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ABSTRACT:  The flat dilatometer DMT is an in-situ test where a wedged blade is inserted into the ground and then a 

circular membrane is expanded to measure inflation and deflation pressures. Since the inflation pressure is counteracted by 

the soil horizontal stress, soil geotechnical parameters can be correlated. However, the pressure readings are carried out on 

soil affected by the blade insertion. This fact has motivated this work, which focuses on the displacements and stresses 

variations caused by the blade insertion in sand. Numerical simulations were performed using 2D and 3D finite element 

models in Abaqus adopting an explicit scheme, which allows the modelling of the blade insertion in consecutive steps and, 

subsequently, the membrane expansion. 2D and 3D results in loose sand show that during blade insertion, high stresses are 

concentrated in front of the blade wedge, i.e., close to the blade tip. Moreover, in front of the membrane, stress levels were 

found to significantly reduce after the blade insertion. Furthermore, during membrane expansion, horizontal stresses in front 

of the membrane increased up to values in the range of those found during insertion in the blade wedge. It can be concluded 

that despite the alteration in the soil in front of the membrane due to the blade insertion, the soil recovers almost to the 

original stress state, allowing subsequent inflation pressures to represent the in situ soil state closely. 
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1 INTRODUCTION 

The flat dilatometer DMT is an in-situ test that 

consists in the vertical insertion of a steel blade into 

the ground and a subsequent lateral expansion against 

the ground by means of a circular membrane located 

on one blade face (Marchetti, 1980; Marchetti et al., 

2001; ASTM D6635, 2015; EN ISO 22476-11, 

2017). The first inflation corresponds to the lift-off 

pressure p0 and the second full membrane expansion 

of 1.1 mm corresponds to the pressure p1. As the 

blade usually penetrates every 20 cm into the ground, 

the soil around the blade has to move away to allow 

the blade to advance. This means that when tests are 

carried out, the pressure recordings are obtained on 

the displaced soil. This unavoidable consequence can 

change the initial in-situ conditions. However, due in 

part to the wedge-shaped tip of the flat blade, the 

blade insertion may not modify significantly the 

initial soil conditions compared to other penetration 

tests such as CPT.  

If the blade insertion did not cause disturbance in 

the surrounding  soil,  the lift-off  pressure  p0 would 

  

 

correspond to the total horizontal stress at rest.  

However, this is not the case because the soil is 

displaced during the blade insertion, which causes 

soil rearrangement and stress changes. This soil 

perturbation process has been recognised for cone 

and wedge-shaped penetration tips (Baligh and Scott, 

1975). Attempts to experimentally study the flat 

blade penetration process in sand are very recent 

(Fumeron et al., 2024). Although there have been 

numerical studies, they have been carried out under 

undrained conditions in saturated clay and without 

membrane expansion (Baligh and Scott, 1975; 

Huang, 1989; Finno, 1993; Whittle and Aubeny, 

1993; Yu et al., 1993; Kouretzis et al., 2015; Silvestri 

and Abou-Samra, 2021).   

DMT testing has been used in offshore site 

investigations since the late 1980s (Lunne, 1987). 

However, it has frequently been limited to a 

maximum water depth of 50 m due to the 

requirements of the pneumatic cable used to supply 

pressure to inflate the blade (Cavallaro et al., 2013; 

Marchetti, 2018). The most recently developed 



3- Constitutive models and soil behaviour modelling | M. Cáceres, F.A. Villalobos, J. Fumeron, L.F. Prada-Sarmiento & R. Moffat  

2 Proceedings of the 5th ISFOG 2025 

medusa DMT (Marchetti, 2018) eliminates the 

pneumatic-electric cable used in traditional DMT test 

configuration, which could allow deeper water depth 

measurements in the future. Numerical models such 

as this work could allow us to analyse the possible 

influence of higher water pressure on membrane 

expansion and, therefore, study its effects that can be 

confirmed later with in-situ testing. 

Drained conditions have been assumed in 

numerical studies using the finite element method 

FEM (Balachowski, 2006; Luo and Xu, 2006) and the 

discrete element method DEM (Xu and Frost, 2015; 

Butlanska et al., 2018). Balachowski (2006) 

modelled the DMT calibration in chamber conditions 

in sand including the blade insertion (normally 

assumed as wished-in-place) and membrane 

expansion. Luo and Xu (2006) simulated the 

generation of plastic deformations around the DMT 

blade. Xu and Frost (2015) and Butlanska et al. 

(2018) have carried out 2D and 3D DEM analyses 

(including membrane expansion), respectively. 

However, the analyses of Butlanska et al. (2018) are 

limited to large spherical soil particles, which 

substantially reduce the pressures applied on the 

membrane due to the few particles in contact with the 

membrane.  

It is worth pointing out that the majority of the 

DMT research for data interpretation has been based 

on empirical approaches neither considering directly 

the penetration nor the membrane expansion process. 

Notwithstanding numerical studies of DMT have 

been performed mostly in clay compared to those in 

sand. Only a few have considered the penetration and 

expansion in drained conditions directly. However, 

they are very limited owing to scaled-up particle size 

effects. It is important to bear in mind that DMT 

results have been considered well-suited for 

estimating geotechnical parameters for serviceability 

conditions, for instance, for settlement estimations 

(Schnaid, 2009) and diaphragm wall displacements 

(Rabaiotti et al., 2015). However, no clear 

explanation has been given for this good 

performance.   

In this research, 2D and 3D FEM models were 

developed for the analysis of the blade insertion 

process followed by the membrane expansion. This 

includes the blade penetration effect on the pressures 

obtained during membrane expansion. Stress 

analyses in the sand around the blade allow the 

determination of the membrane pressures. A 

distinctive feature in this study is the incorporation of 

an explicit numerical approach that allows for the 

consideration of large displacements during blade 

penetration and membrane expansion.  

2 METHODOLOGY 

2.1  FE model  

The modelling of the flat dilatometer test was 

undertaken by means of 2D and 3D FEM models 

using the software Abaqus (Dassault Systèmes, 

2013). Penetration processes are considered complex 

to model because of their kinematic nature, where 

large strains can develop. The adoption of a 

numerical explicit scheme reduces the modelling of a 

dynamic process to a series of quasi-static events 

under static equilibrium. This means that stresses and 

strains modify in every step with the purpose of 

adjusting changes in displacement conditions. Each 

step simulates the next penetration depth in a pseudo 

time interval since time is not really considered in the 

analysis. The wall and blade shown in Figure 1 are 

modelled using Abaqus R2D2 discrete rigid link 

elements for 2D analyses and R3D4 rigid bilinear 

quadrilateral elements with four nodes for 3D 

models. These elements move like a rigid body 

without deformation. The soil domain is modelled 

using 4 nodes CPE4R deformable quadrilateral 

elements for 2D models and 8 nodes C3D8R lineal 

brick elements for 3D modelling with reduced 

integration and hourglass control. The blade is 

pushed into the soil in intervals of 20 cm in 10 steps, 

which reproduces a 2 cm/s penetration (Figure 1). 

Interface frictional contact is defined using a master-

slave surface kinematic algorithm. The master 

surfaces are defined on the blade and membrane, 

while the slave surface corresponds to the soil nodes 

that will come into contact with the blade or the 

membrane. A Coulomb friction formulation is 

assumed for the steel/soil contact where µ = tan(𝜙𝜙′/6) 

is used as the tangential friction coefficient and 𝜙𝜙′ is 

the soil effective friction angle. Figure 1 shows 2D 

and 3D FE models. Figure 2a shows the instant 

before the blade insertion, while Figure 2b shows the 

final 20 cm insertion.   

Figure 1. Model geometry showing the 2D and 3D FE 

mesh, symmetry condition and principal dimensions. 
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Figure 2. Blade before and after 20 cm of insertion 

2.2 Soil 

Table 1 presents the values of the soil parameters for 

the Mohr-Coulomb constitutive model adopted in the 

simulations, representative of loose (DR = 17%) Bío 

Bío sand (Villalobos, 2016). 

 
Table 1. Soil parameters  

Parameter Value 

Unit weight γ, kN/m3 19 

Poisson’s ratio v 0.25 

Young’s modulus E, MPa 28 

Angle of friction 𝝓𝝓′, degrees 37 

Angle of dilation ψ, degrees 2 

Cohesion c, kPa 0 

3 NUMERICAL RESULTS  

3.1 Blade penetration  

From 2D analyses, a field of displacement vectors 

was determined as the blade advances indicating the 

movement magnitude and direction followed by the 

displaced soil. Figure 3 shows the sequence from 2 to 

20 cm of blade penetration in a loose soil with a 

relative density DR = 17%. It can be observed that a 

horizontal movement of the soil next to the blade 

prevails although some downwards component also 

appears. It is worth highlighting that the horizontal 

displacement magnitude next to blade is between 7 

and 9 mm, which validates the 7.5 mm blade half 

thickness corresponding to the distance of soil 

displaced. The soil further away tends to move 

upwards with magnitudes up to 22 mm in order to 

accommodate the soil displaced by the blade 

insertion.  

       The distribution of the horizontal stress σ_h is 
shown in Figure 4a for a depth of 1.4 m. For this 

depth confinement is starting to take place compared 

to the previous case of ground surface insertion onset 

shown in Figure 3 (0.2 m).  

 

Figure 3. Sequence of blade insertion showing 

displacement vectors for DR = 17% 

 

The stress values shown in this and the following 

figures correspond to absolute values. The 

distribution of the horizontal stress 𝜎𝜎ℎ is shown in 

Figure 4a for a depth of 1.4 m. For this depth 

confinement is starting to take place compared to the 

previous case of ground surface insertion onset 

shown in Figure 3 (0.2 m). The concentration of high 

values of 𝜎𝜎ℎ can be clearly observed on the edge of 

the blade tip. This concentration occurs because the 

wedge pushes the soil laterally to both the left and 

right sides to open the way to the blade advance. This 

significantly compresses the soil, resulting in high 

values of 𝜎𝜎ℎ R up to almost 100 kPa. Moreover, above 

the wedge and in front of the membrane 𝜎𝜎ℎ R 

significantly reduces after the blade passes. 

Therefore, there is a stress redistribution in the soil, 

since the same soil becomes highly compressed due 

to the wedge pushing it away, but once the wedge has 

passed, a stress relaxation occurs in the soil. A similar 𝜎𝜎ℎ reduction has been found in the CPT sleeve above 

the cone tip (Hughes and Robertson, 1985; Marchetti, 

2015). An arching mechanism develops in the sand 

around the tip, where the sand becomes stiffer due to 

the high stress level, not allowing 𝜎𝜎ℎ to increase 

above the tip.  

(a)                                        (b) 

Figure 4. Stress contours for 1.4 m of blade penetration, 

DR = 17%: a) horizontal stress and b) shear stress (in kPa)  

 

The shear stress distribution is shown in Figure 4b, 

where the same concentration of shear stress 𝜏𝜏 on the 
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blade wedge can be observed, but differently to 𝜎𝜎ℎ, 

another area of shear stress concentration appears. 

This second stress concentration has lower and 

negative values of 𝜏𝜏− and occurs almost 

perpendicularly above the 𝜏𝜏+ positive concentration 

zone. The values of 𝜏𝜏− are less than half the values 

of 𝜏𝜏+ and although they cover some soil in front of 

the membrane, this soil is not in contact with the 

membrane since it is away from the blade. Positive 

values represent an upward direction of 𝜏𝜏 and 

negative values a downward direction.  

Figure 5 shows the major and minor principal 

stresses 𝜎𝜎1 and 𝜎𝜎3 respectively, where the largest 

components of 𝜎𝜎1 occur almost perpendicular to the 

wedge (inclination between 13° and 19°). In this 

stress concentration zone 𝜎𝜎1 is up to four times much 

larger than 𝜎𝜎3.  

Figure 5. Orientation and magnitude of principal stresses 

(in kPa) for 1.4 m of blade penetration, DR = 17%  

3.2 Membrane expansion 

Once the blade penetration is stopped, the 60 mm 

diameter membrane is expanded by 1.1 mm. As a 

consequence, stresses concentrate in front of the 

membrane as shown in the simulation in Figure 6a, 

where the horizontal stress distribution in the soil due 

to this membrane expansion is illustrated. In Figure 

4a, the maximum stress value next to the wedge 

caused by the blade penetration was 𝜎𝜎ℎ 𝑚𝑚𝑚𝑚𝑚𝑚 = 96.7 

kPa, while in Figure 6a the membrane expansion 

causes some lower values of 𝜎𝜎ℎ 𝑚𝑚𝑚𝑚𝑚𝑚 = 90.2 kPa. Note 

that the average stress in the soil in front of the 

membrane corresponds to the corrected DMT 

pressure p1. In the actual DMT test, gas under 

pressure is applied from inside the membrane to 

expand it against the ground. Then a correction is 

needed to account for the membrane stiffness. 

However, no correction is required in the simulations 

since this pressure is directly obtained in the soil     

(𝑝𝑝1 = 𝜎𝜎�ℎ), hence there is no need for a correction 

substracting the membrane stiffness.  

 
(a)                                       (b) 

Figure 6. Stress contours during membrane expansion for 

1.4 m of blade penetration, DR = 17%: a) horizontal stress 

and b) shear stress (in kPa)   

 

Shear stress contours in Figure 6b show that high 

values of 𝜏𝜏− P

 are touching the membrane only in some 

narrow zones, whereas the maximum 𝜏𝜏+ P

 and 𝜏𝜏− are 

some distance apart from the membrane. Although 𝜏𝜏− > 𝜏𝜏+, the area of soil under 𝜏𝜏+ is larger than that 

under 𝜏𝜏−. Therefore, p1 cannot directly capture shear 

stresses.  

Despite the direction variability irradiating from 

the membrane, the distribution of the major principal 

stress 𝜎𝜎1 in Figure 7 shows the prevalence of the 

horizontal stress component in front of the 

membrane. This results in the largest value of 𝜎𝜎1  

perpendicular to the membrane. The minor principal 

stress 𝜎𝜎3  is then the vertical stress, which is around 

half 𝜎𝜎1. 

Figure 7. Magnitude and orientation of principal stresses 

during membrane expansion for 0.2 m of blade penetration 

and DR = 17% (in kPa)  

3.3 3D modelling 

From 3D modelling, the results of displacements 

across the middle of the blade are shown in Figure 8. 

Next to the blade, the predominance of horizontal 

displacement vectors is corroborated, although with 

some pointing upwards above and downwards on the 

wedge. Away from the blade, the direction of vectors 

tends to be upwards. The orientation pattern of the 

displacement field and the maximum displacements 

around 2 cm are similar to the results obtained in the 

2D analysis (last sequence in Figure 3).  
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Figure 8. Displacement vectors at 0.2 m of blade 

penetration (in m) 

 

The distribution of the horizontal stress from 3D 

analyses is shown sequentially in Figure 9 from 5 to 

20 cm of blade penetration. During the blade 

penetration, stresses concentrate incrementally at the 

blade wedge. The high stresses in the soil are caused 

by wedge compression, which densifies the soil. 

Once the blade progresses downwards, the soil is 

pushed aside and the stress level is significantly 

reduced above where the membrane is positioned. 

These results confirm the 2D patterns of stress 

concentration in the blade wedge, which occurs from 

the insertion onset.  

Figure 9. Stress contours in a sequence of surface blade 

insertion showing horizontal stress (in kPa),  DR = 17% 

 

A comparison between 2D and 3D results of vertical 

stress variation at 0.4 m is illustrated in Figures 10a 

and 10b. The distribution of stress contours are 

similar, although the values are lower in 2D.  

 

 

 

 

 

(a)                                    (b) 

Figure 10. Vertical stress contours at 0.4 m of blade 

insertion (in kPa),  DR = 17%, a) 2D and b) 3D 

 

4       CONCLUSIONS 

 

2D and 3D FE explicit numerical analyses have been 

performed for modelling the insertion and membrane 

expansion of the dilatometer blade. It was found that  

a  stress  concentration  occurs  at  the  blade  wedge 

during    penetration.   However,   in   front   of    the 

membrane,  where  the  DMT test  measurements are 

carried out, the stresses reduced from the high 

magnitudes in the wedge. During membrane 

expansion, horizontal stresses in front of the 

membrane increased up to values slightly lower than 

those found during insertion in the blade wedge. 

It can be concluded that despite the alteration in the 

soil in front of the membrane due to the blade 

insertion, the soil recovers almost to the original 

stress state because of densification, allowing 

subsequent inflation pressures to represent the in situ 

soil state closely. Finally, the patterns of 

displacement and stress distributions from 3D 

analyses were in general agreement with those from 

2D analyses. Nevertheless, stresses obtained in 2D 

analyses were lower than in 3D models. Further 

research is needed for the study of the DMT in denser 

soils and in deeper soil deposits as well as the effect 

of blade installation on the interpretation of 

geotechnical parameters from DMT results.  
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