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ABSTRACT: For the construction of roads and runways in the Valley of Mexico, which are primarily situated on soft soils, the 
evaluation of different construction procedures that enable the identification of a foundation solution to achieve an adequate load 
transfer and prevent excessive and differential deformations in the soil deposit is important. In this study, the applicability and 
functionality of the partial mass compensation technique as a possible foundation solution for roads and runways on soft soils are 
evaluated. To analyze the behavior of this foundation solution, a trial embankment was built on highly compressible soils, and a 
comparative analysis was performed between the measurements of the instruments installed in the field and the numerical estimations 
obtained with the finite elements program PLAXIS 2D. 

RÉSUMÉ : Pour la construction de routes dans la vallée de Mexico, qui sont principalement situés sur des sols mous, l'évaluation des 
procédures de construction différentes qui permettent l'identification d'une solution de base pour obtenir un transfert de charge adéquate et 
prévenir les déformations excessives et différentielles dans le dépôt du sol est importante. Dans cette étude, l'applicabilité et la 
fonctionnalité de la technique de compensation de masse partielle comme une solution possible pour les routes de fondation sur les sols 
mous sont évalués. Pour analyser le comportement de la solution de fondation esta, un remblai d'essai a été construit sur des sols très 
compressibles, et une analyse comparative a été réalisée entre les mesures des instruments installés sur le terrain et les estimations 
numériques obtenus avec le programme PLAXIS 2D des éléments finis.

KEYWORDS: Partial mass compensation, foundations, roads, numerical modeling, soft soils. 
 
1  INTRODUCTION 

The Valley of Mexico is a closed basin that began a deposition 
and chemical weathering process of alluvial materials and 
volcanic ashes after its formation (Santoyo et al., 2005). The 
lacustrine sedimentation environment that originates from the 
closed basin promoted the formation of highly compressible 
clayey soils with low shear strengths and high water contents. 
The construction of embankments, paved roads and airport road 
infrastructure in the Valley of Mexico presents significant 
settlement problems that affect the operation and service 
conditions. 

Aguirre and Zarate (1985) implemented the partial mass 
compensation method for road construction on compressible 
soils in the Valley of Mexico. This method is based on 
removing a certain amount of material in situ and replacing it 
with the material that will constitute the paved road structure. 
The goal is to minimize the net pressure increase that is 
generated by the overload of the pavement on the soil deposit, 
which minimizes deformations in the deposit.  

This study investigates the behavior of a trial embankment 
that is built in the lacustrine deposits of the Valley of Mexico 
and applies the partial mass compensation technique as a 
foundation system. To analyze the behavior of this structure, 
numerical models were built in the finite-elements program 
PLAXIS 2D; their results were compared with the 
measurements obtained by instrumentation installed in the field.  

2   TRIAL EMBANKMENT WITH PARTIALLY 
COMPENSATED SECTION  

To evaluate the applicability and functionality of the partial 
mass compensation technique as a possible foundation solution 
for roads and runways on soft soils, a 60 m by 60 m trial 
embankment was built in the zone of the former Lake Texcoco 
in the Valley of Mexico between September 29 and December 1, 
2014. 

2.1 Geotechnical site model 

Considering the geotechnical complexity of the site where the 
trial embankment was built, an exploration campaign was 
performed. It consists of three CPT tests at a depth of 30 m, 
three SPT tests at a depth of 60 m, and one SM test with 
selective sampling at a depth of 40 m (refer to Figure 1).  
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Figure 1. Locations of the geotechnical tests and the piezometric station. 
 

From the geotechnical exploration results, three lacustrine 
clayey formations with low shear strengths and high 
compressibilities were identified in the study area. These 
formations were denominated the Upper Clayey Formation 
(UCF), the Lower Clayey Formation (LCF), and the Deep 
Clayey Formation (DCF) and are separated by stronger material 
strata with lower water contents (silts and sands). Based on the 
cone penetration test (CPT) and the laboratory tests of the 
altered and unaltered samples obtained from the Standard 
Penetration and Selective-Sampling tests, the geotechnical site 
model described in Table 1 was defined. 
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Table 1. Geotechnical site model. 
 

Stratum Depth [m] 
Thickness 

[m] 
w [%] 

γ 
[kN/m3] 

E´ 
[kPa]

v´ e0 λ* K* Cα/Cc OCR 
cu 

[kPa] 
φ´ 
[°] 

K0 k [cm/s] 

Crust 0.00 0.50 0.50 - 14.50 4825 0.25 - - - - 1.50 125 35 0.54 1.00E-05
UCF 1 0.50 4.00 3.50 245.56 12.04 - - 6.97 0.368 0.020 0.015 2.50 52 47 0.52 5.50E-08
Lens 4.00 4.60 0.60 - 15.00 15000 0.33 - - - - - - 35 0.43 8.00E-04

UCF 1 4.60 9.90 5.30 245.56 12.04 - - 6.97 0.368 0.020 0.015 2.14 52 47 0.46 5.50E-08
Lens 9.90 10.50 0.60 - 15.00 15000 0.33 - - - - - - 35 0.43 8.00E-04

UCF 2 10.50 20.20 9.70 176.68 12.51 - - 7.74 0.364 0.039 0.015 2.14 96 44 0.52 5.50E-08
Lens 20.20 20.70 0.50 - 15.00 15000 0.33 - - - - - - 35 0.43 8.00E-04

UCF 3 20.70 22.20 1.50 214.82 12.12 - - 6.53 0.376 0.026 0.015 1.77 89 42 0.48 5.50E-08
Lens 22.20 22.70 0.50 - 15.00 15000 0.33 - - - - - - 35 0.43 8.00E-04

UCF 3 22.70 30.00 7.30 214.82 12.12 - - 6.53 0.376 0.026 0.015 1.77 89 42 0.48 5.50E-08
HL 30.00 32.50 2.50 - 18.00 30000 0.33 - - - - - - 45 0.29 1.00E-04
LCF 32.50 35.00 2.50 201.60 12.12 - - 6.49 0.356 0.030 0.015 1.00 114 44 0.40 1.00E-08
Lens 35.00 36.20 1.20 - 15.00 15000 0.33 - - - - - - 35 0.43 8.00E-04
LCF 36.20 44.40 8.20 201.60 12.12 - - 6.49 0.356 0.030 0.015 1.00 114 44 0.40 1.00E-08
DD 44.40 48.10 3.70 - 18.00 30000 0.33 - - - - - - 45 0.29 1.00E-04
DCF 48.10 53.40 5.30 116.66 13.05 - - 3.78 0.210 0.012 0.015 1.00 - 40 0.36 1.00E-08
Lens 53.40 54.00 0.60 - 15.00 15000 0.33 - - - - - - 35 0.43 8.00E-04
DCF 54.00 60.00 6.00 116.66 13.05 - - 3.78 0.210 0.012 0.015 1.00 - 40 0.36 1.00E-08

w = Water content                            K* = Slope of the recompression curve in the         φ´ = Effective friction angle 
γ = Specific weight                           Ln p´ - εv plane                                       K0 = Earth pressure coefficient at rest 
E´ = Drained elastic modulus                 OCR = Overconsolidation ratio                       Cc = Compressibility index                                        
v´ = Drained Poisson’s ratio                  k = Permeability                                      Cα = Secondary compressibility index 

e0 = Void ratio                               cu = Undrained shear strength                     
λ* = Slope of the compression curve in the 
    Ln p´ - εv plane                          
 
 

2.2 Construction process 

Construction of the trial embankment was performed by 
excavation at a depth of 1.70 m. The central section was 
substituted with tezontle beds (light volcanic rock) separated by 
geotextile, whereas well-granulated gravel was placed at the 
edges. The function of the gravel is to increase the load 
transmission on the natural terrain at the edges and homogenize 
the distribution of settlements throughout the section. In 
addition, the gravel prevents large changes in the cross-
sectional slope of the structure over time. Next, Figure 2 
presents the cross-section of the trial embankment. 
 
Kl{

 
Figure 2. Cross-section of the trial embankment. 
 
 

Table 2 and Table 3 present the specific weights and 
thicknesses of the materials proposed for the partially 
compensated foundation system and the material excavated 
from the study site, respectively. The information in these tables 
indicates that the net pressure transmitted onto the foundation 
soil during construction of the pavement structure was only 
0.48 t/m2 (2.70 t/m2 - 2.22 t/m2). 
 
 
 
 

 
 
 

Table 2. Materials of the pavement structure 
 
Materials γ (t/m3) Thickness (m) Pressure (t/m2)
Tezontle 1.24 1.10 1.36 
Hydraulic base 2.09 0.15 0.31 
Stabilized base 2.32 0.15 0.23 
Asphalt base 2.26 0.25 0.56 
Asphalt carpet 2.28 0.10 0.23 
  Total 2.70  
 
Table 3. Excavated materials 
 
Materials γ (t/m3) Thickness (m) Pressure (t/m2)
Surface crust 1.48 0.50 0.74 
UCF* 1.23 1.20 1.48 
  Total 2.22 
*Upper clayey formation 
 
2.3 Instrumentation 

To monitor the trial embankment behavior during and after its 
construction and perform comparative analyses with the 
numerical models, monitoring instruments were placed in 
different zones and at different depths. The instrumentation that 
was installed is described as follows: 
 

 371 surface references with a spacing of 5 m, which 
were installed over the pavement (refer to Figure 3). 

 9 bank levels (refer to Figure 3) 
 1 piezometric station (EPZ-2), which consists of three 

Casagrande-type piezometers located at depths of 4, 9 
and 18 meters with respect to the natural terrain surface. 

 5 pressure cells (TC-CP), which were installed at the 
elevations indicated in Table 4, whose locations are 
presented in Figure 4. 

 2 inclinometers (TC-IN) with a length of 30 m (refer to 
Figure 4). 
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Table 4. Installation depths  
 
Pressure cells Location 
TC-CP-01 At the soil-tezontle interface 
TC-CP-02 At the soil-tezontle interface 
TC-CP-03 At the tezontle-hydraulic base interface 
TC-CP-04 At the soil-tezontle interface 
TC-CP-05 At the tezontle-hydraulic base interface 
 
 

Level banks under the embankment (cross section)

North

 
 
Figure 3. Locations of level banks and surface references. 
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Figure 4. Locations of pressure cells and inclinometers. 

3   NUMERICAL MODELING 

To interpret the instrumentation records, two-dimensional 
numerical analyses were performed with the finite elements 
method using the program PLAXIS 2D V 2016 (Brinkgreve et 
al., 2016). A plane strain model, which consisted of 10,037 
elements and 80,863 nodes, was built. This model comprehends 
the stratigraphic sequence and the pavement structure (refer to 
Figure 5). 

The measurements obtained in the period between 
September 2014 and July 2016 were considered for the 
comparative analyses with the numerical model. The settlement 
analyses were performed based on the topographic levels of the 
surface references on top of the pavement and on the records 
from the three Casagrande-type open piezometers that were 
installed at different depths (4 m, 9 m and 18 m) of the trial 
embankment. 

The numerical modeling provided additional information 
that enabled the advantages and disadvantages of the partial 
mass compensation solution to be determined and its 
applicability in different topographic and geotechnical 
conditions of the study site. 
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Figure 5. Stratigraphy of the site and the compensated embankment. 
 
3.1 Results analysis 

To validate the results obtained by the numerical modeling and 
ensure that they adequately represent the stress-strain behavior 
of the partially compensated trial embankment, the pore 
pressure results and the calculated settlements were compared 
with the piezometric records and the readings of the surface 
references. 

To calibrate the numerical model, the instrumentation 
readings obtained in a time interval of 594 days from the end of 
the embankment construction process (December 1, 2014) to 
July 2016 were considered. 

Figure 6 presents the pore pressure evolution results at 
depths of 4 m, 9 m and 18 m, which were obtained with the 
program PLAXIS 2D, and the records of the three Casagrande-
type open piezometers that are located on the site at the same 
depths. This figure reveals that the numerical model results and 
the field measurements display similar behaviors. 
 

Construction ended (01/12/2014)

Last reading (04/03/2016)

 
Figure 6. Pore pressure evolution 459 days after the end of the 
construction process.  
 

Figure 9 presents the settlement evolution of the center 
(Point E) and shoulders (Point A, Point I) of the study section, 
due to consolidation during the first 594 days, which was 
caused by the overloads of the materials of the pavement 
structure. These settlements are with respect to the section 
center (Point E) at the end of the construction process. 
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Figure 7. Settlement evolution 594 days after the end of the 
construction process. 
 

Figures 8 through 12 present the settlement evolution of 
section N, which is located at the center of the study section 
(refer to Figure 3). These settlements are also with respect to 
the section center (Point E) at the end of the construction 
process. 

Note that the surface reference records were corrected to 
eliminate the effect of regional sinking in the study zone, which 
has an average sinking rate of 11 cm/year. This correction was 
performed to compare these records with the values obtained 
from PLAXIS 2D. 
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Figure 8. Trial embankment cross-section after the end of the 
construction process. 
 

 
Figure 9. Cross-section 60 days after the end of the construction process. 
 
 

 
Figure 10. Cross-section 270 days after the end of the construction 
process. 
 

 
Figure 11. Cross-section 394 days after the end of the construction 
process. 
 

 
Figure 12. Cross-section 594 days after the end of the construction 
process. 
 
 

As shown in Figure 12, 594 days after the end of the 
construction process, the edges of the pavement structure 
present settlements of 42 cm with respect to the center section. 
The numerical models adequately represent the trial 
embankment behavior that was measured onsite. 

4 CONCLUSIONS  

The partial mass compensation method, as a foundation 
solution, is a feasible and economically viable solution for 
reducing consolidation settlements induced on soil by paving 
structures when the natural terrain coincides with or is near a 
road surface. This solution is not applicable when fillings are 
necessary or when terrain depressions exist that may cause 
flooding. 

The geotechnical conditions that prevail in the analyzed 
trial section are not representative of other sites of the former 
Lake Texcoco.  

For the case of clays in the Valley of Mexico, the 
applicability of the partial mass compensation method is also 
dependent on the thickness of the surface crust, given that the 
specific weight of this layer favors the compensation of 
effective soil stresses. 
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