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T hre e -d im e n sio n a l num e rica l sim ula tion  of a  tunne l e xca va te d using N AT M  -

B ra silia  unde rground ca se  
S im ula tion num é rique  trid im e nsione lle  d ’un tune l e xca vé  pa r la  m é thode  N ATM  -  M e tro de  Bra silia

M .M .F a ria s, A.P .AssiS  & A .H .V .M ora e s Jr -  University of Brasilia, Brasilia, Federal District, Brazil

D urin g  the  firs t h a lf o f the 9 0 's  a subway tunne l was dug in  porous clay using N A T M  in Bra silia ,  the B ra z ilia n  ca pita l city. T he  ma in 
observed features were  excessive  settlement and an unexpected trend, w ith  displacements increasing fro m  the tunne l crow n towards 
the surface. M a ny unsuccessful a ttempts to sim ulate  th is be haviour using tw o-dim e nsiona l num e rica l analyses have been reported. 
T he firs t tw o  authors, using some num e rica l a rtifice s to sim ulate  the structura l collapse  o f B ra silia ’s porous cla y, obta ine d pa rtia l suc­

cess. T h is  paper presents a three -dim ensiona l num e rica l analysis using the F E M , in w hich the construction sequence o f B ra silia ’s un ­

derground was ca re fu lly  matched. T he  soil be haviour was sim ulated using e lastoplastic (D rucke r-P ra ge r) and critica l state (C am cla y) 
models. T he  D rucke r-P ra ge r m ode l was unable  to reproduce the observed pattern, even when a non-associated flo w  rule  was adopted. 
C om pa tible  results were  obta ine d w ith  a three -dim e nsiona l analysis using the C am clay model. T w o-dim e nsiona l analyses, even w ith 
the C am cla y m ode l, are unable  to reproduce  the registered results. T hese la ter analyses cannot a ccount fo r the load tra nsfe r a long the 
e xcava tion dire ction. T his  a rching e ffect, toge ther w ith  the appropria te  constitu tive  mode l, seem to be the key to  reproduce the  ob­

served fie ld  behaviour.

Pendant la  prem iè re  m oitié  des années 90, ont a fa it construire  à Bra silia , ca pita l du Bré sil,  un tunne l de me tro en a rgile  poreuse par la 
méthode N A T M .  Les principa le s caractéristiques observées ont été les grandes de form a tions et une tendence d ’augm enter les 
déplacements en dire ction de la  surface. P lusiers tenta tives de re produir ces résultats ont été publié s en utilisa nt des analyses 
num ériques bidim e nsionlle s, même sans obte nir succès pour les résultats. Les premieurs auteurs de cet a rtic le  ont réussi pa rcie llem e nt 
dans ce t but en utilisa nt des a rtifice s pour sim ule r la proprié té  colla psible  de l ’a rgile  poureuse de Bra silia D a ns cet a rticle , on present 
une analyse num é rique  trid im e nsione lle  qui represente d ’une façon très precise les etapés d ’exca va tion adoptées dans la  construction 
du tunne l de Bra silia .  O nt a utilisé  des modèles e lastoplastique  (D rucke r-P ra ge r) et des états critique s (C am cla y) pour sim ule r le 
com porta ie nt du sol. Le  m odè le  de D rucker-P rager est incapable de sim ule r le com portm e nt observé, ma lgré  la  considé ra tion d ’une 
lo i de flu x  non-associée . C om portm e nt com pa tible  par ra pport au observé a été obtenu en utilisa nt le modè le  C am cla y et une analyse 
trid im e nsione lle  sans te nnir en compte  la  sim ula tion du colapse structura l. Ana lyses bidim e nsione lles, même en utilisa nt le  modèle 
Cam cla y, ne sont pas capables de re produir le  com portm e nt observé due à leurs incapacités de sim ule r le tra nsfe r de charge vers la 
dire ction de la  excava tion. C ette  consta ta tion a m ontré  être un fa cteur dé te rm ina nt, ensemble avec le m odè le  acopté, pour la 
sim ula tion du vra it com portm e nt au chantier.

1 B R A S IL IA  U N D E R G R O U N D

The high  cost o f urban space has s ig n ifica ntly  increased the de ­

mand fo r tunne ls in b ig  urban centres. In  many countries, tunne ls 
in soils and rocks are constructed using the N e w  Austria n T un ­

ne lling M e thod (N A T M ) .  M ore  than 300 km  o f tunne ls in hard 
rock and ove r 40  km  in soft so il have been constructed w ith 
fle xib le  shotcrete lin in g  in B ra z il since 1970.

A n  unde rground transporta tion system was planned in Bra si­

lia  to lin k  the  a dm inistra tive  centre o f the B ra z ilia n capita l to a 
fe w  suburban cities. I t tota ls 42  km  and is d ivide d in several sec­

tions. T he  m a in section, in the so-ca lled South W ing  o f the P ilo t 
Plan (P P ) area, was excavated in clay using N A T M  and is 7.2 
km long.

T he  re giona l ge ology and ge om orphology has been described 
in de ta il by M a ce do et al. (1 99 4 ). I t is covered by a la ye r o f la t- 
e ritic soils lo ca lly  know n as porous clay. U nde r the porous clay, 
layers o f re sidua l soils fro m  slate, m ostly s ilt and sand, may be 
found at the  tip  o f the  S outh W ing. A  suspended w ater table is 
also found in  th is re gion. E lsewhere the porous clay ove rla ys a 
sequence o f inte rlayere d metasiltstones and quartz ites, that ge ­

ologists ca ll m e ta rhythm ite s. D ue  to the high pe rm e a bility o f this 
fractured m e ta rhythm ite s, no w ater table  is found in this region.

M ost o f the  tunne l in the South W in g  o f B ra silia  was exca ­

vated in the  dom a in o f the porous clay. T he  e quiva le nt diameter 
o f the  tunne l is 9 .8  m and the overburden is about 10 m in aver­

age. T he  tunne l design was based on tunne l experience in soft 
porous cla y in Sao P aulo (N e gro et al. 1996). In itia l studies pre ­

dicted m a xim um  se ttlem ent in the 6 0 -80  mm range. A lthough

high, these were not expected to cause any proble m , since the 
tunne l is excavated in a green fie ld , d iv id in g  tw o large avenues 
and there  are no m a jor structures, except a fe w  via ducts and pet­

ro l sta tions founded in deep piles.

H ow ever, observed displacements at the start o f  construction 
were tw o to three  tim es highe r than those predicted. In some sec­

tions, se ttlements in the order o f 450  mm were registered, amaz ­

in g ly  w ith ou t any signs o f insta bility.  Anothe r s trik ing  feature 
was a se ttlement a m plifica tio n  towa rds the surface. S ettlements 
above the tunne l crow n were sm a lle r than those registered at the 
surface. A  com ple te  ana lysis o f these displaceme nt patterns and 
fie ld  tests perform e d during construction ma y be found in O r- 
tig iio  et al. (1996 ).

T he  porous clay shows a ve ry pe culia r and proble m a tic be ­

ha viour, w hich became the focus o f several researches at the 
U nive rsity o f B ra silia  (C amapum de C a rva lho et al. 1998). Its 
m a in characteristics are high vo id  ra tio (1 .0 -3 .0 ),  lo w  u n it w e ight 
(1 1 -1 5  kN /m 3) and w e ll-de fine d  m icro and macro structures. 
Such structures consist o f aggregations o f cla y a nd/or sand pa rti­

cles bonded by clay bridges w ith  iron oxide  as a sta b iliz in g  com ­

ponent. T ha t is the result o f  intense we a the ring and leaching 
processes to w hich  tropica l la te ritic  soils are subm itted.

F rom  the e ngineering point o f vie w , the so-ca lle d porous clay 
presents ve ry low  bea ring capacity w ith  num ber o f blow s counts 
(N -S P T ) in the standard pene tra tion test in the range o f 1 to 4. 
M ost im porta ntly it e xh ib its  a h igh ly  contra ctile  beha viour. I t 
may experience  high  volum e tric decrease (up to 10% ) whe n e i­

ther saturated or disturbed. T h is be ha viour has been id e ntifie d  as 
a kind  o f progressive  structura l collapse.
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Severa l a ttempts to sim ula te  num e rica lly  the  observed displace ­

m ent pa tte rn o f B ra silia  underground have been reported (K o- 
chen &  N e gro Jr. 1996). So fa r these analyses were a ll tw o- 
dim e nsiona l unde r the  hypothesis o f plane stra in conditions. D e ­

spite some success in re producing the surface displacements, 
most have fa ile d to reproduce  qua lita tive ly  the displacem e nt pro ­

file  w ith  depth.

Some success has been reported by the authors when struc­

tura l collapse was introduce d into the 2 D  analyses (Farias et al.

1998). T h is was done  by means o f a scheme sim ila r to the one 
used fo r collapse  due to sa turation (Farias 1993). H ow e ve r this 
me thod re quire d the  inte rve ntion o f the user to trigge r the co l­

lapse m echanism or the in troduction o f an a utom a tic collapse 
crite rio n, w hich  is d iffic u lt to de fine .

A  displacem e nt pa tte rn s im ila r to  that observed in Bra silia  
was reproduced in la bora tory tests w ith  lg  models using ve ry 
lo w  density ka o lin  samples (N a ka i et al. 1997). T he  results were 
succe ssfully sim ula ted using 3 D  F E M  analyses w ith  a sophisti­

cated constitutive  model.

2.1 Simulation o f  the Excavation Process

In  the present study, a fu ll thre e -dim e nsiona l ana lysis was per­

form e d and no collapse  m echanism was e x p lic itly  introduced. 
T he  constitu tive  m ode l was expected to account fo r the contrac ­

tile  be ha viour o f the  soil during the  excava tion process. F igure  1 
shows the  fin ite  e lem ent mesh used. I t has 2828  b rick e lements 
o f 8 nodes w ith  2 x2  G aussian inte gra tion and 3435  nodes, to ta l­

ing 10305 equa tions. T he  mesh is d ivide d in 14 longitudina l 
segments o f va ria ble  size. A t the  centra l zone the ir le ngth corre ­

sponds to % o f  the tunne l diam e ter (£>). T h is  is a re la tive ly 
coarse mesh due to m e m ory and tim e  lim ita tions to run in a pe r­

sonal computer.

N um e rica l s im ula tion o f the excava tion tries to match as 
close ly as possible  the real exca va tion sequence. T his is depicted 
in F igure  2, w he re  the uppe r part shows 4  typ ica l cross sections, 
and the low e r part shows the  e xcava tion advance a long the lon ­

g itu d ina l d ire ction . T he  a rrow  shows the exca va tion dire ction 
and the double  le tters indica tes the typ ica l cross sections in the 
re gions repre se nting a segment or b lock o f fin ite  e lements. In  a 
firs t stage, the tunne l crow n and sides are excavated (F igure  2b). 
In  the next stage, the  e xcava tion fron t progresses 4 .8  m into a 
second b lock o f e lements, w h ile  the bench and inve rt o f the firs t 
block are excavated at the same tim e  tha t lin in g  in the ro o f and 
sides are a ctiva ted (F igure  2c). T hen the exca va tion o f the ro o f 
and sides advances a nother 4 .8  m into a th ird  block, w h ile  bench 
and in ve rt e xca va tion plus tunne l lin in g  are perform e d in the 
second block, and the  in ve rt lin in g  is closed in the firs t block. 
T he  process advances in th is w a y in 14 stages up to the fin a l sec­

tion at the end o f the mesh.

2 NUMERICAL ANALYSIS

Figure 1. Three-dimensional finite element mesh.

Cross sections

AA BB CC DD

Figure 2. Illustration o f  excavation sequence.

T he  sim ula tion used the fin ite  e lement code A L L F IN E  
(F arias 1993). E lements in the excavated areas are deactiva ted 
and the mesh is in te rna lly  renumbered and optim ise d. L in in g 
construction is sim ulated by re a ctiva ting the a ppropria te  ele ­

ments w ith  new m a teria l properties (concrete ). Stresses in deac­

tiva ted elements are converted into forces a long the  excavation 
boundaries. T he  tota l force  ve ctor is d ivide d into sm a lle r por­

tions and a pplied incre m e nta lly. I t was decided to  fix  the  num ber 
and sizes o f load increments and to use a pure ly ta ngentia l solu ­

tio n  scheme in order to control the tota l ana lysis tim e . T he  norm 
o f the residua l forces w ith  respect to the  tota l a pplied forces was 
m onitore d and never exceed 1%  in  the  re le va nt stages.

2.2 Models and Properties

T he  influe nce  o f the constitutive  re la tion fo r the soil was inve sti­

gated fo r the fo llo w in g  models: (a ) line a r e lastic; (b) e lastic per- 
fe ctly-p la stic D rucke r-P ra ge r and (c) m odifie d  C am cla y. T he 
concrete  lin in g  was considered line a r e lastic w ith  Y oung 
M odulus o f 10 G Pa and P oisson ra tio  equal to  0.3.

D e fin itio n  o f soil properties was based on several in  situ tests, 
labora tory tests and pre vious back-analyses o f instrum e nt data. 
In itia l stresses were generated fro m  geosta tic conditions, using 
the unit w e ight o f the porous clay equal to  15 kN /m 3 and a coe f­

fic ie n t o f earth pressure at rest equa l to 0.5.

F or the im plem ented ve rsion o f the C am cla y m ode l the input 
parameters and va lues were: P oisson ra tio com pa tib le  w ith  in itia l 
stress; compression index, / l/ (7 + e „)= 0 ,1 7 5 ; recom pression index, 
id(l+etl)=0 ,019 ; fric tio n  angle at critica l state, ^„= 3 2 ° .  T he 
adopted va lue  fo r the compression index m ust be inte rpre ted as 
an average va lue  since it is e xtre m e ly va ria ble  w ith  stress leve l 
due to the colla psible  nature o f the porous clay.

T o sim ula te  a cohesion o f 6 kPa, an e quiva le nt sh ift in the 
mean stress axis (p) is introduced by a dding to  the in itia l stresses 
a hydrosta tic fie ld  w ith  a = c.cotg^. T ha t is counterba lanced by 
an equal va lue  o f suction in the in itia l pore pressures to  keep the 
e quilib rium  condition o f the in itia l stresses.

T he  E la stic M odulus varies w ith  mean stresses in  the C am 
cla y model a ccording to the  expression:

K

In order to ensure the same in itia l properties fo r a ll models, 
the va lue  o f Y oung m odulus fo r the line a r e lastic and D rucke r- 
Prager models were computed fro m  E qua tion 1 w ith  p=p„ fo r the 
in itia l stress. In  this way, this parameter was made to va ry line ­

a rly w ith  depth.

F or the D rucke r-P ra ge r m ode l the  strength parameters were 
com pa tible  w ith  a cohesion o f 6 kP a and fric tio n  angle  o f ^=3 2°. 
I t was used a non-associated flo w  rule  w ith  dila ta ncy angle, 
iy=0. T ha t was necessary to a void undue dila ta ncy during fa il­

ure, since it was know n that the be ha viour o f B ra silia  porous 
clay is contra ctile .
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T he surface  se ttle m e nt trough at the end o f the excavation proc ­

ess is shown in F igure  3 fo r d iffe re n t constitu tive  models. N ote 
tha t displa ce m e nt forecasts by the linea r e lastic and D rucke r- 
P rager m ode ls d id  not d iffe r much. T h is indica tes tha t fe w  zones 
a ctua lly reached ultim a te  strength. In  fa ct most o f the observed 
fa ilure  zones w e re  in the bench area, w ha t does not re fle ct much 
in the  surface. T he  displacem e nt forecast w ith  the C am clay 
model has the  same orde r o f m a gnitude  as observed displace ­

ments. T he  shape o f the  trough is a b it odd due to boundary con­

ditions and m ode l as w e ll. In  retrospect it could be said tha t the 
la teral extension o f the mesh o f 2.5D is too close to the centre ­

line . A lso  the ve rtica l displacements at the la teral boundaries 
were fixe d, producing tha t V  shaped trough. H owe ve r, the au­

thors be lie ve  tha t the C am cla y m ode l its e lf must respond in part 
fo r tha t, e xpa nding too m uch the displacements la te ra lly, w ha t 
was not observed w ith  other models.

D isplacem ents o f a surface po in t in the ce ntre line  against 
tunne l face advance are shown in F igure  4. T he  face distance 
(Z ,)  is norm a liz e d by the tunne l diam eter (D). M ove m e nts start 
when the  tunne l face reaches a distance o f about 3D be fore  the 
control section and sta bilize  about 3D a fte r passage o f the exca ­

va tion front. T ha t is in good agreement w ith  e m pirica l data and 
num e rica l results reported by several authors (N egro et al. 1996).

F igure  5 shows the  fin a l ve rtica l displaceme nt p ro file  w ith 
depth Y  (norm a lize d by the soil overburden, H )  in the centre o f 
the mesh. I t is inte re sting to note that the displacement pattern 
for the e lastic line a r and D rucke r-P ra ge r models is such tha t dis ­

placements decrease fro m  the tunne l crow n to the surface. 
M e a nw hile ,  fo r the  C am cla y m ode l, there  is an a m plifica tion  o f 
displacements towa rds the surface sim ila r to the observed dis­

placement pa ttern in B ra silia  unde rground e xcavation.

The  be ha viour produced by the Cam clay model is related to 
mechanisms o f load tra nsfe r a long the lo ngitudina l dire ction and 
to the fa ct tha t stiffne ss is related to the mean stresses in this 
model, spe cia lly the e lastic portion a ccording to E quation 1.

Load tra nsfe r in the lo ngitudina l dire ction is caused by soil 
a rching in the  unsupported zone in the tunne l ro o f between the 
e xcavation fron t and the  concrete  lin in g  4.8 m behind. T his is 
shown by m o n ito ring  both the mean (p) and de via toric (q) 

stresses fo r a line  o f nodes ju s t above the tunne l lin ing , such as 
in F igure  6. T he  uppe r bar in th is figure  shows the free  span gap 
during e xca va tion o f b lock 8, when the e xcava tion face is at sec­

tion 9. T he  lines show the mean stress va lues at the end o f exca ­

va tion o f blocks 7, 8 an 9 and also the geostatic mean stresses. 
W hen the  e xca va tion fro n t reaches a given block o f e lements, the 
mean stresses a little  ahead o f the tunne l face increase above the 
geostatic le ve l, w h ile  decreasing in the unsupported zone. Be ­

sides, mean stresses also increase im m e dia te ly behind the sup­

ported area due to the  highe r stiffness o f the concrete  lining.

S im ila r figure  m a y be plotte d fo r the de via toric stresses (q). I t 
was also observed an increase in q va lues ahead o f the tunne l 
face, w h ile  it decreases strongly in the unsupported zone. H ow ­

ever, there  is not m uch change o f the de via toric  stress behind the 
tunne l lin in g , since  d istortion stra ins are more  restricted in this 
zone. T hus, fo r points above the tunne l lin ing , stresses in th e p-q 

plane describe  a Z - lik e  stress path during  the three -dim e nsiona l 
excavation process. T his  stress disturbance  is obviously less sig ­

n ifica n t in the  surface  zone away from  the tunne l excavation. 
T here fore  there  is a stronge r re la tive  increase in stiffness in the 
zone im m e dia te ly above  the tunne l. T ha t causes the displace ­

ment a m plifica tio n  towa rds the surface not only  fo r sta bilized 
settlements, but a lso in the  pre -convergence  stage. T h is is nice ly 
shown in F igure  7, w hich  depicts the e vo lution o f the displace ­

ment p ro file  w ith  depth in section 9 fo r e xcava tion stages behind 
this section (b lo ck 7 ), rea ching the section (b lo ck 8), passing the 
section (b lo ck 9 ) and fin a lly  sta bilized near the end o f excava ­

tion (b lo ck 13).

3 NUMERICAL RESULTS AND INTERPRETATION D ista nce  from  centre line  (m)

Figure 3. Stabilized settlement trough.
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Figure 4. Stabilized longitudinal settlement profile.
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Figure 5. Displacement profile with depth.
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F igure  6. Long itud in a l load tra nsfe r in fo r mean stresses (p).
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Figure 7. Evolution o f displacement profile with depth.
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During the excavation of Brasilia underground, displacements 

were monitored in several sections along 628 m between stations 

PP2 and PP3. Surface displacements were monitored topog­

raphically with surface marks and settlements with depth by 

means of extensometers and inclinometers. Internal tunnel con­

vergence was also monitored. Some of these recorded measure­

ments are compared with predictions of the Cam clay model.

Figure 8 shows the Cam clay numerical results and some ex­

perimental surface settlement troughs. Numerical results are in 

good agreement with the average trough. Displacements in two 

sections (S4104 and S4294) for which complete instrumentation 

was available are also shown. Maximum displacements in these 

sections were 150 and 170 mm, what is higher than observed av­

erage and computed numerical values. That is because the un­

supported span between the excavation face and the tunnel lining 

in these sections were 7.05 and 8.10 m, respectively.

Evolution of maximum vertical displacement at surface with 

excavation advance is shown in Figure 9. There is a good overall 

agreement between numerical and observed results, although ob­

served pre-convergence was less than forecasted.

Finally the vertical displacement profile with depth is shown 

in Figure 10 for the numerical results and for sections S4104 and 

S4294, where these readings were available. Note the qualitative 

agreement for the computed and observed settlement amplifica­

tion. Moraes Jr. (1999) showed that the quantitative values are 

proportional to the length of the unsupported zone. Although this

distance from centreline (m)

4 NUMERICAL AND OBSERVED DISPLACEMENTS
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Figure 8. Observed and numerical surface settlements troughs.
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proportion is not linear, if the observed values were affected by 

factors 4.80/7.05 and 4.80/8.10, respectively, all curves would 

almost match.

5 CONCLUSIONS

A 3D FEM back-analysis of the tunnel excavation of Brasilia 

underground using different constitutive models was presented. 

The main observed features include high surface displacements 

without face instability and, most important, a settlement ampli­

fication from the tunnel crown towards the surface.

Good overall qualitative and quantitative agreement with ob­

served displacements was accomplished with the Cam clay 

model. However, this model showed some trend to extend the 

zone of influence of the excavation further than that observed 

both laterally and longitudinally. Besides a constant value of the 

compression index (X) was used in this analysis, what can not 

account for the progressive collapse of Brasilia’s porous clay. 

Nevertheless, it is still amazing the good performance obtained 

with this model.

Of paramount importance to the success of the simulation 

was the ability to produce a longitudinal load transfer and to in­

corporate that into the model response.

Load transfer due to soil arching in the unsupported zone, 

only can be appropriately reproduced with full three-dimensional 

analyses. That explains why most previous analyses, including 

those which used the Cam clay models, failed to reproduce the 

observed displacement pattern.

Besides a proper simulation of the three-dimensional process, 

the constitutive model is fundamental in the analyses. The good 

prediction using the Cam clay model was credited to the fact that 

it incorporates the stress changes due to load transfer by chang­

ing the soil stiffness accordingly.
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