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x�=Q= |a}@] |=yxQiL |wQ KrUt |m =N VWwB |L=Q] |=Q@ |}=ypwOH w \@=wQ
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"1 |x]@=Q R= pvwD QiL =@ |L]U CUWv "1 pmW
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w pwD= |=yQ=}at R= i Q=Okt [11]"CiQo Q_v QO 6i =QCUWv |xr=J |=vyB pm u=wD|t
Q@=Q@ [13](i=R = (z=2R)0 8) C}tW= w hqm w [12](i=R = (z=2R)) QtQ=i
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|OOa CQwY x@ R}v 2015 p=U QO [6]"OW xDN=OQB p}=DUmDw�S =@ xOW KrUt
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|wQ xOW KrUt l =N OQmrta "OW |R=Ux}@W u; lR=v �|mvmO=@� |xDUwB Q@ OQ=w
xQiL |rN=O Q=Wi |xDUw}B Vy=m w hrDNt pOt 15 CN=U =@ '|v}tRQ} R |xQiL

"OW |@=} RQ= xOvvmKrUt pw] w O=OaD '|Q}oQ=Qk jta QF= |W=B wQi |x_Lr =D

|m} R}i pOt "2
|}xLiY VvQm Cr=L QO N = 1 : 50 T=}kt =@ |m} R}i pOt 'xar=]t u}= QO
xO=iDU= OQwt |xOvvmKrUt |WWm |DNU '|y=oW}=tR; |R=UpOt QO "OW x}yD
|DNU =@|m}DDvUw�S [9]"OW=@|ak=w |xOvvmKrUt |xvwtv R= QDlJwm Q@=Q@N 2 O}=@
Kr=Yt R= u}=Q@=v@ 'OwW|tv O}rwD |DavY Qw] x@ |y=oW}=tR; pOt QO R=}vOQwt
xU=t =@ xOWVWwB sw}v}twr; lR=v jQw Ovv=t x@=Wt\}=QW w QDtm |DNU =@ u} Ro}=H
|WWm Ctw=kt w 0 04mm Ct=N[ =@ |@=NDv= sw}v}twr; jQw "OW xO=iDU=
u}iQ] R= QwLt x@ C@Uv xQiL Q]k Q@=Q@ 2 =D 1 u}@ xOvvmKrUt "CU= 0 5 kN=m

"CU= xDi=} VQDUo

|y=oW}=tR; pOt <=RH= "1"2
u=}@ x@ =} pOt |=yRQt xm OW=@ nQR@ |}xR=Ov= x@ O}=@ pOt O=a@= %l =N uRNt �

"OvW=@ xDW=Ov G}=Dv QO |Q}F-=D 'uRNt |=yxQ=w}O 'xO=U
CUWv ?@U l =N |xOwD QO xQiL =} pvwD O=H}= xm =Hv; R= %uRNt O=a@= u}}aD �
Ov=wD@ CUWv Owo =D OW=@ |}xvwo x@ O}=@ uRNt pw] u}=Q@=v@ 'OwW|t K]U QO
CUWv Owo |=vyB R= QDnQR@ O}=@ x=oDUO pw] u}=Q@=v@ "OwW Qy=_ pt=m CQwYx@
"OW xO=iDU= OwHwt |@ QHD \@=wQ R= Owo |=vyB u}tND |=Q@ wQu}= R= "OW=@
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2i2 ) (1)
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h} QaD =Q CUWv Owo |=vyB i QDt=Q=B w 'pvwD QwLt |q=@ QO ,=k}kO pvwD CUWv
xOW |iQat 1 pmW QO u; |=yQDt=Q=B w |L]U CUWv `} RwD |vLvt "Ovm|t
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38 � o xU=t
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41 6 � o OwOv= xU=t sw}v}twr; jQw

"|R=UKrUt |=yQDt=Q=B "4 pmW

CQwY x@ |Q=PoQ=@ w pOt |R=UxO=t; %pt=W xrLQt wO QO =yV}=tR; s=Hv=
"OW |R} Qxt=vQ@ xQiL uwQO |=wy Q=Wi |H} QOD Vy=m

l =N uRNt |WQ=@ VwQ x@ =OD@= =yV}=tR; R= l} Qy |=Q@ %pOt |R=UxO=t; "1
TBU 'OW QB |}xU=t l =N R= �uRNt hm R= QDt|Dv=U 20� xQiL Q} R R=QD =D
=@ w lvmO=@ w |}xJQ=B hqe pt=W '|}xDUwB wO |xQiL |xawtHt ?Yv =@
|xQiL sHL 'xQiL h=Q]= l =N Q=@ QU Q=Wi R= QDW}@ |mOv= =D =wy Q=Wi p=ta=
xOvvmKrUt R=QD =D l =N '|WQ=@ VwQ R= xO=iDU= =@ ,=OOHt "OW O=H}= Q_vOQwt
pOt p}tmD =D l =N |=yx}q "OW ?Yv \@DQt R=QD QO xOvvmKrUt w xi=[=
x=ov; w OvDi=} xt=O= uRNt hm R= QDt|Dv=U 70 'l =N |}=yv R=QD x@ uO}UQ w
uwQO |=wy Q=Wi "OW ?Yv l =N K]U |wQ xQiL QwLt QO GvUu=mtQ}}eD
Q_v QO u; R= QDW}@ |Q=Okt w xQiL |xQ=@ wQ l =N s�=kVvD |xOwOLt QO 'xQiL
uRNt QO xU=t VQ=@ =@ |Q}oxvwtv hwQ_ QO xDiQo|=H |xU=tu} RwD =@ "OW xDiQo
16 6kN=m3 Q@=Q@ l =N\UwDt XwYNt uRw '�QDt|Dv=U 40 w 20 j=ta=�
s�=k VvD 'xQiL hm R=QD =D l =N `=iDQ= 50 cm ?=UDL= =@ "OW |Q}oxR=Ov=
"(0 5m � 16 6 kN=m3 = 8 3 kPa) OW x@U=Lt 83mbar Q@=Q@
=@ Q@=Q@ w l =N Q=@ QU Q=Wi R= QDW}@ |Q=Okt =wy Q=Wi 'V}=tR; ẁQW QO ,=D}=yv

"OW p=ta= pOt QO 100mbar
Q=Wi '|Q}oxR=Ov= |=yQ=R@= |R=UGQOt w pOt |R=UxO=t; R= TB %|Q=PoQ=@ "2
=wy Q=Wi "OW xO=O Vy=m 'pt=m |W=B wQi u=tR =D s=Q; w G} QOD x@ xQiL pN=O
"OvOW C@F u=tRsy GvUu=mtQ}}eD \UwD |L]U CUWv w GvUQ=Wi \UwD
Ov=t C@=F xQiL uwQO Q=Wi 'CUWv w =wy GwQN =@ xm |t=ovy =D OvwQ u}=
Q=Wi Vy=m |vLvt |rm sQi '5 pmW "Ci=} xt=O= '�xQiL |W=B wQi ẁQW�
|x}rND =@ "OyO|t u=Wv =Q =yV}=tR; QO l =N |L]U CUWv � xQiL |rN=O
|xvt=O R= �Smax�co� �xv}W}@� G=D |wQ |L]U CUWv 'xQiL R= =wy pt=m
ZQa QO u; u}ov=}t w |Q}oxR=Ov= T}rwm =@ w CiQ QD=Qi LVDT |Q=OQ@xQy@

"OW VQ=Ro QDt|r}t ?UL Q@ pOt

"|m} R}i pOt O=a@= "3 pmW

0 01� Q=@|r}t 0 1 C}U=UL x@ Q=Wi QoTL =@ xQiL pN=O |=wy Q=Wi "3
l} R= CUWv |Q}oxR=Ov= |=Q@ "OW |Q}oxR=Ov= p=D}H}O QoW}=tv w �p=mU=B wr}m
|U}]=vet |x}=B "OW xO=iDU= 0=001mmCkO =@ �LVDT� GvUu=mtQ}}eD
ZQa \Uw QO w pvwD QwLt |q=@ QO =Q GvUu=mtQ}}eD 'uRNt |xvO@ x@ pYDt
|xr}t Pwiv R= l =N K]U QO |Rri |xLiY l} "OQ=O|t xov C@=F uRNt
uRNt QO |ki= Qw] x@ l =N |=yx}q "Ovm|t |Q}owrH l =N uwQO 'LVDT

"OW =QH= 20 cm \wkU `=iDQ= w xDUw}B |WQ=@ VwQ =@ l =N

l =N C=YNWt "3
=@ 12 lr= R= |Qw@a |U}r}U |xU=t ẁv R= =yV}=tR; QO xO=iDU= OQwt l =N
s=Hv= sw}v}twr; lR=v jQw =@ l =N |R=UKrUt "OW ?=NDv= QDt|r}t 1 7 |xtWJ
ltm =@ 'l =N w sw}v}twr; lR=v jQw u}@ |Q}oQO V}=Ri= Qw_vt x@ u}vJty "CiQ}PB
Q@ 'ASTM D2487 V}=tR; "OW VWwB OwHwt |xU=t =@ jQw hQ] wO ?UJ
x@ u; �CC � |oO}tN w �Cu� |DN=wvm} ?} Q[ xm OW s=Hv= l =N |xvwtv |wQ

"Ow@ SP u; |xOQ w 0 91 w 1 62 ?}DQD
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u}vJty "CiQ}PB s=Hv= xvwtv |wQ Q@ ��ASTM D2166 w AASHTO T208�
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VQ@ ?r=k wO lQDWt K]U QO ,=k}kO |t}v}twr; jQw 'xOvvmKrUt l =N |xvwtv
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|y=oW}=tR; |xt=vQ@ "4
CUWv w xQiL OQmrta QO l =N |R=UKrUt hrDNt \}=QW QF= |UQQ@ Qw_vt x@
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|iQat |R=UKrUt |=yQDt=Q=B '4 pmW QO "OW s=Hv= G}=Dv |Q}PB Q=QmD w pOt CkO
x�=Q= 2 pwOH QO hrDNt |=yV}=tR; QO l =N |R=UKrUt C}a[w "CU= xOW

"CU= xOW
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"""x
OW

KrU
tR}

Qm=N
OQm

rta
|y=

oW}
=tR;

|xa
r=]t"=yV}=tR; QO |R=UKrUt C=YNWt "2 pwOH

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 V}=tR;
1 1 1 1 1 1 3 2 1 1 1 1 1 1 0 n

4 4 2 5 2 5 2 2 3 3 3 3 3 3 3 3 � l=D

0 9 0 8 0 9 0 8 0 9 0 8 0 7 0 8 0 9 0 8 0 7 0 5 0 3 0 2 � u=C

� � � � � � 0 1 0 1 � � � � � � � h=D

� � � � � � 0 3 0 2 0 1 � � � � � � hc=D

"jta C@Uv Q}F-=D |UQQ@ |=yV}=tR; G}=Dv "3 pwOH
�Smax�co �co �Pco Smax�co Sco Pco u

c V}=tR; |xQ=tW��� ��� ��� (mm) (mm) (mbar)

� � � 120 1 57 37 9 0 1
20 8 47 8 18 7 95 2 32 30 8 0 2 2
35 0 116 7 36 1 78 3 40 24 2 0 3 3
50 0 176 1 44 8 60 4 33 20 9 0 5 4
54 2 216 9 49 6 55 4 97 19 1 0 7 5
57 5 238 3 53 3 51 5 31 17 7 0 8 6
66 7 309 5 71 0 40 6 43 11 0 9 7

|=yjta C@Uv =@ |L]U CUWv � xQiL |rN=O Q=Wi C=Q}}eD |vLvt "6 pmW
"|R=UKrUt hrDNt

�Smax�co =
Smax�co(r) � Smax�co(u)

Smax�co(u)
� 100 (4)

|W=B wQi ẁQW |x_Lr QO xQiL |rN=O Q=Wi Q}}eD OYQO %�Pco '=yu; QO xm
|x_Lr QO |L]U CUWv Q}}eD OYQO %�Sco 'KrUtQ}e Cr=L x@ C@Uv xQiL
Q}}eD OYQO % �Smax�co 'KrUtQ}e Cr=L x@ C@Uv xQiL |W=B wQi ẁQW
'KrUtQ}e Cr=L x@ C@Uv xQiL pt=m |W=B wQi R= TB |L]U CUWv |xv}W}@
|L]U CUWv %Sco 'xQiL |W=B wQi ẁQW |x_Lr QO xQiL |rN=O Q=Wi %Pco
xQiL pt=m |W=B wQi R= TB |L]U CUWv %Smax�co w xQiL |W=B wQi ẁQW QO
"OvDUy KrUtQ}e w KrUt R} Qm =N hQat ?}DQD x@ u w r |=yT} wvQ} R "OvDUy
xOW x�=Q= 3 pwOH QO hrDNt |=yjta C@Uv =@ |=yV}=tR; R= pY=L G}=Dv
l} =@ |}=y|rOt QO xQiL |rN=O Q=Wi � |L]U CUWv C=Q}}eD |vLvt "CU=

"OwW|t xOy=Wt 6 pmW QO hrDNt |=yjta C@Uv w |R=UKrUt |x}q
7 |=yV}=tR; QO xOvvmKrUt |=yx}q O=OaD QF= %xOvvmKrUt |=yx}q O=OaD

"|L]U CUWv x@ xQiL |rN=O Q=Wi |vLvt |rm sQi "5 pmW

=ypOt V}=tR; G}=Dv "5
OvOw@ CQ=@a |@=NDv= |=yQDt=Q=B 'xQiL � KrUt l =N VvmQOv= |xar=]t Qw_vt x@
KrUt |=yx}q O=OaD %n 'l =N K]U R= xOvvmKrUt u} QDq=@ Q=QkDU= jta %u %R=

"xOvvmKrUt pw] %l 'xOvvm
'xOvvmKrUt|x}q|Q}oQ=Qkjta QF=|UQQ@|=Q@ %xOvvmKrUt|x}q|Q}oQ=Qkjta
|=yjta QO xQiL Q]k Q@=Q@ 3 pw] =@ xU=t =@ xOWxO}WwB sw}v}twr; jQw x}q l}
C@Uv� R= Kw[w CyH "�8 |r= 2 |=yV}=tR;� CiQo Q=Qk xQiL |wQ uwo =vwo
"OW xO=iDU= �C� R} Qm =N `=iDQ= x@ �u� xOvvm KrUt |Q}oQ=Qk jta C@Uv '�jta
|W=B wQi w |W=B wQi ẁQW QO |L]U CUWv w xQiL |rN=O Q=Wi C=Q}}eD OYQO
%OwW|th} QaD 4|r= 2\@=wQ =@ 'xOWv KrUt w xOW KrUtCr=L wO QO xQiL pt=m
�Pco =

Pco(u) � Pco(r)
Pco(u)

� 100 (2)

�Sco =
Sco(u) � Sco(r)

Sco(u)
� 100 (3)
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UOv
yt "xOvvmKrUt |=yx}q O=OaD Q}F-=D |=yV}=tR; G}=Dv "4 pwOH

�Smax�co �Sco �Pco Smax�co Sco Pco hc
C n V}=tR; |xQ=tW��� ��� ��� (mm) (mm) (mbar)

� � � 120 1 57 37 9 0 0 1
66 7 30 5 71 0 40 6 43 11 0 1 1 7
75 0 322 5 78 4 30 6 64 8 2 0 2 2 8
76 7 324 1 82 1 28 6 66 6 8 0 3 3 9

"xOvvmKrUthrDNt|=ypw]|=Q@|L]UCUWv � xQiL|rN=O Q=Wi|vLvt "8pmW

"u; Q=QmD w 1 V}=tR; G}=Dv "9 pmW

w |L]U CUWv G}=Dv w CiQ}PB s=Hv= 0 8 jta C@Uv QO 15 w 13 '11
xU}=kt 0 9 jta C@Uv QO |R=UKrUt =@ xQiL |R} QwQi =D u; |Q=O}=B G}=Dv
|=ypw] =@ 0 9 jta C@Uv xm O=O u=Wv =yV}=tR; u}= R= pY=L G}=Dv "OW
|=yVvD uOW=kr= p}rO x@ xm OQ=O |QD?wr]t OQmrta 'xOvvmKrUt hrDNt
xOvvmKrUt |WWm OQmrta w u; |=y|m}ORv w xQiL G=D QO |WQ@ w |WWm

"CU=

G}=Dv |HvUQ=@Da= "1"5
O=tDa= p@=k w CkO |UQQ@ Qw_vt x@ |W}=tR; pOt 5 '|rY= V}=tR; 15 u}@ R=
xOy=Wt u; Q=QmD w 1 V}=tR; G}=Dv '9 pmW x@ xHwD =@ "OvOW Q=QmD G}=Dv uOw@
O}}-=D =Q 1 V}=tR; G}=Dv '?wN CkO =@ V}=tR; Q=QmD R= pY=L G}=Dv xm OwW|t

|xOvvmKrUt |x}q O=OaD =@ |L]U CUWv � xQiL |rN=O Q=Wi |vLvt "7 pmW
"hrDNt

C@Uv QO ?}DQD x@ xOvvmKrUt swU w swO 'pw= |=yx}q "OW |UQQ@ 9 |r=
|R=UKrUt Cr=L xU |xU}=kt |=Q@ "OvOW xO=O Q=Qk 0 7 w 0 8 ' 0 9 |=yjta
|xrY=i hc u; QO xm OW xO=iDU= � hc=C� Oa@ uwO@ C@Uv R= xOW QmP
R} Qm =N Ct=N[ '(Z � 0 5D) ' C w xQiL G=D R= xOvvmKrUt |x}q u} QDq=@
CUWv w xQiL |rN=O Q=Wi C=Q}}eD u=R}t "CU= xQiL G=D =D u}tR K]U R=
TB l =N K]U CUWv |xv}W}@ w |W=B wQi ẁQW QO u; =@ Q_=vDt |L]U
Cr=L x@ C@Uv xOvvmKrUt hrDNt |=yx}q O=OaD |=Q@ 'xQiL pt=m |W=B wQi R=
Q=Wi Q@=Q@ QO CUWv C=Q}}eD |vLvt "CU= xOW x�=Q= 4 pwOH QO KrUtQ}e
u=Wv G}=Dv "CU= xOW xO=O u=Wv 7 pmW QO xOvvmKrUt |=yx}q O=OaD =@ |rN=O
'(hc=C = 0 2) '2 x@ (hc=C = 0 1) '1 R= KrUt |x}q V}=Ri= =@ OvyO|t
|x}q 3 w 2 u}@ =t= 'O@=}|t |yHwD QwN QO V}=Ri= R} Qm =N Ctw=kt w |DNU
RmQt R= uOW QwO =@ "OQ=Ov |Uwtrt Q}}eD |WWwB R} Qm =N OQmrta '|R=UKrUt
sm =Q QDq=@ |=yx}q K}rUD w O@=}|t Vy=m l =N |x}q QO =vLv= w G=Hwa= |xQiL

"Ovm|t VRQ=
|=ypmWQ}}eDVy=m w |Q=O}=B QO xOWQmPpt=a QF=u}}aD |=Q@ %xOvvmKrUt pw]
jta C@Uv w xOvvmKrUt uwo =vwo |=ypw] =@ |}=yV}=tR; 'xQiL |wQ R} Qm =N
QO u; =@ Q_=vDt |L]U CUWv w xQiL |rN=O Q=Wi C=Q}}eD "OW |UQQ@ 0 9
C@Uv 'xQiL pt=m |W=B wQi R= TB |L]U CUWv |xv}W}@ w |W=B wQi ẁQW
xOW x�=Q= 5 pwOH QO �l=D� C@Uv 'hrDNt Q}O=kt |=Q@ 'KrUtQ}e Cr=L x@
xOvvmKrUt hrDNt |=ypw] =@ xQiL |rN=O Q=Wi � |L]U CUWv Q=Owtv "CU=
3 R= xOvvmKrUt pw] V}=Ri= =@ 'u; j@=]t xm OwW|t xOy=Wt 8 pmW QO
pw] =Pr "CU= xOWv O=H}= l =N |L]U CUWv QO |Q}}eD 'xQiL Q]k Q@=Q@
|=yV}=tR; "CU= xOW OwOLt Q]k Q@=Q@ 3 x@ \}=QW u}= QO |R=UKrUt |xv}y@

119



"""x
OW

KrU
tR}

Qm=N
OQm

rta
|y=

oW}
=tR;

|xa
r=]t"xOvvmKrUt pw] QF= "5 pwOH

�Smax�co �Sco �Pco Smax�co Sco Pco l
D V}=tR; |xQ=tW��� ��� ��� (mm) (mm) (mbar)

� � � 120 1 57 37 9 0 1
20 8 284 0 53 3 95 6 03 17 7 2 12
43 3 292 8 62 3 68 6 17 14 3 2 5 14
66 7 309 5 71 0 40 6 43 11 3 7
68 3 313 8 72 3 38 6 50 10 5 4 16

'u=Um} \}=QW QO 'xQiL |m =N VWwB |R=UKrUt jta C@Uv V}=Ri= =@ ��
"O@=}|t Vy=m |L]U CUWv

CUWv 'xQiL |W=B wQi ẁQW |x_Lr QO '|R=UKrUt jta C@Uv V}=Ri= =@ ��
Cr=L x@ C@Uv Q@=Q@ 3 =D� CU= V}=Ri= p@=k |QDW}@ u=R}t x@ l =N K]U
|oDN}Uo uwO@ =Q |QDW}@CUWv Ov=wD|t xQiL|m =NVWwB|va} '�KrUtQ}e

"OwW|t C} wkD R} Qm =N |Q}tN OQmrta w Ovm ptLD
C} wkD =Q xQiL |m =N VWwB |Q=O}=B Ov=wD|t xOvvmKrUt |x}q O=OaD V}=Ri= ��
u=Wv xQiL |wQ R= xOvvmKrUt |x}q 3 w '2 '1 =@ |=y pOt G}=Dv |xU}=kt "Ovm
xOvvmKrUt |x}q 3 w 2 |=Q@ xQiL |W=B wQi R=TBCUWv ptLDV}=Ri= xm O=O
2 x@ |O=YDk= Cr=L xm 'CU= xOw@ �30 w �25 ?}DQD x@ x}q 1 x@ C@Uv

"OwW|t OwOLt xOvvmKrUt |x}q
l =N OQmrta QO |v=OvJ Q}F-=D 'OwW QDW}@ |v}at OL R= xOvvmKrUt pw] Qo = � ��
'|R=UKrUt |=Q@ QF-wt pw] |xv}W}@ =Hv}= QO "OQ=Ov xQiL |wQ Q@ `k=w KrUt

"OW u}}aD Q]k Q@=Q@ 3 ,=@} QkD

G}=Dv Q=@Da= w =ypOt CN=U QO CkO Qov=}@ =yV}=tR; G}=Dv |Q}PB Q=QmD "Ovm|t
|y=oW}=tR; |xar=]t l} C=} QwQ[ R= G}=Dv |HvUQ=@Da= "CU= xOt; CUOx@
\}=QW w xOvvmKrUt Ci=@ w ẁv 'VvD R=QD %Ovv=t '|vwo =vwo pt=wa xm =Hv; R= "CU=
QO 'OvyO|t Q=Qk `=aWr=CLD =Q xOvvmKrUt w l =N u}@ VvmQOv= 'l =N |m} R}i
pL x@ |OOa |R=UpOt =} w nQR@ T=}kt =@ |=ypOt CN=U =@ O}=@ OQ=wt u}=

"CN=OQB ẁ[wt

|Q}oxH}Dv "6
l =N VWwB OQmrta Q@ |R=UKrUt hrDNt \}=QW '|y=oW}=tR; pOt CN=U =@
|=yx}q O=OaD '=ypOt |Q=PoQ=@ G}=Dv x@ xHwD =@ "OW xar=]t |}xv=wDU= |xQiL |wQ
Q@ `k=w R} Qm =N OQmrta QO Q=PoQ}F-=D pt=wa R= xOvvmKrUt pw] w jta C@Uv 'K}rUD
u=wD|t K}rUD hrDNt \}=QW QO |y=oW}=tR; G}=Dv T=U=Q@ "OvDUy =yxQiL |wQ

%Cio

=yCWwv=B
1. reinforcement des assises ferroviaires et autoroutieres contre-

les e�ondrements localises (reinforcement of rail and motorway
foundations against localized sinkholes)

2. arching
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