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ANALYSIS AND PREDICTION OF SURFACE SETTLEMENTS
DURING THE DIGGING OF UNDERGROUND MINING WORKS (ALGERIA)

Purpose. To analyze, study and predict surface settlements during the digging of a tunnel in an urban area located in the Alge-

rian capital and to take the necessary measures.

Methodology. Based on the physical and mechanical parameters and the geological characteristics of the actual traversed layer,
and taking into account the geometric parameters of the tunnel, the mechanical model is established, and the numerical simula-
tion is designed to determine the settlement deformation and displacement of the overlying zone under mining disturbance.

Findings. Due to the impact of the excavation works, the land will undergo large deformations such as collapse. So, it is neces-
sary to take corrective measures to limit its effect on the surrounding environment and protect urban areas.

Originality. The application of a complex of methods allowed providing a predictive assessment of the safety of mining work-
ings in urban conditions. The study was conducted in two main stages; a geotechnical characterization in situ and in the labora-
tory to determine the necessary properties of the soil and rock mass used in our model, and in a second step, the development of
feedback analysis using numerical modelling based on the data collected.

Practical value. From this study, the results obtained seem to show vertical displacements that exceed international standards in
urban areas (1/1000, which can induce significant ground movements and therefore an influence on the surrounding environment. As
a solution, there is a possibility of reducing the deformations by improving the mechanical properties of the soil carrying the project
using the Jet-Grouting technique — the technique has shown its effectiveness in reducing settlements with a reduction rate of 78 %.

Keywords: ground movement, underground structure, finite element method, stability modelling, geotechnical parameters

Introduction. For many infrastructure projects, uncertain-
ties regarding subterranean soil and rock conditions contribute
significantly to the overall technical and financial risks of the
project. In this sense, the construction of underground struc-
tures poses the problem of stability during the work, particu-
larly at the face [1], and the type of support to be implemented
to guarantee deformations at the level of the tunnel walls.

Underground works may lead to ground subsidence. They
may induce important loading of structures which may be
damaged, which can go so far as to jeopardize the stability of
the excavation carried out [2], or to cause intolerable disorders
in the ground and the environment of the work itself.

In order to make an assessment of the effects induced in
the terrain by the construction of the underground structures,
an analysis is proposed to ensure the stability of the structure
and control the deformations of the massif taking into consid-
eration the characteristics of the terrain crossed by the struc-
ture (geological and geotechnics) and the characteristics of the
structure itself (geometric and geotechnical).

Numerical methods have experienced a very significant
development in geotechnical research, their use is very com-
mon today and the design of large projects necessarily involves
analyses of this type in order to verify the stability of structures
in interaction with their environment; new methods of numer-
ical calculation of tunnels have completely replaced the old
methods. These powerful tools make it possible to control the
displacements and the constraints so that they are acceptable
and to help with the dimensioning of the works.

According to Alkhdour (2020), the numerical approach
based on finite elements offers a much more effective solution
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and allows one [3], among other things, to calculate the field of
displacements and stresses in the massif by allowing the simu-
lation of the excavation phases and taking into account elabo-
rate soil behavior laws and complex boundary conditions.

The object of our research is to highlight the impact of geo-
technical parameters on the modeling during the digging of a
tunnel in a mine form, located in the Algerian capital. This
study is of great importance, as it will allow a better understand-
ing of the specific geotechnical behaviors of the region and the
development of more precise and efficient excavation models.

Based on this objective, a calculation code was chosen
(Geo5). The code works with finite elements; it is specially de-
signed to solve the problems of deformations during works in
underground mode.

Materials and Methods. General characteristics of the stud-
ied area. Our study area is located in the city of Algiers (Alge-
ria). It is about the realization of a tunnel of 430 meters
(Fig. 1). It passes under the infrastructures of a very important
urban life, this tunnel is characterized by a diameter of 9.82 m
and a radius of 4.9 m.

Geotechnical characterization of the studied area. The iden-
tification of all geotechnical parameters was carried out by
conducting in-situ and laboratory tests, with borehole depths
ranging from 40 to 60 meters.

For an in-depth study, Douib (2023) and Khan (2022)
show that the establishment of these tests is very necessary be-
fore any construction on the surface [4, 5] or in depth. During
the execution phase of the project, several surveys (coring and
pressuremeter survey) and the SPT test were carried out in or-
der to specify the nature of the land crossed and consequently
determine all the geotechnical parameters of the site studied.

Prospecting work shows the presence of the following lith-
ological complex:
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Fig. 1. Project location

- an alluvial bedrock that appears in boreholes at 60 m
depth;

- gray marls firm clay sometimes sandy in places, the
thickness of this formation varies from 10 to 20 m. Fig. 2 gives
an overview of the different layers crossed by the tunnel.

Characterization and classification. The characterization of
the soil for the site in question requires the determination of
several parameters. That is why in situ tests of static loading of
the ground were made to characterize the behavior and the
mechanical characteristics and the plastic state of the soil on
the basis of three parameters: the pressuremeter modulus of
deformation, the creep pressure and the limit pressure.

Using the samples from the core drilling, we carried out
laboratory tests to determine the geotechnical characteristics
of each of the units detected and thus have a geotechnical pro-
file all along the route.

In-situ tests. The pressuremeter tests require the realization
of several surveys, of which the Menard pressuremeter survey is
the most consequent test [6] of all the geotechnical tests in situ.

Fig. 3 shows the test results for the different parameters of
the ground crossed by the tunnel.

In the context of our study, from the analysis of curve in
Fig. 3, substantial fluctuations in the limit pressure (PL) were
observed, ranging from 0.02 to 4.00 MPa, with an observed
average value of 2.00 MPa. Simultaneously, the pressuremeter
modulus (Ep) exhibited considerable variations, ranging from
1.80 to 95.00 MPa, and with an average value of 25.00 M Pa.

It is worth noting that a significant correlation can be es-
tablished between the undrained shear strength and the cohe-
sive properties of the clay. In accordance with the findings of
various studies [7], when the ultimate pressure reaches
2.00 MPa, in conjunction with a horizontal stress o, of
0.15 MPa, an undrained cohesion of approximately 160 kPa
becomes relevant.
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Fig. 2. The different geotechnical units crossed by the tunnel
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Fig. 3. Variation of creep pressure (PF), limit pressure (PL)
and strain modulus (Ep) as a function of depth

A notable aspect is the increase in the ultimate pressure
with respect to the pressuremeter modulus as the depth in-
creases. This trend suggests a more responsive reaction of the
ultimate pressure to the specific geotechnical conditions en-
countered at greater depths.

Regarding the creep pressure (PF), an average value of
1.10 MPa was determined, which is highly representative of
our case study.

These results highlight the remarkable diversity of the me-
chanical characteristics of the studied soil, characterized by
significant fluctuations in both ultimate pressure and pres-
suremeter modulus. Furthermore, they underscore the imper-
ative need to consider depth and specific geotechnical stresses
in order to thoroughly understand the behavior of this clay.

Standard Penetration Tests. Standard penetration test
(SPT) is mainly used to determine the strength and deforma-
tion parameters of soils [8].

In-situ analysis and the values of S.P.T. (N30 value) pro-
vide valuable information on the degree of consistency of the
materials studied, although the limitations of SPT penetration
testing in cohesive materials should be noted. N30 values vary
between 4 and 60, with an average value of 15, which allows us
to generally evaluate the consistency of these materials. Over-
all, the consistency of the materials ranges from stiff to hard,
with an average state of very stiff consistency. These indica-
tions help us to better understand the mechanical characteris-
tics of the materials studied.

Concerning the strength parameters in drained condi-
tions, the following values can be adopted: an angle of internal
friction @’ of 30° and a cohesion ¢’ of 43 kPa. However, the
variability of the data as well as the specific characteristics of
the material must be taken into account.

Regarding the drained strain modulus, a representative val-
ue of 38 MPa is adopted, taking into account both the variabil-
ity of the data and the intrinsic characteristics of the material.
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Fig. 4. Penetration test results (N,) as a function of depth from
the ground surface
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In addition, the analysis of the grain size characteristics of
the material reveals a very low permeability, which makes it
possible to consider these materials as practically imperme-
able. The average permeability value is established at k =
=3.9.107 m/s.

This information provides a better understanding of the
geotechnical properties of the materials studied, including
their consistency, strength, deformation, and permeability. It
is essential to take these parameters into account for an accu-
rate evaluation of the geotechnical behaviour of these materi-
als for our study.

Laboratory tests. Laboratory tests were started once the in-
situ reconnaissance had been carried out to determine the soil
condition (particle size, Atterberg limits, humidity, density,
aggressiveness, etc.).

Classification and characteristics:

1. The particle size analysis reveals that the material stud-
ied is mainly composed of particles with a diameter of less than
2 mm, representing approximately 92 % of the particle size
fraction. Moreover, about 89 % of the particles have a diame-
ter less than 0.08 mm. These results indicate a fine grain size
and a predominance of small particles.

2. Regarding the Atterberg limits, the liquidity limit has an
average value of 40 %. This indicates the water content from
which the material changes from a plastic state to a semi-solid
state. In addition, the plasticity index shows an average value
of 22 %, which reflects the ability of the material to change
shape without breaking when subjected to stress.

3. The dry density, p,, is measured at 19.5 kN/m?, as for
the natural water content, W, it is established at 16 %.

By agreeing with the empirical correlations and studies
proposed for the determination of soil properties on the basis
of standard penetration test values and the pressuremeter test
[9, 10] and their comparison with those obtained in the labo-
ratory to characterize the geotechnical units, the materials
crossed by the tunnel are clayey silts, slightly marly to marly
taking into account the USCS system (Unified Soil Classifica-
tion System).

The reconnaissance campaigns and various tests have
highlighted the homogeneity of the terrain crossed by the
structure at point PK 4+155 (the area studied). Table 1 sum-
marizes the main calculation parameters resulting from the

analysis and interpretation of the field data and the laboratory
data for the two reconnaissance boreholes.

Analysis methods. The choice of the construction method
to be used in a tunnel must be conditioned, first, by the geo-
metric characteristics of the tunnel [11], the geotechnics of the
terrain and by the construction limits with regard to the execu-
tion of the tunnel in an urban area.

Many factors affect the excavation process such as tunnel
geometry, regional geology, structural geology and properties
of the surrounding materials with its geotechnical characteris-
tics. To facilitate the distribution of the tensions in the ring of
ground which surrounds the tunnel, one defines the sections
type of retaining with rounded forms in vaults, by avoiding the
angular points.

In our case, the tunnel is made using the NATM method
(New Austrian Tunneling Method), it is an excavation by half-
sections, it promotes stability [12].

The support will be placed so that it allows the ground to
deform, always within the stability limit of the tunnel, so that
the ground develops its self-supporting capacity [13].

In the resolution of the numerical models for the design of
the standard sections, a calculation was carried out using the
mode of Mohr-Coulomb behavior. The simulation was per-
formed under drained conditions for clay materials. The pres-
ence of the water table in the calculations is taken into account
because the system adopted for the drainage of the tunnel al-
lows the ground to be drained during the excavation, so that
the hydrostatic pressures are generated on the support.

Numerical Study. Finite element method (FEM) was em-
ployed in this work, using Geo5 software. Modeling allows us
to analyze the effects of specific geotechnical parameters on
the behavior of underground structures. This allows us to ob-
tain more accurate predictions of strains, stresses, and stability
degree. Noting that the program includes the analysis of the
rock slope stability and the settlement of surfaces due to the
construction of tunnels.

All parameters necessary for the application of the model
are presented in Table 1. Before starting the work, it is essential
to be able to have a zero state of the movements of the proxim-
ity of the underground structure to be built; this state com-
pletes the preliminary investigations on the building and its
previous movements. In the case of buildings of mediocre

Table 1
Test results in-situ and in the laboratory of the geotechnical unit crossed by the project
Gcologicazl—fﬁotechnical rep]s;itl:ries [;/}Ln;_ (Sllt;g' ;ﬁg Cslt;;f clay:;_r]};:ir]l;esand I—lardt(c)aprl;;)trilaaﬁ;(i1 Zii(tiy clay
and clayey gravel | carbonated yellowish marl

SPT number of blows (penetration of 30 cm) Ny, — 13 22 82 29
Particle size < 0.08 mm (%) 45 89 91 24 94
Density y, (KN/m?) 19 20.8 21.5 20.9 20.8
Liquid limit LL (%) — 56 44 water table 41
Plasticity index /P (%) - 27 21 water table 18
Undrained cohesion Cu (KPa) - 80 150 - 175
Cohesion C' (KPa) 5 30 40 10 50
Angle of internal friction ¢@(°) 28 25 25 35 27
deformation modulus £’ (MPa) 6 15 20 50 35
Poisson ratio »' 0.3 0.3 0.3 0.3 0.3
Recharge/unload deformation module Eur (MPa) 1224 30—45 40—-60 100—150 70—105
Pressuremeter modulus E, (MPa) - 15 20 40 30
Limit pressure P/ (MPa) - 0.71 1.4 2.8 2.48
Creep pressure Pf(MPa) — 0.4 0.8 1.62 1.45
Permeability K (m/s) — 10 10 10 10
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Fig. 5. Structure layout

quality and/or foundations of low bearing capacity, it allows
one to know the possible evolutions of the building under its
own weight without any influence of future works. Fig. 6 shows
the stress distribution in the initial state and after digging along
the two axes x and y.

According to Fig. 6, the stresses around the structure im-
mediately after the excavation seem well distributed; according
to Md Shariful Islam [14] and Kuanda Fang [15] whatever the
construction technique used to build an underground struc-
ture, displacements around the excavation occur and propa-
gate in the rock mass and can reach the surface.

Results and discussion. Results of the modeling of the
transverse and longitudinal settlements resulting from the nu-
merical calculation according to the x and z profiles are pre-
sented in graphic form (Fig. 7).

Fig. 7 shows remarkable deformations at the right foot and
the tunnel key along the two axis X and Z respectively. The
evaluation of the deformations and the stress states of the ad-
jacent medium of the tunnel make it possible to control the
settlements [16]. These displacements, depending on their
amplitude, extension, direction, and speed of propagation,
can cause disorders in the building located in the environment

Fig. 6. Stress distribution:

a — the initial state; b — after excavation along axis X; ¢ — after
excavation along axis Y
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b

Fig. 7. The displacements recorded:
a — along the axis x; b — along the axis y

of the structure. Fig. 8 shows the surface settlements around
the reconnaissance borehole.

According to Fig. 8, a maximum settlement of the value of
20 mm located at a depth of 16 m, i.e. below the excavation
zone and this during the excavation phase. According to the
recommendations of AFTES (1995); the surface deformations
tolerated for underground structures [17] in urban sites do not
exceed 1/1000 (0.1 %) of deformation as a limit, i.e. 16 mm for
our case study. On the other hand, the settlement was reduced
to 4.4 and 16 mm for stages 6 and 7, i.e., a reduction rate of 78
and 20 % for the two stages respectively.

Limitation of settlements and support. The limitation of
surface settlements can be ensured by applying the recommen-
dations of AFTES (1995). To minimize settlements, we are
more interested in improving the behavior of the soil carrying
the project. Protection using umbrella arch with Jet-Grouting
column is a technology provided an improvement in the me-
chanical properties of the treated ground occurs, by the injec-
tion of a fluid, generally cement slurry, at high pressure, break-
ing the structure of the ground and forming columns of soil-
cement. Depending on the grain size of the natural terrain, the
column may look like mortar or concrete.

Fig. 9 shows the Jet-Grouting technique used for the dif-
ferent materials according to their grain sizes.

This technique can be used for the stabilization and sealing
of all types of soils and various sediments to clay [18], as it also
applies to non-homogeneous soil formations.

The support will be carried out by the projection of a sealing
layer with concrete covering the excavated surface (30 cm thick)
and the installation of metal hangers. Jet-Grouting umbrellas and
columns have been modelled using Geo5 for the improvement of
geotechnical parameters in the perimeter of the excavation (with
a thickness of 0.60 m) and in the working face of the excavation in
elements of the model equivalent to the 0.60 m diameter jet-
Grouting columns that will be executed during the works.

Surface Settlement

—o—Stage2
—o—Stage3
—o—Stage 4
—s—Stage 5
—o—Stage b
—o—Stage 7

Horizontal distance from the tunnel axis (m)

Fig. 8. Settlement basin for the different stages
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Fig. 9. Procedure of the Jet-Grouting technique (Keller, 2019)

The numerical model used makes it possible to obtain
the field of displacements and stresses at any point of the
mass around the excavation and to deal with a wide range of
problems which are difficult or even impossible to solve
with other methods. The undeniable advantage of numeri-
cal methods is to address analytically insoluble theoretical
problems by replacing them with an approximate numerical
solution [19]. 2D simulations are more adequate and give
more precision than 3D in the determination of the defor-
mations around a tunnel in view of their simplicity of calcu-
lation [20].

For the resolution of the numerical models, a series of
steps were followed that simulate the phases followed in the
excavation and the support of the tunnel. With the help of
this program, it is possible to evaluate the stresses on the ele-
ments of support and even the deformations in the walls for
each of the excavation phases with the installation of moni-
toring points, in particular at the key, slab and the two side
walls.

Results of loading tests. When the surfacing has been
carried out, a new equilibrium of the surrounding ground
will tend to be established, generally corresponding to a cer-
tain progressive re-compression of the ground. The results
of the settlements recorded at the key, slab, right side-wall
and left side-wall of the tunnel are shown in Figs. 10 and 11
respectively.

We also traced the evolution of the horizontal displace-
ments in the transverse direction in the right foot (¢ and b)
in order to compare them with the results of the modeling
(Fig. 7). First of all, we notice a slight difference between
the horizontal displacements obtained. Indeed, they are
weaker.

From Figs. 10 and 11 and in accordance with AFTES rec-
ommendations (French Association of Tunnels and Under-
ground Space), the results obtained are within the range of
acceptable settlements in urban areas, the greatest value of
which was noted at right foot A with 15.9 mm of settlement,
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Fig. 11. The settlements recorded according to the loads applied:
a — on the right side wall; b — left side-wall

whereas our work is at a depth of 16 m, i.e., 16 mm of toler-
ance.

Conclusion. In this study the prediction of the maximum
settlement is made by a numerical approach in order to have a
reliable and effective estimate of a real phenomenon by ensur-
ing the stability of the constructions on the surface and in
depth, the results obtained illustrate an acceptable and reliable
accuracy of the model used.

From this study, we can therefore draw the following:

1. The section studied was carried out in homogeneous but
very difficult terrain. The movements generated by the excava-
tion of the structure are linked to a complex phenomenon
which depends on the nature of the soil, the excavation meth-
ods, and the geometry of the work to be done.

2. The digging work has caused a change in the balance of
stresses in the environment. Although the structure is dug at a
shallow depth, the deformations produced are reflected to the
surface.

3. The results obtained in terms of stresses in the ground
are very sensitive to the isotropy of the ground crossed by the
tunnel.

4. The study showed that it is possible to minimize settle-
ment based on the monitoring of deformations by improving
the behavior of the soil carrying the project, thus using the Jet-
Grouting technique.

5. The load tests carried out show a reduction in the de-
formations recorded by the digital model, thus respecting
international standards when digging underground struc-
tures.

6. Finally, this work has improved the understanding of the
effects of improving the behavior of the soil carrying the proj-
ect on the phenomenon of surface settlements and on the rela-
tive forecasting methods. This result was possible thanks to the
numerical approach used.
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Merta. AHasi3, BUBYEHHS Ta MPOrHO3YBaHHS MOBEPXHE-
BMX ITPOCiIaHb Mill YaC BUKOHAHHSI TTPOEKTY i3 MTPOXOIKU ITif-
3€MHOI MiCbKOI 30HU, pO3TalllOBAHOI y CTOJIULI AJIKUpY, Ta
3aCTOCYBaHHSI HEOOXiTHUX 3aXOIiB.

Metoauka. Ha ocHOBI (hi3uKO-MexaHiYHUX MapaMeTpiB i
reoJIOTIYHUX XapaKTePUCTUK (DaKTUYHO TMPOIIEHOTo 1Iapy,
YPaxoBYIOUU TeOMETPUYHI TapaMeTpU TyHEeJ10, CTBOpEeHa Me-
XaHiYHaA MOJEJb i TMPOBeNeHe YMCeIbHE MOMACTIOBAHHS BU-
3Ha4YeHHsI Aedopmalliil mpocinaHHs Ta 3MillleHHsT Ha3eMHOIL
30HM B YMOBaX MipHUYUX BUPOOOK.

PesyabraTu. YHACHiI0K BIUIMBY PO3KPUBHUX POOIT 3eMJIst
3a3Ha€ 3HaYHUX aedopMalliii, Takux siK ooBaniu. Tomy He00-
XiJTHO BXXUTH KOPUTYIOUMX 3aXO/IiB ISl OOMEXXEHHS 1X BILJIUBY
Ha HABKOJIMILHE CepeIOBUIIIE I 3aXMCTUTU MIiCbKi TEpUTOPII.

HaykoBa HoOBH3HA. 3aCTOCYBaHHSI KOMILJIEKCY METO[iB
JIO3BOJIMJIO AT MPOTHO3HY OIIiHKY 0e3IMeKr MPOXOMKEHHS
TipHUYUX BUPOOOK Y MiCbKUX YMOBax. JloCiIKeHHS TPOBO-
JIAJIOCSI B IBA OCHOBHI €Tamu: Te0TeXHiuHa XapaKTepUCTUKA
Ha JiUIbHULIL Ta B JJaOopaTopii 11 BUZHAUYEHHS HEOOXiTHUX
BJIACTUBOCTEI IPYHTY il TipHUYUX MOPiM, 1110 BUKOPUCTOBY-
I0ThCSI B Halllili MOZIEJTi, @ Ha IpYroMy eTari — po3poOKa aHa-
J1i3y 3BOPOTHOTO 3B'SI3KY 3 BUKOPHUCTAHHSIM YKMCEJIbHOTO MO-
NIEJTIOBAaHHST HA OCHOBI OTPUMAaHMX TaHUX.

IIpakTyna 3HaYmMMicTh. [3 1IOrO JOCTIIKEHHSI BUIHO,
10 OTPUMAaHi pe3yJbTaTh MOKA3ylOTh BEPTUKAIbHI 3MillleH-
HS, [Ki TMepeBUINYIOTh MiKHAPOAHI CTAaHAAPTH B MiChKUX
ymoBax (Ha 1/1,000), mo Moxe CIPUYMHUTU 3HAYHI 3CYBH
IPYHTY i, OT>Ke, BIUIMB HAa HABKOJIMIIHE cepeaoBuile. SK pi-
LIEHHS, ICHYE MOXJIUBICTb 3MEHILIEHHS fehopMalliii LIIJISIXOM
MOKpAIEeHHsI MEXaHiYHUX BJIACTMBOCTEU TPYHTY, Ha SKOMY
BUKOHYETbCS MPOEKT, 32 JOMIOMOTOI0 METOY CTPYMEHEBOTO
LIEMEHTYBaHHS — 1Ieil METO/I 1T0Ka3aB CBOIO e()eKTUBHICTD Y
3MEHIIIeHH] MTPOCiaHb 3i IMBUAKICTIO 3MeHIIIeHHsT Ha 78 %.

KmrouoBi cimoBa: spywenns rpynmy, niozemna cnopyoda,
MKE, modearosanns cmitikocmi, eeomexriuni napamempu
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