MAC S-DESIGN SOFTWARE APPLICATION FOR SOIL-NAILING COMBINED
WITH DOUBLE-TWISTED WIRE-MESH AIMED TO SLOPE STABILITY AND
EROSION CONTROL
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MITIGATION AND RECOVERY OF A LANDSLIDE ALONG A RAILWAY IN GERMANY USING A SOIL-SAILING APPLICATION IN COMBINA-
TION OF DT-MESH AND ANTIEROSION MAT. MAC S-DESIGN WAS USED FOR THE FRONT STABILITY CHECKS.

ABSTRACT

The use of steel meshes on slopes to mitigate the risk of surficial failures has been a practice since the 20th century, with both pinned
and drapery solutions. In recent years it has become possible to investigate the interaction between the soil slope and the stabilizing dou-
ble-twisted wire-mesh (DT-mesh) with the help of sound geotechnical numerical codes. The software Mac S-Design was used for the design
of projects in Germany. The slope along the railway close to Oberschleffenz had to be secured against landslides and erosion. The area to
be stabilised had a total length of approx. 110m with an inclination of 30°-35°. As a result of heavy rainfall in February 2022, a superficial
landslide occurred. The use of steel-reinforced geomat MacMat® HS 100 8127G0 enabled to reduce the number of soil-anchors with a final

raster of 4m x 4m of 1m of length. The installation phase took only 3 weeks during the month of April-May 2023.

INTRODUCTION

The aim of soil nailing is to improve the slope stability when there are unfavorable stability conditions. The stability is achieved by inserting
reinforcement bars in the slope. These anchors mobilize friction forces along the entire length and contribute to improve stability conditions
when displacement in the soil occurs (Schlosser F. et al., 2002; Soulas R., 1991; BS 8006-2; Byrne, R.J et al., 1998). The stabilizing friction
forces are passively generated when the soil rupture begins. The protection of the exposed surface of the soil-reinforced slope is obtained
with a facing (flexible, as a steel wire mesh, or rigid, as shotcrete) able to contain the soil between the nails, prevent erosion of the surface
and assume an aesthetic function (Giacchetti et al., 2011). Design approaches and dimensioning criteria for slope stabilization measures have
been investigated since the beginning of the last century by means of empirical, theoretical and numerical research. It is now recognized that
there are different factors mainly influencing the design process, such as (I) slope geometry, (I) geotechnical properties of the slope, (II1)
type and position of the stabilizing elements (i.e. nails), IV) shape and amplitude of the unstable soil displacement profile, (V) water table,
and (VD amplitude and time evolution of the destabilizing loads (especially when environmental loads are considered). This is particularly
true in the case of anchored wired mesh installed on unstable slopes (soil nailing) composed of inclined layers of slightly cemented soil
or highly fragmented rocks. For this type of intervention, composed of a steel wire mesh anchored to the ground by means of plates and
reinforcing bars (anchors) fully grouted along their entire length, the stabilizing action is governed by the complex interaction between all
the components. The stabilizing reaction is mobilized only if a displacement occurs; and for this reason, the system must be considered as
a passive intervention: the mesh, defined as a structural flexible facing (BS 8006-2), starts to stabilize the soil only if the soil starts to move
between a pattern of anchors. Consequently, a rational design procedure would require a displacement-based approach to provide a safe

and consistent estimation of the stabilizing action.

Figure 1: Large punch displacement of flexible structural facing loaded by the soil as the cables reduce mesh displacement
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SLOPE ANALYSIS WITH MAC S-DESIGN

The so called ,hybrid method" has been implemented in the proprietary software named Mac S-Design developed by Officine Maccaferri

Spa in collaboration with the Department of Civil and Environmental Engineering of Politecnico di Milano. Mac S-Design is a design tool

that can support engineers in designing soil nailing systems with steel mesh (structural flexible facing) for surficial slope instabilities. The

main assumptions and the geometry adopted for the stability analyses of the surficial unstable soil layer implemented in the software are

hereby presented. A sketch of the adopted slope profile is presented in Figure 2. In particular a slope of total height, H, constituted by a

homogeneous layer of granular material with uniform thickness, s, and slope angle inclination, 8, along a stable deep layer is considered. A

water table at a uniform depth along the slope is present and, depending on the mechanical properties of the unstable layer, tension cracks

at the top of the slope may be considered.

Figure 2: Slope cross-section model
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It is interesting to underline that this tool is quite unique, because it takes into consideration the failure mechanism along the entire slope;

while other mesh-design softwares are based on the behaviour of the mesh only between a pattern of nails, considering an undefined slope.

Field investigations have shown that this innovative assumption is fundamental for the design of the steel wire mesh and nails, as shown

in Figure 3.

Figure 3: Example of a soil nail slope where the soil has slid underneath the mesh, and the foundation of the nail drastically reduced

Only translational failure mechanisms of the unstable layer, starting from the crest of the slope and extending until their emerging points,

P, along the slope, are considered. In general, N unique failure surfaces are defined.

LEM AND HYBRID METHODS

Standard Limit Equilibrium Methods (LEM) usually study the stability of a soil mass along a failure surface, F, by adopting the following

equation:
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Ex=Ri/Fs+Akiim

Equation 1

expressing the equilibrium among the driving action (E, generally given by the weight of the unstable soil mass), the mobilized soil strength
(R) and the limit value of the stabilizing action (A) provided by the stabilizing intervention. In Equation 1, all three terms are computed
with reference to a specific failure mechanism and by adopting the characteristic values of the mechanical parameters (subscript k). A safety
factor FS is also introduced as a soil strength reduction factor. Alternatively, the same equation could also be written with reference to the
design values of the cited quantities, once partial safety factors are introduced depending on the adopted design standards. The following

inequality is hence written:

Ea<Rag+Aqiim

Equation 2

In both cases, the contribution of the stabilizing structure is only considered at its limit condition, coinciding with the peak value, without
explicitly modelling the soil-mesh interaction. No direct relationship can be then built between the safety level of the slope, the working
condition of the mesh and the soil displacement. The proposed method, on the contrary, is based on an innovative “hybrid” approach (Galli
et al., 2017). The key concept is that the equilibrium of the soil mass is still analyzed by means of usual LEM, but the stabilizing action pro-
vided by the passive structural elements is expressed as a function of the relative soil-structure displacement. In other words, hybrid methods
combine an Ultimate Limit State approach (ULS) with respect to soil strength to analyze the stability of the slope, with a Serviceability Limit
State approach (SLS) with respect to the soil-structure interaction. This approach is consistent with the idea of dealing with prevention inter-
ventions, i.e. to design structures aimed at preventing the triggering of a failure mechanism within the slope, but allowing small pre-failure

soil displacements, sufficient to activate the soil-mesh interaction.

THE CHARACTERISTIC CURVE
Following the definition of Equation 2, for each considered failure mechanism, the characteristic function represents the relationship be-

tween the “far field” soil displacement, U (i.e., the soil displacement for the considered failure mechanism), and the mobilized stabilizing

A=A(U)

action at the soil-structure interface:

Equation 3

In general cases, the displacement, U, is represented by an entire soil profile, so that Equation 3 is of vectorial nature. In the specific case
of anchored wire mesh and sliding failure mechanisms, however, the stabilizing action is represented by the distributed pressure, g, while
the far field displacement corresponds with the normal component, UN, (with respect to the slope profile) of the total displacement, UT, of

the active block, P'-P"-Q, so that a scalar function:

q=q(Un)

Equation 4
called “characteristic curve”, can be adopted to describe the entire interaction problem. In Figure 6, the ideal case of an active block, P’-
"-Q, interacting with a single span of an anchored wire mesh is sketched, with the underlying hypothesis that the active length, La, of the

failure mechanism coincides with the longitudinal spacing, iL, of the anchored spike plates along the slope (a specific reduction factor is

then introduced on the characteristic curve for the case La < iL).
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Figure 4: Qualitative deformation of a span of an anchored wire-mesh subjected to a soil displacement, UN, and developing an average stabilizing pressure, q, over its active length, La

The characteristic curve conceptually represents the relationship between the average value of the contact pressure, q, mobilized between
the soil and the mesh over a span of the mesh and the corresponding normal displacement of the backfill soil material. The mobilized tensile
action in each anchor can be evaluated by simply integrating the pressure, g, over the area of influence of the anchor. The characteristic
curve is fundamentally dependent on the mechanical characteristics of both the soil and the mesh used to retain the unstable backfill soil in
the case of a real application. A slope reinforced with a cortical mesh can be then schematized as a series of nails loaded by the pressure,

q, transferred through the relevant influence area of the mesh.

PROJECT OBERSCHLEFFENZ
Mac S-Design was successfully used for the design of projects in Germany. The slope along the railway between km 65.881 and km 66.019
between Oberschleffenz and Osterburken (Baden-Wiirttemberg, Germany) had to be secured against landslides and erosion. The rehabili-

tation area is located in the north-west direction of the railway directly before the entrance to the Schefflenzer tunnel.

Figure 5: Position of the project

The construction area is classified as an approximately 17m deep cut. The area to be stabilised had a total length of approximately 110m
with a slope inclination of 30°-35°. The sloping length of the embankment was circa 24m long at the highest point and 14m in the shortest

part. As a result of heavy rainfall in early February 2022, a superficial landslide occurred in the area around km 65.980.
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Figure 6: Typical cross-section

The area of the landslide extended was 9.0m (parallel to the track) to approximately 5.0m (fall line). Maccaferri’s partner Secon Systems
GmbH supported the designer Geobay in the pre-design phase of the soil-nailing to secure the slope. The checks were carried out using

the online software "Mac S-Design".

6 Results

The intervention using the proposed pinned drapery system, as described below, is found to enhance the surficial
stability of the slope by improving the Factor of Safety from FS, (without mesh) to FSy (with reinforcing mesh). The

Mesh MacMat HS100 8127G0 has been chosen for this intervention.

- Mesh Verification Status: [ Verified
- Design Factor of Safety FSq[-] 1.2
‘Maximum Working Ratio WR [%] 0.0

- Max force on anchors F [kN] 0.0

+ Pull-out Anchor Force Ng [kN] 1.71

- Effective Anchor Length Legs [M] 0.00

- Total Anchor Length Liot [M] 1.00

In addition to the mesh design, Mac S—design also performs three checks related to the anchor design. The first
two consider the tensile and shear verification status, whilst the third one considers the Bending Moment (M) — Axial
Force (N) domain.

- Tensile Check: Verified
- Shear Check: Verified
- M-N Check: Verified

Figure 4 and Figure 5 summarize the additional outputs of the performed analysis. Figure 4 firstly identifies the
slope geometry. Furthermore, the actual working ratio of the mesh is presented, and this represent the level of
exploitation of the selected product. The last chart provides the axial forces acting on the anchors. Figure 5 shows
the verification status in the M-N domain.
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Figure 7: Calculation report made using Mac S-Design software
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Thanks to the properties of MacMat® HS 100 8127G0 it was possible to reduce the number of soil-anchors needed and a final raster of 4m

x 4m of 1m long steel-anchors was planned. The installation phase took only 3 weeks during the month of April-May 2023.

Figure 8: End of the installation phase

Figure 9: End of the installation phase

CONCLUSIONS

This paper presents an innovative method that is deemed suitable to design steel mesh systems used in combination with passive soil nails
for surficial soil slope stability (i.e. soil nailing with flexible structural facing as defined by the BS 8006-2). The innovative aspect of the pro-
posed method is that, as opposed to traditional LEM for slope stability, the “hybrid” approach combines the LEM for the equilibrium of the
soil mass and expresses the stabilizing action provided by the passive structural elements (i.e. the steel mesh) as a function of the relative
soil-mesh displacement. This is possible through the introduction of a “characteristic curve” which represents the relationship between the
average value of the contact pressure, g, mobilized between the soil and the mesh over a span of the mesh and the corresponding normal
displacement of the slope soil material. Hybrid methods combine an Ultimate Limit State approach (ULS) with respect to soil strength to
analyze the stability of the slope, with a Serviceability Limit State approach (SLS) with respect to the soil-structure interaction. This approach
is consistent with the idea of dealing with prevention interventions, which translates into allowing small pre-failure soil displacements, suf-
ficient to activate the soil-mesh interaction. The method described has been implemented in the proprietary software named Mac S-Design.
The Mac S-Design code allows the user to run a pre-analysis (i.e. without any stabilizing mesh or nails) and then allows the designer to
conduct a verification of the system components (i.e. mesh strength, nail capacity) for a prescribed target factor-of-safety. According to the
authors, this innovative method is a more realistic representation of the steel mesh behavior when used in combination of nails for surficial
soil slope stability problems as compared to traditional LEM approaches where the mesh is modeled as a rigid boundary developing resisting
forces independently of the deformation field involved. Actual installations show that a mesh can withstand considerable deformation and

that the provided stabilizing force is highly dependent on the soil-mesh interaction and on the displacement field.
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