Casagrande piezometers at the 

center of the embankment) during works. Settlements 
of piezometers are taken into account  

 

Fig 14 – Embankment settlement at the centre of 
the fill (black line) vs water discharge from 

pumping system (blue line)  

NUMERICAL MODELING  

 

Theoretical analyses of soil improvement using vacuum assisted surcharge fills with drains has formed 

the object of numerous investigations. According to the nature and properties of the treated soils along 

with the design requirements of the structures/building to be built on them, several methods have been 

proposed to model fill behavior, such as: analytical solutions based on  radial consolidation theory 

applied to single drain axisymmetrical unit cell approach (Chai et al, 2010; Chai and Carter, 2011; 

Perera et al., 2016; Geng et al. 2012); unit cell approach implemented in numerical codes using the 

finite difference method (FDM) (Khan, 2010; Mesri and Khan, 2010) or the finite element method 

(FEM) (Indraratna et al, 2005); simplified 2-D and 3-D  FEM analyses  of multi drain nets 

(Rujikiatkamjorn et al., 2008). In the following only a general information on the adopted  code and 

the results obtained is  given.  

 

Numerical code adopted  

 

Numerical analyses were carried out by ILLICON code developed at Department of Civil and 

Environmental Engineering of Illinois University, Urbana-Champaign (USA) (Funk and Mesri, 2014). 

The code is a finite differences software based on the one-dimensional consolidation theory for clay 

proposed by Mesri and Rokhsar (1974) and further enlarged by Choi (1982). Among the key features 

of the code we mention (Khan, 2010; Mesri and Khan, 2010, 2012): multi layer soil profile, totally and 

partially penetrating drains, presence of horizontally draining layers, anisotropy of the hydraulic 

conductivity of soil layers, changes in compressibility and permeability during primary consolidation, 

variations of  permeability and compressibility inside the smear zone, submergence of ground surface 

during consolidation, well resistance of drains, vacuum pressure distribution inside the drains, any 

loading history including combinations of fill surcharge and vacuum.  

 

Model assumptions  

 

Pore water pressure profile and initial overburden stress profile were assumed in  accordance with Fig. 

6. Soil parameters of sub-layers were inferred from data reported in Figs. 5 and 6. The complete 

compression curves shown in Fig. 8 were directly input in the calculations. The in situ initial 

horizontal permeability coefficients Kh,o were assumed to coincide with those gathered from CPTU 

dissipation tests (Fig. 7). Taylor (1948) equation with ck values previously reported was adopted to 

describe the variation of kh with void ratio.  

Drains system was characterized by the following parameters: length of drain: L =28 m  from GL ; 

drain diameter: Dw= 30 mm; mandrel diameter: Dm= 60 mm; equivalent diameter of the unit cell : 

De=1.26 m; diameter of the smear zone: Dsmear= 2• Dm ; operational in situ drain discharge capacity: 
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qw=75 m3 per year ; sealed length on the upper portion of drains: 2 m below GL. Horizontal 

conductivity in the smear zone ( kh,sm) was assumed to vary linearly with radius and the ratio kh,sm / kh 

was taken, on average, equal to 0.6. Compressibility properties in the smear zone was considered to 

correspond to those of fully remolded samples defined by the intrinsic compression line proposed by 

Burland (1990).  

According to Chai et al. (2010) for one way drainage case, a trapezoidal vacuum pressure distribution 

inside the drains was assumed to account for the presence of the upper sealed portion; after a linear 

trend near the top, a constant vacuum pressure distribution was considered in the remaining part with a 

value corresponding to the vacuum pressure measured on top of drains at connections  with the 

vacuum lines: 60 kPa in stabilized conditions, . 

 

Results of numerical analyses  

 

Fig. 9 shows the trend with time of surface settlements in the centre of fill predicted by numerical 

analyses along with those evaluated at the elevations at which magnet extensometers were installed. In 

fig 15 the same data are plotted against the depth for different construction steps. In both cases the 

agreement is very satisfactory. The average consolidation degree predicted by ILLICON code  was 

approximately 70% . 

 

 

 

 

CONCLUSIONS  

 

The main purpose of the trial test was to verify the capability of a drain to drain vacuum application 

method combined with a preloading fill to be successfully applied under extremely difficult soil 

conditions such as those existing in the construction area of the new International Airport of Mexico 

City. StarDrains were adopted to accelerate soft soil consolidation. To this aim an intensive 

monitoring program was carried out to control the effects induced in the subsoil by the consolidation 

process. Monitoring comprised all the period of construction and also a period of 60 days after 

vacuum switch off. During this period the instrumentation installed provided a conspicuous amount of 

data allowing to draw the following conclusions: 

a) the drain to drain vacuum system adopted proved able to maintain the vacuum pressure almost 

constant, on average 70 kPa at the pump manifolds, for the whole duration of the trial field. This value 

can be considered to be almost equivalent to the placement of a layer of basalt having approximately a 

height of 3 m;  

b) the vacuum assisted preloading fill with drains was very effective inducing settlements that, at the 

centre of fill, reached a value close to 2 m and an average consolidation degree approximately equal to 

70%. A much longer time would have been necessary for a traditional preloading system without 

vacuum to cause the same settlements (as demonstrated by  results gathered by a traditional surcharge 

embankment tested before in the same area); 

d) settlements at the internal boundaries of the fill varied linearly with the settlements at the fill centre 

remaining confined in a ratio of approximately 0.4 to 0.6 with respect to the latter one. Significant 

settlements (of the order of various centimeters were still detected at a distance of 20 m from the 

border of the embankment. 

e) lateral displacements outside the fill were influenced by construction history and vacuum 

application, relatively small and directed towards the fill. The maximum values observed at ground 

surface on the inclinometers located nearest to the embankment ranged between 170 and 270 mm. 

Significant values were still observed at a distance of approximately 20 m from the embankment.  

f) pore pressures variations measured by Casagrande and vibrating wires piezometers were in 

acceptable agreement, the latter showing a prompter response to loading and vacuum application.  

g) ground surface settlements and deep settlements predicted by numerical analyses were in good 

agreement with the corresponding ones measured at the center of fill. This shows the possibility to 

extend trial field results to the design of larger embankments.  



 

 

 

 
 
Fig. 15 – Evolution of settlement with time: comparison between 
numerical predictions (continuous lines) and field measurements 
(dotted lines) from extensometers at different depths.  

Fig. 16 -  Comparison of 
measured (diamonds) and 
predicted (continuous lines) 
settlements at field centre.  
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