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Abstract

This paper describes research done on a new testing device including its laboratory test
procedure, namely a laboratory punching test for cementitious backfill materials to evaluate
their excavatability with a pick. 3D and 2D numerical studies in using a finite element method
were carried out according to calibrated parameters of the material obtained by triaxial tests.
This made it possible to study the behavior of the backfill material under action induced by a
tool (a pick) as well as to optimize the geometry of the punching test specimen. This paper
provides detailed information and results for the experimental study of this laboratory test.
Attention was particularly focused on energy relating to displacement as well as types of
ruptures. The behavior of these types of material was found to be greatly influenced by gravel
in the material. Repeatability of the test was also studied. Finally, a method for this punching

test of backfill materials is also provided.

Keywords: cement treated materials, excavatability, impact energy, punching test,

repeatability

Introduction

CLSMs have the specificity of being self-leveling and have a non-confined compressive
strength lower than 8 MPa (ACI 2009). Used as backfill materials, they make it possible to
reduce trench widths and limit excavated earth, skilled labor, compacting and controls. This
point is of interest for a gas supplier like Engie, but these materials, made of cementitious
binder, must be excavatable (easily removable) on the long-term because when a leak appears

on a gas distribution network, rapid intervention has to take place, with limited disturbance to
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the neighborhood. Unfortunately, today the assessment of this excavatability is still an
unsolved important issue.

Currently, a first classification can be done based on observed in situ ratings of excavation,
but this approach is not predictive. The non-confined compressive strength is certainly the
most common means of assessing excavatability presented in literature, used directly (ACI
2009; Crouch et al. 1998; Pons et al. 1998; Bonnet at al. 1998), or integrated in index like the
removability index (Du et al. 2002). A maximum value of 2 MPa in compressive strength to
ensure excavatability is generally reported (Bonnet el al. 1998) but this threshold does not
refer to the power of the digging facility. Moreover, practical experiences show that two
materials having the same compressive strength can behave very differently in a full-scale
excavation test. Therefore this empirical strength criterion is clearly not sufficient. A
classification based on the cone resistance obtained with a small penetrometer is proposed in
(Manfoubie 1998). Although promising, this test is more dedicated to in situ evaluation, the
results are quite dispersed and the proposed criteria are not widely validated. Finally a
laboratory dynamic punching test is proposed (Rossi 2000). But the author does not mention
information on the repeatability of the test. Moreover the test is made on unconfined small
samples (although trenches are confined in a pavement), and is strongly related to
compressive strength. Finally, proposed criterion was tested on only one material. Then
relevance of the test can be questioned.

The aim of this paper is therefore to describe the development of a laboratory test to evaluate
the excavatability of backfill materials. Generally, two fundamental earthmoving phases
during material excavation, namely penetration of a tool and cutting and removal of material
by movements of the tool in the material should be mentioned. This paper will focus on

manual excavation with a pick because it was shown that the first phase was the critical one in
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terms of energy with a value of approximately 300 J at the impact of the pick (Morin, 2009).
Thus, assuming that the dynamic aspect is not predominant, a quasi-static test

by penetration of a punch in a cylindrical specimen that is confined in a mold was developed.
This paper will begin by presenting the production and mechanical characterization of a very-
lean concrete for trench backfilling.

Then, a parametric numerical analysis was carried out to compare the behavior of backfill
materials placed in a trench surrounded by soil and subjected to the impact of a pick on one
hand, and in the punching test, on the other hand. The geometry and configuration of the
specimen was thus adapted to have a good correspondence of the two simulated behaviors.
Once the geometry selected, experimental research using statistical analyses was then carried
out to determine feasibility and the necessary number of test repetitions; a test method was

finally developed.

Material testing

A very-lean concretes (VLC), classically used for trench backfilling was first developed. The
mixture proportions were determined to ensure a self compacting ability and a compressive
strength lower than 2 MPa to ensure excavatability (see Table 1).

Three batches of approximately 55 liters were made in a concrete mixer, to produce a
sufficient number of samples for repeatability purposes of the punching test and strength
measurements. The specimens were kept in their mold and stored at 20°C for 28 days.
Drained and consolidated triaxial tests were carried out according to the French AFNOR (NF
P 94-074 Standard 1994) to characterize the behavior of the material and furnish the relevant
parameters for the numerical calculation. The dimensions of the cylindrical specimens
(diameter 110 mm, height 220 mm) were a compromise between the decision to use coarse

aggregates (14 mm) and the dimensions of the 200 kN testing machine. The samples were
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submitted to 3 different confining stresses (100, 200 and 400 kPa, respectively) remaining
constant while the deviatoric stress was increased until failure or substantial strain. The shear

rate was 0.1 mm/min for all the tests.

In order to simplify the numerical calculations a simple Mohr-Coulomb was used to analyze
the results. The parameters thus obtained are presented in Table 2. The agreement of the
fitting between experimental and theoretical curves is shown on Figure 1.

The high friction angle (47°) obtained for the very lean concrete could be explained by its
granular skeleton. It is interesting to note that fluid mortars, which are also used as backfill

materials, have a lower friction angle: 40° (Hitch et al. 2004), 36° (Morin 2009).

Numerical simulation of the penetration process

The main objective of this numerical study was to determine the most suitable geometries and
configuration for the test specimens to be used in the experimental studies of excavatability
carried out in the laboratory.

With this aim, the numerical study was divided into two parts. The behavior of backfill
materials placed in a trench surrounded by soil and subjected to the impact of a pick was
studied in the first part (the load was then distributed on a rectangular surface). Modeling was
three-dimensional to study the influence of the surrounding material and take the shape of the
tool and configuration of the trench into consideration.

The second part of the numerical study was devoted to simulating a cylindrical punching test
in 2D axi-symmetric conditions to design the dimensions of the specimen test according to the

three-dimensional 3D numerical results.
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Applied load vs penetration depth curves were obtained in both studies when penetration
speed was imposed. From the area under these curves, energy vs penetration depth curves
were then determined. Energy was particularly studied in the present paper because it is the
single parameter that allows a rational comparison between the effect of a pick impact and the
penetration of a punch. These latter curves were then compared and used to show the
relevance of the punching test.

The results are presented in terms of energy penetration curves as a function of the imposed
displacement. Energy is defined as the area under the force-penetration curve.

The development of tools to simulate the penetration process was not undertaken because the
numerical developments would have been too complex.

Several authors were found in literature to have attempted to model the penetration process,
for example the cone penetration test (Van den Berg 1994;, Huang et al. 2004; Markauskas et
al. 2002), the pile load test (Dijkstra et al. 2006 and Wehnert and Vermeer 2004) and
indentation tests (Huang et al. 1998). However, the simulation of important deformations
involved in the penetration process is still a challenging issue today. Two methods are
generally used: the Lagrangian, and the Eulerian formulations. An Arbitrary Lagrangian-
Eulerian (ALE) scheme can be adopted to avoid frequent re-meshing in a large strain finite
element calculation, thus making it possible to preserve the quality of the mesh throughout the
numerical simulation (Nazem et al. 2007).

The numerical work was carried out using the Plaxis™ 3D Tunnel and Plaxis™ 2D v.8.2
software, for finite element calculations of important deformations (limited to intermediate
strains, approximately 10 %). The stiffness matrix was based on the deformed geometry and
updated at the beginning of a load step. Additionally, a special definition of stress rates was
adopted including rotation terms. The co-rotational rate of the Kirchhoff stress (otherwise

known as the Hill stress rate) was adopted in Plaxis™. Moreover, the finite element mesh was
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automatically updated as the calculation proceeded. These calculation procedures were based
on an approach called “Updated Lagrange Formulation” (Nagtegaal and Jong 1981). The
penetration of the tool in the material was assumed to be simulated in a static approach by
imposed displacements. Therefore, no interface element was used. This test was carried out at
a constant speed, thus favoring a static approach, while the impact of a pick tool usually
occurred at speeds of approximately 14 m/s (Morin 2009). However, Mishnaevsky reported
that the process of breaking rocks remained roughly the same for speeds of around 8-10 m/s
regardless of the load, (dynamic or static), and justified this type of loading (Mishnaevsky

1995).

Calculation results on a trench

Model description

The geometric model was composed of a trench and surrounding material (soil and cement-
treated material simulating a classical pavement base). Due to the symmetric geometry of the
model, only one quarter of the model was simulated but all the results took the complete
model into account. The dimensions of the 3D model are presented Figure 2. Lt and Lc were
varied to study the effect of the trench width and the cement-treated materials. Simulations
obtained for one value of each dimension are presented in this paper. The length of
confinement Lc was determined to be sufficiently important so as not to influence results in
the trench, i.e. more than three times the length of the 500-mm trench. Vertically-imposed
displacement was applied on an area of 20¥2 mm? (representing a quarter of the 160 mm? area

of a real pick).

Finite element mesh and boundary conditions
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15-node wedge elements in 3 dimensions, composed of 6-node triangles in the x-y directions
and 8-node quadrilaterals in the z-direction, were selected to represent the very-lean concrete,
the cement-treated material and the soil in the finite element model.
The boundary conditions of the model were:
— Bottom base nodes, at Y=0, were fully constrained,
— Nodes on the vertical boundaries parallel to the X-Y plane, at Z=0 and Z= WI
(symmetry plane), were constrained in the lateral direction along the Z axis;
— Nodes on the vertical boundaries parallel to the Y-Z plane, at X=0 and X=Lc+Lt were
constrained in the horizontal direction along the X axis;
The model was meshed so that the mesh density increased near the contact zone. Different
densities meshes were tested on a preliminary simulation, in order to optimize the accuracy of
the results, while keeping the calculation time acceptable. Finally, the following densities
were selected for the trench (see Figure 3): 3768 elements for the very-lean concrete, 2616
elements for the cement-treated material and 1048 elements for the soil.
These densities were chosen because when denser ones were used, the simulation gave almost
the same penetration depth-load curve (i.e. the same penetration depth-energy curve). The
choice of the mesh density for the VLC was more deeply justify by verifying that the
simulation can predict, with an error less than 1%, the analytical pressure limit obtained in the
simplified case of an homogeneous pressure on a Mohr-Coulomb material, by the following

equation (Mestat 1994):

Py = C cotg(e) [e” (@) g2 G + %) - 1], C the cohesion and ¢ the friction angle. Eq. 1

Materials model
As explain in paragraph Material Testing, the elasto-plastic model using a Mohr-Coulomb

criterion, implemented in the PLAXIS software, was used to describe the behavior of the
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very-lean concrete material. Table 2 summarizes the elasto-plastic model parameters
measured on the very-lean concrete material as well as the typical elastic model parameters of

soil and cement-treated material surrounding the trench.

Calculations results on a punch test

Model description

The specimen is a cylinder confined in a mold. The 2D axi-symmetric model dimensions,
which is a three dimensional model, is presented in Figure 4 , where “H” is the height of the
specimen, “D” is the diameter of the specimen, “d” the diameter of the loading area, “e” the
thickness of the mold. Vertically-imposed displacement was applied on a radius of 7 mm,
corresponding to a 14 mm punch having almost the same area as the pick used in the previous

three-dimensional simulations of a trench.

Finite mesh and boundary conditions

The punching test was modeled by the static elasto-plastic, large-strain finite element method
(FEM) using triangular 6-node elements. Refining mesh consisted of increasing the elements’
density under the application of the vertically-imposed displacement.

As explained before for trench calculation, a preliminary optimization of the meshes densities
was carried out. Three levels were tested with a total of 1171, 1624 and 3125 elements
respectively.  Finally the following densities were selected as shown in Figure 4: 2724
elements for the very-lean concrete and 401 for the steel mold. The Young modulus of the
steel was considered to be equal to 210 000 MPa, with a Poisson ratio of 0.3. Molds were not
produced in plastic because calculations showed that plastic was less suitable to reproduce the
stiffness of the surrounding soil and did not allow for repeated use of the mold, contrary to
steel molds

The boundary conditions of the model were:

https://mc06.manuscriptcentral.com/cgj-pubs
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— The bottom base nodes, at Y=0, were fully constrained;
— The nodes on the vertical boundaries parallel to the Y axis, at X=0 were anchored in
the x direction;

— The nodes on the vertical boundaries parallel to the Y axis, at X=D/2+ep were free.

Results

This section deals with the dimensions of the punching test, i.e. H (height) and D (diameter).
Various combinations were tested to determine these dimensions. The influence of H was first
studied. The values of H/d in the calculations, (d = the diameter corresponding to the area on
which the load is applied) were in the range of 11.4, 17.4 and 22.8 (i.e. H=160, 240 and 320
mm). The results showed no influence of these ratios on the energy vs penetration depth
curves. Similarly, the calculations were based on various values of D to determine the proper
diameter D of the specimen (120, 160 and 240 mm, corresponding to D/d values of 8.6, 11.4
and 17.4, respectively). The results showed no difference between these selected ratios.
However, the volume of the specimen had to be representative of the material. This is a
complex issue, but it is usually resolved by imposing that the minimum size of a sample is
five times more than the maximum size of the aggregates. If, in practice, the maximum size of
the aggregates is smaller than 31.5 mm, a dimension of 160 mm fits the requirement. Finally,
diameter D of 160 mm and a height H of 160 mm were selected

The effect of the confinement exerted by the steel mold on the cementitious material was
studied by varying the thicknesses of the mold between 4 and 10 mm. As shown in Figure 5,
the confinement had a considerable effect on the energy-displacement curve. This shows that
the choice of the confining specimens is important because it will prevent premature splitting
failure of the specimen. The thickness of the mold (4 mm) appeared to be sufficient and is

practical because it is available on the market.
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Comparison between 3D and 2D axi-symmetrical simulations

To conclude, the dimensions of the punching test specimen were fixed as following, with a
punch of 14 mm in diameter d: 160 mm height H, 160 mm diameter D and a confinement
exerted by a steel, 4 mm-thick mold. In this configuration, we can see in Figure 6 that the
numerical curves obtained in 2D on punching test and in 3D on trench are superimposed for
the selected very lean concrete, until reaching a displacement of 10 mm, where the 3D
calculations stopped due to excessive mesh distortion. Even if the energy did not exceed 70 J
in these simulations, while a real pick impact involves rather 300J (Morin 2009), this good
agreement was estimated relevant enough to validate the selected geometry of the punching

test device and start an experimental validation.

Experimental studies using the punch test

The purpose of this initial experimental campaign of the punch test was to evaluate the

feasibility and reliability of this test on VLC.

Experimental device and testing procedure

A flat-bottomed circular punch was used to load the flat surfaces of the specimens. It was
designed to match the area of a real tool. A diameter of 14 mm was therefore determined.
Such a flat-bottomed circular punch was chosen to obtain repeatable and consistent results,
compared to a rectangular punch. A stiff displacement-controlled, 100 kN compressive testing
machine was used to load the punch normally against the surfaces of the specimen. Load was
applied at a constant speed of 9.5 mm/min, the maximum speed allowed by the machine; it

was measured using a load sensor. The penetration depth was monitored by a LVDT,

11
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mounted between the specimen and the plate of the press. The measurement range of the

displacement sensor was 0-80 mm. Figure 7 shows the test device.

The output voltages from the devices were then monitored using a computer and software,
GDSLab, giving a real time plot of load vs penetration data. The load-penetration depth curve
(material failure signature) graphed during the test provided a visual picture of the loading
history of indentation during the test. After integrating this curve, the energy carried out
during the penetration process could be plotted (i.e. the area under the curve load-

penetration). The type of rupture in the sample during the test was also observed.

Testing program

18 samples (@ 160 mm x160 mm) were cast in 4 mm-thick molds according to the numerical
study. The very lean concrete was produced in three batches, according to the capacity of the

mixer. The specimens were kept in their steel mold and stored at 20°C for 28 days.

Test results and discussions

Several means of processing data from the punching test are described in literature. Dollinger
et al. (Dollinger et al. 1998) reported a method involving drawing the linear regression line on
the force-penetration graph through the origin and force-penetration data and then directly
estimating the expected load and penetration from this line during excavation using the slope
of the line (called as the “Penetration Index’’). However, this method was not applicable to the
results of this study because the relationship between the load and penetration depth was not
linear as shown in Figure 8. So, the curves were integrated to obtain energy-penetration depth
curves as shown in Figure 9.

On Figure 8, curves generally display non-monotonic increase of load while penetration is

increasing. As coarse aggregates are the hardest part of the very lean concrete (VLC), they

12
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may easily peel away from the paste and rotate when pushed by the punch. This lead to chips
occurrence as shown on Figure 10, and sudden decrease of load. This is the main mechanism
allowing penetration. The scattering between the different energy curves may be explained by
a normal variation in the number of aggregates encountered by the punch during its
penetration. This scattering is probably increased because VLC are very fluid and may display

some segregation.

As a confirmation of these explanations, similar tests were done on mortar with high amount
of air entrained. In that context, the main penetration process is the compaction of the material
under the punch allowed by the presence of air voids, with no chips (Figure 11a). Therefore,
the penetration depth-energy curves are less scattered and more regular (Morin 2009), as
shown in Figure 11b.

In conclusion, the coarse aggregate particles play an important role in this type of material
and the load-penetration curve is an indication of several phenomena. A lack of confinement
could have induced a change in the failure process of the material, beginning with the

formation of chips and leading to a vertical axial splitting failure.

Finally, Figure 9 shows that energy reached 150 J for a depth penetration of 10 mm that is
higher than given by numerical calculations. It even reached 300 to 600 J for 40 mm. This
underlies that the model used to describe the material in simulations might not completely

capture its behavior, during a penetration process due to its granular nature.

Repeatability of the punching test
The aim of this study was to determine the repeatability (NF ISO 5725-1 2005) of the test and
more precisely the number of specimens needed to test a material. During the experiments,

13
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the same material was used for all the specimens and only one operator was in charge of the
tests. Speed measurements, carried out using a high-speed camera filming the operators using
a pick showed that the energy ranged from 70 J for one operator (a woman) to 350 J for strong
operators (men) (Morin 2009). The penetration depth () at 100, 200 and 300 J for the VLC
were therefore studied and a statistical study was carried out on u for a given level of energy.
Table 3 shows the results obtained in the punching tests. It can be observed that the standard
deviation increased as the level of energy increased.

A variable called 7 was then introduced for the statistical analyses.

t = umetzn_m Eq 2

Vn

t is a Student variable with a number of degrees of freedom equal to (n-1), Where eqy is the
real mean value of the penetration, m the estimation of the mean value obtained
experimentally on # specimens and s the standard deviation.

The confidence interval of m with a risk o is given by
Umean — t;_a in <M < Uppgn + t Eq. 3
2

where t;_a is read in the Student table.
2

In the present case, for n=6 and a risk of 10% this value is 1.74. Thus if we want to ensure at
90% that the mean penetration is obtained by the punching test with an error less than 10 %,

the number of samples n should verify (under the assumption that ¢, _« and s keep constants)
2

tl_g N 2
n>|(—2— Eq. 4
0.1 Umean

When considering the value u at 300 J, corresponding to approximately the real impact energy

given by a pick, 6 specimens are then necessary to have a relevant result.

14
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Proposition of a test procedure

Previously presented work showed that the punching test could be made for backfill materials,
such as VLC using a stiff displacement-controlled, 100 kN machine, at a maximum constant
speed of 9.5 mm/min and a displacement sensor of 80 mm. Materials must be prepared in
steel molds ( thickness: 4 mm) to ensure sufficient confinement. The force-displacement
curve must be monitored during the test to then plot the energy-displacement curve. This test
requires the production of 40 liters (minimum) of material to produce at least 6 samples for
testing. Furthermore, strength characterization of the material should be carried out

(compressive, tensile strength tests).

Conclusions

The purpose of this paper is to present the setting-up conditions of a new laboratory test,
namely a punching test for backfill materials. The purpose of this test is to determine the
excavatability of small specimens in the laboratory.

First of all, excavation movement by a pick was analyzed to determine the fundamental
variables that could then be exploited. Two actions were specified: the first corresponds to
penetration of the pick in the material for a given amount of energy. The second entails
cutting and removing the material. At this latter stage the torque and extracted volume
determine the excavatability level of the material. The present paper has focused on the first
part of the excavation process, as it was shown that it is the most energy consuming part.

One type of backfill materials was formulated in the second part of this paper, i.e. a very lean
concrete. The specificity of the latter lies in its coarse skeleton compared to other types of
materials, for example mortars with high percentage of entrained air. The material was

subjected to compressive, tensile and triaxial tests. The latter tests made it possible to

15
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calibrate the parameters of the Mohr-Coulomb model. Another law could be used to better
describe the behavior of the material, for example the Hardening Soil model.

A numerical study was then carried out on the penetration process of a pick in a trench and of
a punch in a laboratory sample using 3D and 2D Plaxis™ software calculations respectively,
to design the laboratory test. A static approach with prescribed penetration depth was adopted
coupled with the Updated Lagrangian Method. A parametric study of the sample’s dimensions
was carried out to determine the dimensions and necessary confinement to obtain the same
energy-penetration curves already obtained in the 3D. Results showed that the 3D results and
2D results were very similar for a specimen with the following requirement: 160 mm height,
160 mm diameter, confined in a 4 mm thick steel mold.

Finally, experimental studies of the punching test were carried out on the very lean concrete.
The results obtained for the concrete were scattered due to the high proportions of aggregates.
According to the statistical study, in order to estimate, with a 90% probability of having less
than 10 % error, the mean value of the statistical variable (penetration), six tests specimens
are necessary.

The punching test was designed with quasi-static simulations, while pick can reach 14m/s at
the impact. Nevertheless, based on the present work, several mixtures with different
compositions were tested with this punching test. They confirmed, that the punch penetration
is strongly correlated to pick penetration during real scale excavation, provided the same
energy is used in both cases (Morin et al. 2013), (Gennesseaux 2015), justifying a posteriori

the assumptions made in the simulations.
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3D: three dimensional

f.: Compressive strength

fi: splitting tensile strength

q: deviatoric stress

Eps_1: axial strain

T: shear stress on the failure plane
C: cohesion of the material

o: normal stress on the failure plane
¢: angle of internal friction

y: dilatancy angle

W1: lateral bound width

W2: contact zone length

W3: contact zone width

Lt: trench width

Lc: cement-treated width

ht: trench depth

h: depth of the surrounding material
E: Young’s modulus

v: Poisson’s ratio

H: height of the specimen

D: diameter of the specimen

d: diameter of the displacement punch
e: thickness of the mold

F: load

u, uy: penetration, penetration in the direction of the y-axis
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W: work (energy)

Umean: Mean value of the given variable (penetration)
n: number of specimens

s: standard deviation of the given variable

m: estimation of the mean value of the penetration

t: Student variable with a number of degrees of freedom equal to (n-1)
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Table 1: Mix proportions and properties of the very lean concrete

Composition

CEM I Cement 52.5 (kg) 48
Limestone Filler (kg) 86
0/4 mm River Sand (kg) 565
6/10 Crushed Aggregates (kg) 104
10/14 Crushed Aggregates (kg) 920
Water (kg) 193
Properties

Specific gravity (kg/m’) 2230
Air content (%) 5

Non confined compression strength f. (MPa)

Batch 1 0.910
Batch 2 0.710
Batch 3 0.831
Mean value 0.817

Tensile strength f; (kPa)

Batch 1 80

Batch 2 120
Batch 3 120
Mean value 107
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Table 2: Law parameters of the simulated materials

Elasto-plastic model parameters for the backfill material

Young modulus E [MPa] 200
Poisson ratio v 0.2
Cohesion ¢ [MPa] 0.170
Angle of internal friction ¢ [°] 47
Dilatancy angle v [°] 14

fi [MPa] 0.100
fc [MPa] 0.740
Elastic model parameters for the soil

Young modulus E [MPa] 50
Poisson ratio v 0.35

Elastic model parameters for the cement treated material

Young modulus E [MPa]

10 000

Poisson ratio v

0.25
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Table 3: penetration depth u obtained on the very lean concrete

Level of energy (J) 100 200 300
Batch/Specimen u (mm) u (mm) u (mm)

1 1 13.8 24.0 34.2
2 11.5 18.9 26.3

3 17.3 27.5 34.7

4 15.5 24.6 32.6

5 11.5 19.4 27.5

6 14.0 21.3 29.2

2 1 12.5 21.1 26.9
2 12.4 19.8 26.8

3 11.3 17.0 22.2

4 11.2 18.1 23.9

5 8.9 14.8 21.7

6 10.0 16.9 24.6

3 1 10.4 16.1 223
2 12.7 21.1 29.2

3 13.2 223 30.8

4 16.0 23.9 31.9

5 14.4 22.8 30.2

6 12.1 20.1 30.3

Mean value m (mm) 12.7 20.6 28.1
Standard deviation s (mm) 2.2 3.3 4.1

Coefficient of variation (%) 17 16 15

https://mc06.manuscriptcentral.com/cgj-pubs




Canadian Geotechnical Journal

3500

3000

2500

2000 — =

q (kPa)

100 kPa
1500

1000

500

400 kPa

200 kPa

0 0,5 1 1,5 2 2,5 3 35
Eps_1 (%)

= Experimental curve

Theoretical curve

Figure 1: experimental and theoretical deviatoric stress (q)-strain (Eps_1) curves for the VLC
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Figure 3: Finite element mesh for the trench and the surrounding materials
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Figure 4: punching test: dimensions, finite element mesh and boundary conditions
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Figure 7: punching test device
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Figure 8: load-penetration curves obtained with different samples of the same VLC
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Figure 9: energy-penetration depth curves deduced from Figure 8
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Figure 10: typical rupture of VLC
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Figure 11: typical rupture of mortars with high volume of air entrained (a) and energy-penetration depth
curves on different samples of the same mortar (b)
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