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ABSTRACT: For the design of foundations on rocle thart of numerical modeling becomes essential

the increase in complexity of construction workspexially when the structure of the rock massslired.
The lack of information on rock discontinuities reakit difficult to reach enough precision in modgli
Thus, we have to resort to a stochastic approadhactfures from borehole data, here gathered iraduet
project. To illustrate the differences between approachesve present a numerical study of the deformation
of the rock around a foundation with a continuouslgling and a discontinuous modeling.

1 INTRODUCTION AND PROBLEMATIC the real fracture size and shape remain unknown. To
The purpose of an artificial structural element re-deal with this difficulty, we use stochastic algo-
ferred to as a foundation is twofold: (1) to reeeiv rithms to simulate many realizations of a fracture
and transmit structural and external loads to tle u network conditioned by measured information (Fou-
derlying rock at a given depth below the ground surché et al., 2001). The computing tool used in this
face, safely without causing any distress to the swstudy was designed by the French Institute fordRetr
perstructure; and (2) to distribute pressure abtdse leum (IFP). The fracture network is constrained by
of the footing of the foundation to an intensity al an a priori model where the geological medium is
lowable on the rock. Concerning the first poinisth stratified and heterogeneous. From the spatial-coor
paper will not address the effect of external loasls dinates of the intersections between fracturesieane
wind or seismic shocks. A foundation must be deconstitute a 3D system of rock blocks. Then, we in-
signed so that the resultant load exerted on is dodersect this system with a cross section givingda 2
not cause any lateral sliding of the foundationebasnetwork of fracture traces.
on rock, ground collapse underneath the structure, Comparing estimates made from a specific stan-
tilting or intolerable settlement of the structubeep dard for viaduct foundations on rock slopes with
foundations are laid at considerable depth belav ththose made with the help of numerical models for
lowest part of the superstructure, to rest on, @nd continuous media (3D or 2D) would be a first task
transmit structural loads to a firm geological &tra  which is not be addressed here. Then, the compari-
of adequate bearing capacity. son with the results of discontinuous medium model-

To determine the limit loads for rock foundations,ing is not direct (Alfonsi and Fouché, 2003). Imsth
estimates resulting from empirical studies andhen t paper, we present the case of the viaduct of Saalié
nonlinear criterion of failure from Hoek and Brown (France) to compare the rock mass deformation un-
(Hoek and Brown, 1980) are often proposed. Thigler the foundations predicted by a continuous nu-
method, supplemented by theoretical assumptionsperical modeling (finite elements or finite differ-
allowed the development of more specific proceences) and discontinuous modeling (distinct
dures of application for various types of rocks deelements).
pending on their state of fracturing (Serrano ahd O
lala, 1996).

To identify the class of qualification of the rock 2 FOUNDATION ON A ROCK SLOPE
on the level of the foundations, the internal st
of a rock mass is hardly accessible. Tools of stru
tural geology allow identifying the main discontinu The description of a rock mass involves multiple
ity sets with the help of field data. Further infa-  scales: figure 1 sums up the complexity of thecstru
tion on the nature and fractures of the rock mass iture of a rock slope (Rachez, 1997). The anisotropy
given by boreholes, but these data are very lawal a of both the fracture network and the rock constitu-

C2.1 The different scales of fractures



tive materials, as well as the filling of joints,likely  Brive, away from the principal NE-SW faults. The

to influence the mechanical behavior of the rockdip of the two opposed slopes is respectively 30 to
mass. 40 degrees (West side) and 50 to 60 degrees (East
side). At the surface, the bottom of the valley is
made of alluviums whose thickness exceeds 4 me-
ters, and the soil on the slopes is made of collu-
viums, whose thickness varies from 0.3 to 5 meters.
1 I:Iock These deposits are lying on sandstones which are of
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Gl ten altered at the top and affected by intensdurac

_ ing in various directions.
i
i

feliation
stratification 2.3 Design of the foundations of the viaduct

fractured rock

pillar of
SIOEIEDhm viaduct

rock joint . .
For design and construction purposes of founda-

tions on rock, the current methods consist to esti-
mate the bearing capacity on the basis of an empiri
Figure 1. The rock mass at different scales. classification of rocks mainly according to the koc
matrix properties (Bieniawski, 1976). Still, some
In a volume large enough where the multiple orrecommendations of building codes for this applica-
der discontinuities do not favor any potentialdesl tion mention the existence of fractures in the rock
surface, we can represent the rock mass as amass, but generally the estimation is obtained from
equivalent continuum (cf. section 3). Properties focontinuum mechanics. For instance, the approach
materials should be chosen by taking into accountsed for the viaduct of Millau (France) is basedaon
the fracture density (Fouché et al., 2003). Atecsp classification of rocks from field data, laboratory
fied scale characterized by a sufficiently well Wwmo  tests and drill core description (Rat and GiveQ®0
system of discontinuities (Fouché et al., 2002}, anThis approach is global and allows for estimatimg t
other method is to represent explicitly the rocksena mechanical characteristics as deformability and re-
as a system of homogeneous blocks (section 4).  sistance at the scale of the rock volume involved.
the recent years, because of an increase in applied
loads in engineering practice, and taking into ac-
2.2 The viaduct of Sauliéres, a rock-founded bridgecount seismic alea and other major natural hazards,
the designers of road infrastructures in rock nemsse
L —— pay more and more attention to the role of fracture
X 1{&*-.-_ LA c_/}*'j LR in the stability computations of construction works
. l':'?t}. 1../-_-; o 3 ey (Maurin, 2001).

B For the viaduct of Saulieres, the bearing capacity,

h ! .,:—" J a_J'I_: -ar‘:i__
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ks Quuw and the ultimate shaft resistance,, @re calcu-

\ lated on the basis of pressuremeter or dilatometer
tests. The piled foundations drilled will be anabr

in the compact sandstones. The load on each founda-
tion, is evaluated according to the number of piles
under consideration for viaduct, about 1.9N.(by

pile, and 0.5.1%N for the two abutments. These val-
ues are tested in the numerical study following.

.',-ﬂ'—_%e_l,@;ﬁﬂhfejiﬁ_' \ H.E' '_ ) 3 A CONTINUOUS REPRESENTATION
' 3.1 A continuous 3D modeling (finite elements)

A model was realized in 3D using the finite element
code CESAR-LCPC. The topography is roughly

The viaduct of Sauliéres will be 30 meters high andlrawn and it gives a simplified image of the load r
450 meters long. It is designed with an ENE / wswpartition at the bottom of the viaduct piles. Thesim
trend to cross a valley and a local interest rdd. reésolution is enhanced in the neighborhood of the
will be constructed to be a part of a bypass arounBll€s (fig. 3). But the piles are not explicitlypre-
the regional city of Brive (fig. 2). sented with this software. _

The piles of this bridge will be constructed within | The load is imposed at a 10 meters depth, i.e. at
the sandstone formation of the Permian basin dfe top level of the intact sandstone layer whigh-s

Figure 2. Localization of the projected viaducttbe geologi-
cal map (1/25000): Fz = alluviums i sandstone.



ports the piles. The vertical stress increasesrdeco  After loading, some deformation appears in the
ing to the empirically estimated load on each pile. solil at the bottom of the piles (fig. 4). Defornuetiis
centered on the points where the load is applied, a
propagates through the layers in a quite symmeétrica
way. Notice that the displacements are insignitican
since they are found to be in the order of 0.02 am
the surface and 0.20 mm at the loading point. When
the plastic state is attained in the superficigkta
the computations are soon interrupted for non-
convergence. For this reason, it was not possile t
reduce the mechanical properties of colluviums in
order to increase the displacements.

3.2 A continuous 2D modeling (finite differences)
Figure 3. A 3D stratified model of the Sauliereflexsawith the
position of the viaduct, piers, and drillings CO €8Y) and CE
(East).

-0.BE mm

- 0.4 mm

The mechanical model is composed of three su-
perposed layers with different constitutive matsria
each one being given an elastic-plastic behavitr wi
Mohr-Coulomb criterion. The characteristics of ma- T

terials follow:
>layer 1: E=1GPav, =0.25; C=1.E4 Pa co & CE
¢ = 22 degrees)p = 22 degrees e :\{Ib:#_,pa J—

> layer 2: E=5 GPav, =0.25; C=1.E5 Pa
¢ = 25 degrees) = 25 degrees

> layer 3: E=50 GPav; =0.35; C=1.E7 Pa
¢ = 35 degrees) = 35 degrees

Figure 5. Vertical deformation after loading at tio@ of the
pile, computations with UDEC.

On the basis of the geometry of the geologicalrigye
a computation is performed by finite differences
with the UDEC code, at the scale of a single pila i
vertical longitudinal cross-section. The piles bét
viaduct are explicitly represented in this software
The bottom of the pile is fixed at the top leveltioé
intact sandstone layer.

We use a transfer factor u which is recommended
for estimating 2D equivalent stresses from the 3D
load applied at the top of a pile with a squareebas
(Rachez, 1997):

_4BH+B?_
2H +B

b 4. Vertical deformat ﬂ twal bgdand 2D where the height of the pile is H = 30 meters, tued
\gure 4. vertical delormations aftér punctual iogoan edge length of the square base is B = 6 meters.
vertical cross-section (computed with CESAR-LCPC). ,gé\fter v?/e have deguced the settlement at the inter-
ces between the layers, we can note on figure 5

~ vertica_l
cross section

11

Layers 1 and 2 are both discretized into two mes h . il < ol h |
strata, and layer 3 has seven mesh strata with ifiat the maximum displacement is close to the resu

creasing thickness along depth. The values of th f the 3D model with CESAR-LCPC. A close-up on

characteristics of intact and altered sandstones ha''c lplle P3 with a dbe:ltertr)nesh sh?w§ |0C_a|.||y atgrea
been estimated including a secondary alteration duitl'ément around the bottom of the pile, progres-
to fractures, and the values for the charactesisiic Ve, decreaﬁlng from a layer to the next with in-
colluviums are reduced down to a point imposed b>9reasmg depth.

the resolution of our finite element computations.



4 A DISCONTINUOUS REPRESENTATION meters. The mean dip vector (azimuth and plunge
angles) is (212-43°) for set S1 and (58-56°) fdr se
S2. Respectively the mean spacing is 0.24 m and
0.30 m. We do not use the data of the drillingiedrr
Loading in continuous models gives a global idea obut at the end CE because of a low quality in nu-
the intensity of deformation within the soil, bude$ merical imaging and because the discontinuities
not make it possible to detect the different oaent have very sparse directions. Thus, the statistical
tions of the displacements which arise from theinat analysis of the data from this borehole is difficol

ral stratification of the rocks. For different typef interpret.

the foundation and of the structure of the rockasnd  In order to extrapolate the fracture network to a
loading, different mechanisms of potential inst@pil volume larger than that recognized by drilling, we
leading to the failure were considered, from geplog use data-processing tools which allow the stoobhasti
conditions (i.e. wedge, toppling or plane failucg) generation of discontinuous 3D models statistically
shear and deformation of fractured rock mass due tequivalent to real borehole data. The FRACA soft-
compression (fig.6) (Wyllie, 1992). It is thus very ware, Beicip (IFP) Company, was initially conceived
important to improve our knowledge of the rockfor oil research (Cacas and al., 2001) but can be
mass in order to define the better type of fourmatati adapted for civil engineering problems.

in the studied case. To make numerical modeling re-

alistic enough, we must face the difficulty to repr  ,ogoffrachres
duce the fracture network from punctual data.

4.1 The failure mechanisms of foundations on rock

set 1

IR

k.
o

_ _ _ _ >»<«— b —
Figure 6. An example of potential mechanism ofuial of a
fractured rock mass under loading. Figure 7.

a) Stereographic representation of the normal veatb
fractures, borehole CO (lower hemisphere, ISRM eotion)

it b) intersection of the borehole with simulated aagles stand-
4.2 Characterization of the rock slope ing for the fractures of the two identified setRECA)

From field prospecting and aerial photograph analy-

sis we have a good knowledge of the main d'Scont'the average size of the fractures, we simulateiasse

nmt'ezhdfaggrséh%ﬁ'g ;ggs} ;25%?2??'23&2&’;’3%0 d of virtual boreholes to explore the variability thie
ging Spatial distribution of our virtual network. An era

which takes into account the sedimentary layers anﬁflje of discontinuities connected to borehole CO is
the fractures. However, these data are very exmnSidisplayed in figure 7b

to obtain and they are available only in a limited '

number. Also, the interpolation of data between sev

eral boreholes is very difficult. In this projeéto 4.3 Numerical modeling by the distinct element
boreholes have been realized and they give a 30 me- method

ters cumulate length of cores. The first was ddne a
the East end of the projected bridge (CE), therothq:
at the West end (CO). These boreholes are suppl
mented by 22 pressuremeter profiles (Chahine g
Nagel, 2003).

An example of a stereographical treatment of dat
is shown on figure 7a. We identify two fracturesset
that are characteristic of borehole CO, near thetWe
end. Within 13 meters of cores, 50 discontinuitie
have been detected in the depth interval from Z0to

By introducing an empiric value of 5 meters for

rom the rectangles generated in the neighborhood
f the abutments and foundations of the piles, xe e
act the 2D co-ordinates of their intersectionghvei
cross-section (fig.8). Up to now, we do not have an
Aumerical tool, even in 2D, capable of treatinghsuc
a complex network of fracture traces. So we choose
to run UDEC with oversimplified schemes. To re-
Smain within the limits of data-processing resolatio
of the computer code UDEC, the representation of a



cross-section of a discontinuous model over the erbution of the iso-values of displacement follows th
tire length of the viaduct would imply a considdeab dips of the two discontinuity sets.

reduction in precision. We thus will position our The second case represents the two same sets bu
cross-section at the scale of the pile n°3 of tiae v their persistence follows a uniform distributionan
duct which is supposed to support the most significlose range of mean value 1 meter (fig. 9b). Is thi

cant effort. case, the most highly deformed zone is tighterres, t
_ _ _ o amplitude at the bottom of the pile increases 8igh
stochastic generation of discontinuitie and the limit between the iso-values of displacemen
(3D model from FRACA follows the traces of some discontinuities.

The third case represents the two sets with ran-
dom persistence but with stronger dips: 72 degrees
and 115 degrees (fig. 9¢). The pile of the viaduct
sinks like a punch, while following the dips of the
two sets: the maximum value of displacement at the
bottom of the pile approaches 2,5 millimeters.

2.5 mm

1.5 mm

i ] ] ) -0.5 mm
extraction of intersections with a

2

Figure 8. Trace intersections between a verticahg@land the Figure 9. Vertical displacements due to loadingib& P5-3 for
rectangles representing the fractures. three discontinuous models, computations with UDEC.

Moreover, the fractured part is reduced to a zone u
der the pile. Lastly, we tune the distribution bét 5 DISCUSSION
two fracture sets and the value of mean dip anfjle o
dip (for one set) in order to show the influenceéhef The difficulties encountered when modeling rock
geometrical uncertainty. slopes are well known: the constitutive materiaés a
Values equivalent to those of preceding calculadiverse, the geological survey is not always adhpte
tions were then applied to constitutive materidls. to the specificity of the project, and the fractiere
friction angle of 20 degrees and a stiffness of’ 10 partially detected (Fouché and Diebolt, 2004) pk a
N.m for the joints of the fractured zone. pears that the dimensioning of the works rathesris
The first case represents two sets of discontinuifrom a know-how informed by databases and prac-
ties with trace persistence 1 meter, respectivéllly w tice. This pragmatic approach has proved to be reli
an apparent dip of 58 degrees and 115 degrees (fighle in the construction industry. It is generailyp-
9a). Under the effect of the load applied at thedb  plemented by a numerical approach using the
the pile, the deformations are propagated in tie& ro mechanics of the continuous media. In this paper we
mass in an asymmetrical way, with maximal ampli-have shown that, in the case of loading on thespile
tude lower than 2 millimeters. Notice that the iist of a viaduct, this method gives some useful indica-
tions on the spatial repartition of the ground defo



mation. It can be improved by resorting to an hoWe are grateful to the Beicip (IFP) Company and

mogenization method, which includes the disconthe Regional Laboratory of Bridges & Roads of

tinuous character of the rock into an equivalemt-co Clermont-Ferrand for their invaluable collaboration

tinuous medium (Sulem and Cerrolaza, 2001). which enabled us to carry out this first testingoaf
But the indications obtained by the former meth-methodology.

odology are essentially qualitative and do notvallo

to work without over-design. If one wishes to adapt

the dimension of the foundations to the naturheft 7 REFERENCES

rock, we need some quantitative estimate of the dis

placements and the threshold of failure. Then, wélfonsi P., Fouché O. (2003). Fondations au rochétuence

have to explicitly represent the geometry and me- de la _fracturation sur la répartition des tassement pied

chanics of the discontinuous media. des piles d’'un viadudnt. Symp. Fond’'SupParis, France,

S . 5-7 Nov. 2003, Presses de 'ENPC.
. The stages of thIS_kInd of study are ml“_'lt'ple’_fromBieniawski Z.T. (1976). Rock mass classificatiorrack engi-
in situ data collecting to numerical simulations. neering. Proc. Symp. Exploration for Rock Engineering
Starting from a minimum of geological and geomet- Cape Town, Balkema, 1, 97-106.
rical statements, the stochastic reconstitutiothef Cacas M.-C., Daniel J.-M., Letouzey J. (2001). Begjeologi-
fracture network makes it possible to limit the num cal modeling of naturally fractured reservoifetroleum

; ; : o Geoscience7, 43-52.
ber of possible cases of simulations. Then it i ne Chahine M., Nagel B. (2003). Projet du viaduc deliSees,

essary to carry out a parametric study of the €hara  ygyiation de BriveRapport n° 15848, CETE Lyon, LRPC
teristics of constitutive materials of the rocksdan  clermont-Ferrand95 p.

joints to qualify the potential state of failuretae  Cundall P.-A., Hart R.(1993). Numerical modellingdiscon-
bottom of the foundations. This approach is made tinua Comprehensive Rock Engineeringol.2, 231-243,

i ot i J.A. Hudson, Ed. Oxford, Pergamon Press Ltd.
ggzshb;?t b]YQ;ge) distinct element modeling (Cundal‘:ouché 0., Alfonsi P., Chantron L, Durville J.-2002). Des

/ . . forages a la simulation mécanique des massifs mwche
If 2D modeling is rather easy to use, it however |apnort d'une approche probabiliste 3D des résetiis-

requires considering cross-sections perpendicolar t continuités. National Colloquium of Geotechnics &tyi-
the main fracture set of the rock mass to be abidi neering Geology, Nancy, France, 13 p. _

representation of reality. The 3D structure istlom Fouché O., Cojean R., Amould M. (2001). Geologiead
other hand. rather delicate to work out. with a enor geometrical characterization of natural fracturesigran-

tricted b f distinct el ts. but it itic formation from cored boreholeB8ulletin of Engineer-
restricted number of distinct €lements, but 1t apen ing Geology and the Environme®0, no 3, 231-240.

more prospects for the study of the stability a# th Fouché 0., Diebolt J. (2004). Describing the Geoynet 3D

fractured rock volume. Fracture Systems by Correcting for Linear Samphias.
Mathematical Geology36, no 1, 33-63.

Fouché O., Savajol A., Monin N., Fabre D. Pouya(Z003).

Assessment of free ground water hazard in tunnelieg of

6 CONCLUSION stochastic fracture network simulation and homazggion.

. . Ext. Abst., IAH Int. Conf. Groundwater in Fractured
Based on the geological analysis of the area,éhe r  Rocks Prague, Tchequie, 15-19 Sept. 2003, 3 p.

constitution of the fracture distribution over theHoek E. and Brown E. TEmpirical strength criterion for rock
Iength of a bridge is possible from borehole dq{a b m_a_sses.]_. Geotech. Engng Division, American Society of
using a specific modeling tool. The extraction wf v Maucr'i"r:'PE”?2”6‘(8)61;5'\X;’('j-ulcogégL%rgﬁrégﬁi'léizégdgg%a
tual boreholes at the_ position of the foundatidment tion d'un ouvrage d'art exceptionnel au droit d'uisdlle
allows the ConStlrucuon of 3D or 2D models thantur majeure du faisceau BisontiBulletin des laboratoires des
out to be more rigorous and more complex that those ponts et Chaussée233, 77-86, LCPC.
resulting from the surface survey. Rachez X. (1997). Les fondations au rocher de graratiucs:
The numerical study was limited to particular I'apportde la méthode des éléments distintiese de doc-
cases of fracture densities which shows that, @t th__[orat ENPG Paris, 241 p.

. i . Rat M., Givet O. (2000). Le viaduc de Millalnt. Cong. of
scale of a pile, the homogenization of the media™ 5 .} MechaniceParis, 1639-1647.

Seems SatiSfaCtOf}’- . . . Serrano A. and Olalla GAllowable bearing capacity of rock
Nevertheless, in spite of the reduced dimensions foundations using a non-linear failure criteriunint. J.
of our volume of interest and of the dispersionhef Rock Mech. Sci.& Geomech.Abstr., Elsevier Sciente, L

fracturing of the rock, numerical computations Bf 2 Vol 33, n°4, pp 327-345 (1996). _
discontinuous models show a strong anisotropy iﬁulem J. Cerrolaza M. (2001). Modéles continus pesistruc-

T . . tures rocheuses discontinu@evue Francaise de Géotech-
the distribution of the iso values of displacement, |qie 97, 41-52.

with maximum amplitude locally higher than the wyiie D.C. (1992).Foundations on RockE. & F.N. Spon,
values given by the continuous models. While ap- Chapman & Hal, 333 p.

proaching the natural configuration of the rocks,

numerical modeling can then highlight the preferen-

tial orientations of the stresses or the defornmatio

and contribute to detect the potential risks difai.



