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LABORATORNÍ MODEL CHOVÁNÍ VÝPLNÍ PORUCH
35$&+29,7é& � %�,'/,&

-D � %RKi ��� 'DYL � 0DãtQ

LABORATORY MODELL ING OF SOIL FROM FAULT S IN SILT Y SHALES. In a
tunnelling project in silty shales, tectonic joints were found, which significantly influenced
tunnel deformations. The joints were filled by rock fragments in silty matrix. The material
was laboratory modelled using mixtures of crushed rock with clayey soil. With the increasing
content of fines (FC), the critical state friction angle changes at about FC of 28-45%,
remaining constant for lower and higher FC. Other studied properties, that are influenced by
soil structure, change continuously with increasing FC. Results were used in numerical
modelling of tunnel deformations.

1. Úvod

3� � UDåE� SU$]NXPQ � ãWRO �N� ]iSDGQt ��� WXQHO � 0Ui]RYN ��� MtORYLWêF � D � SUDFKRYLtých
E�LGOLFtF � OLEH�VNp ��� VRXYUVWY � V � QDUD]LO �W��� Q�NROL ���¡  UXFKRYêF ¢ ]yQ £ NWHU ¤ MV  O¥ Y\SOQ�Q\

VP�V ¦¨§ HPQR]UQQ © ]HPLQ ª¬« RVWURKUDQQêF  ~ORPN$ KRUQLQ ª¯® U$]Qê° SURFHQWQtP

]DVWRXSHQtP ± 0HFKDQLFN ²́ ³ KRYiQ µ YêSOQ µ V ¶ ]NRXãHO ·¹¸ ODERUDWR� º QHMH » Q ¼ Y]RUFtFK

RGHEUDQêF ½ S� º UDåE� WXQHO ¾À¿ ãWRO Á �0DãtQ Â ����; %RKi Ã et al., 2002), ale podrobilo se i
VWXGL ÄXÅ�Æ Y]RUFtF ÇsÈ �LSUDYHQêF Ç ] É VP�V Ê�Ë HPQR]UQQ Ì IUDN Í�Î �SUDFKRYLWêF ÏWÐ MtORYLWêF Ï ]U ÑWÒÔÓ
0,125 PP ÕuÖ RVWURKUDQQ × KUXER]UQQ × IUDNF Ø �GUFHQp Ù�Ú NDPHQLY Ö Y�Wãt Û�Ü'Ý H Þ ����� mm).

3HYQRV ß/à VP�V à�á�àAâäãæå StVNH ç V è ]DEêYD âAé QDS� ê %RKi ë'ì*í DO ê ������ ê Vzájemnou interakci
struktury jemnozrnné a hrubozrnné zeminy modelovali v laborato� î Q ï VP�V î StVþLWêF ð ]U ñ D

MtORYêF ð þiVWLF ê 3�HGSRNOiGDOL ò å ìEó KRYiQ ô VP�V õ÷ö�øAùäúKû StV üÔúKýÔþIÿ¡ý�� tG
���

KRYiQ ø StVNX � MVRX�OL

zrna písku ve vzájemném kontaktu. Naopak, plavou-li zrna písku v jílové matrici, lze
RþHNiYDW � å � YêVOHGQ

�
VP� ���	� EXG � � KRYD 
¡ö D ü�ý MHPQR]UQQ

�
]HPLQD � 3�HFKRGRY � SUi  PH]L

W�PLW ý þ�� �P û W\S � FKRYiQ ø VP�V õ S� õ�
 pW ý ]MHGQRGXãHQ � VWUXNWXUQ ø S�HGVWDY� RGSRYtGi

WDNRYpP ú ÿ¡ý P�U ú PtãHQt � S� õ Q�P � EXG � SyURYLWRV � StVNRY � IUDN ��� VWHMQ � MD ��� PD[LPiOQt

SyURYLWRV � þLVWp ����� tVNX  &KRYiQ !#"%$ Ot]NRV �'& S�HFKRGRYp ���(� UD �*),+�� OtV - PH] & FKRYiQtP

MHPQR]UQQ .0/ KUXER]UQQ . ]HPLQ 12/ O] 3 RþHNiYD 4 RGFK\ON 1�5*6 VWDQGDUGQt 7�5 FKRYiQt 8 6WUXNWXUD

]HPLQ 1 V 3 EXG 3 QDFKi]H 4 Q / SUD 7*9;:<5�9 ] 3 S� = XUþLW . NRPELQDF = FHONRY . SyURYLWRVWL > SyURYLWRVWL

S�tP�V =</ SRP�U 9 ]DVWRXSHQ ?A@ HPQR]UQQ .B/ KUXER]UQQ . IUDNFH�

Podle Thevanayagama a 0RKDQ / ����� C S� = ]DQHGEiQ ? UR]GtO 9EDF5HG MHPRYêFK

KPRWQRVWHF 7 IUDNF ? SOD 4'? SU 5 þtVO 5I:<J URYLWRV 4'= Hs samotné hrubozrnné frakce
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kde et je celková pórovitost zeminy a FC je procentní zastoupení jemnozrnné frakce. Pokud
Y � VP�V

�
S�HYOiG � MHPQR]UQ � IUDN ����� MH�	� FKRYiQ �
��� GRPLQDQWQt � SURWRå � KUXE � ]UQ � SODYRX

v MHPQR]UQQ  PDWULFL � Y � Ii]RYp � GLDJUDP � P$å � Eê� KUXER]UQQ � IUDN ��� ]FHO � ]DQHGEiQD�

WDNå � SU � þtVO ����� URYLWRV ����� HPQR]UQQ  IUDN ����� f platí

7KHYDQD\DJD  "! 0RKD # ����� $ XYiG�%	& þW\� ' ]iNODGQ & S�tSDG ( FKRYiQ & VP�VL

v ]iYLVORV )�* Q + VWD ,.- ]HPLQ / �þtVO 0 SyURYLWRVWL 12+ Q + REVD 3.- MHPQR]UQQ 4 IUDNFH 5 1 + REU 576 MH

S�tNOD 8 Ii]RYp 3:9;8 LDJUDP -=< U 9?>:9A@.> UpWQ B StVH >�9 PD[LPiOQt C þtVO 0 SyURYLWRV )�* emax,HS = 1,0.

3�tSD 8D6 M 0 UHOHYDQWQ B SU 9 VP�V *FE Qt] >:9A-�<�G URYLWRVWt H NG 0JI tVO 9;<�G URYLWRVW * KUXER]UQQp

frakce es M 0 PHQã B QH K MHL	B PD[LPiOQ B þtVO 9M<�G URYLWRV )�* Hmax,HS N 9]KOHGH OQP UHODWLYQ� YHONp

VWODþLWHOQRV R�S.T HPQR]UQQ U IUDNFH V MHMt W Hf M X S� S PDOp O SURFHQWQt O ]DVWRXSHQ Y Y\VRNp V Y�WãLQD

MHPQêF Z þiVWL [ EXG X SUDYG�SRGREQ� VRXVW�HG�Q \J]_^�` UHF ZaZ UXE U IUDNF Xb\ MH c PDO dbe�d V R EXGH

S�tSDGQ� RGG�ORYD R KUXE d ]UQ \f\ RYOLY�RYD R FKRYiQ Y KUXER]UQQp Z:g VNHOHWX�

3�tSD hbi;c DVWDQ X S� S VW�HGQ Y XOHKORV R�SFV NG j Hs bude blízké emax,HS \ VWODþLWHOQRV R VW�HGQ�

XOHKOp Z:gkZ UXER]UQQp Z:g VNHOHW l V X QHEXG X S�tOL m OLã SnRog.h VWODþLWHOQRV R�S�T HPQR]UQQ U IUDNFH�

-HPQ pfq�r VWL s�t P uAv:uAw;x�uAw ] t ]DSO�RYD y SURVWR z SyU$ KUXER]UQQp v:u VNHOHWX { DO t P uAv:uAwb|:t YHONp

Pt� t S$VRE }ny~} PH] } ]UQ\ � &KRYiQ � ]HPLQ � P$å t RVFLORYD y PH] } KUXER]U �.�:uAw ]HPL �:uAw D

]HPL �:uAw MHPQR]UQQRX��WDNå t V t P$å t SURMHY }ny Y\ãã � ]iYLVORV y Q � ~URYQ } QDS� y�� DSRG�

3�tSD ��� M ��� KDUDNWHUL]RYi � Hs > emax,HS� KUXE � ]UQ � ]DþtQD�	� SODYD ��� PDWULFL

jemnozrnné zeminy. Zemina se chová jako jemnozrnná.
3�tSD �_�a� DVWDQ � S� � GDOãt � ]YêãHQ � REVD �.� MHPQR]UQQ � IUDNFH � +UXE ����  VWL ¡�¢ SODYRX

v jemnozrnné matrici a z hlediska chování zeminy jsou zanedbatelné. Stav zeminy lze
FKDUDNWHUL]RYD £ þtVOH � SyURYLWRV £�� VDPRWQ � MHPQ � IUDN ¡�¢ ef ¤ SRO ¥A�:¥A�§¦ ]KOHGH �©¨ þi�H

NULWLFNêF � VWDY$ MHPQR]UQQ � ]HPLQ\�

2EU ª¬« M  S�tNODGH ® ]MHGQRGXãXMtF ¯ VWUXNWXUQ ¯ S�HGVWDY\ ° NWHU ± Y\VY�WOXM ³² KRYiQt

2EU������'LDJUD ´ ]iNODGQtF µb¶J· �tSDG$ FKRYiQ ¸ VP�V ¸ ]HPL ¹;º  závislosti na obsahu
jemnozrnné frakce a stavu (pro písek s emax,HS = 1,0; Thevanayagam a Mohan, 2000)

Fig. 1  Intergranular matrix phase diagram, cases 1 to 4 (Thevanayagam a Mohan, 2000)
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VP�V � ]HPL � VORåHQêF � ] MHPQR]UQQ ��� KUXER]UQQ � IUDNFH � WHG �	� FKRYiQ � E�åQêF � ]HPLQ

vyskytujících se v S�tURG� � QDS� 
 ]DKOLQ�QêF ��� tVN$ 
 2EGREQê S�tSDGH  M ��� PDWHULi � SRUXFK� � UDåVNêF � OLEH�VNêF ��� �LGOLFtFK�

���0DWHULiO��S�tSU ������� ]RUN$ � SRVW ��� ]NRXãHN

1 � REU ��� M � W\SLFN  ]UQLWRV ! PDWHULiO "$#&% HEUDQp '(#*) SRUXFK +*, OLEH�VN - E�LGOLF . D

VURYQiQ /10 N�LYNDP . ]UQLWRV !2. QiKUDGQtF ' PRGHORYêF ' PDWHULiO$ SRXåLWêF '�3 U # ]NRXãN + VP�Vt�

-D 4(#5' UXER]UQQ  IUDNF � PRGHORYp '(# PDWHULiO " V � SRXåLO #6% UFHQ - NDPHQLYR 7 MHKR 8�) UQLWRV ! VH

XSUDYLO � WDN 7 DE + RGSRYtGDO � ]UQLWRV !2. StV 4&" ��� 9:�<; D 86� ��� PP� 7 MHQ 8 V � SRXåtYD = S� . G�tYH

SURYHGHQêF ' ]NRXãNiF ' VP�V / �%RKi >?�:! DO � 7 ����� � 7t @ V � XPRåQLO # VURYQiQ / YêVOHGN$ RERX

serií zkoušek.
9]RUN + SU$P�U "BA<C  mm a výšky 76 @5@ V � UHNRQVWLWXRYDO + ] � VXFK - VP�V . SURPtFKDQp

S� . SRW�HEQp @ YiKRYp @ SRP�U D �NDPHQL E(FHGJILKNMPO ��� Q ��� Q ���� R 3URYHGO S V TVU ]NRXãN\
s kamenivem bez jemQR]UQQ W S�tP�VL R 3�LSUDYHQ X VP� YZYLT XNOiGDO [P\&F�] �åQ W WURMGtOQ W IRUP\
[ PtUQ� V T KXWQLOD��3 F�^ �tSUDY� V T Y]RUN S V\WLO S YRGRX��3� U YãHF _ ]NRXãNiF _ V TZ[ SOLNRYD M V\WtFt
tlak 300N3D R 3 F L]RWURSQ K NRQVROLGDF U V T Y]RUN S SRGURELO S QHRGYRGQ�QpP D VP\̀&D S� U P��HQt

SyURYp _(F WODNX R &HONH a V T SURYHGO FHbdc ]NRXãH `	e([ VP�VtF _fY RVWURKUDQQêa NDPHQLYHP�

z toho jedna s maximální velikostí zrn 4 mm, ostatní se zrny do 2 mm.
3U F Y\KRGQRFHQ K ]NRXãH `gE UiPF U�h HRUL T SRSVDQ Wji&E(F&\kD M T W�HE [ XUþ Ulh PD[LPiOQt

pórovitost hrubozrnné frakce. U písku byla 43,3%, u ostrohranného kameniva do 4 mm
49,8% a u ostrohranného kameniva do 2 mm 50,4%.

3URYHGHQ W ]NRXãN S XNi]DO\ Q QDS� R VURYQiQt a GUD _5e DS� h2KmUle 0Dãt e ������ Q å T UR]GtOQi
]UQLWRV h KUXER]UQQ W IUDN noT QHP X Yê]QDPQ p YOL Eqe([ YODVWQRV h2U ]HPLQ\ R 6P�V U1Y IUDNF Km\&Fqr  mm
V T�n KRYDILK VWHMQ� MD `(F VP� YsY IUDNF KJ\&FBc PP R 7RW F ]MLãW�Q KtIuT Y souladu s prací Pitmana et al.
(1994).

2EU������.�LYN v ]UQLWRV w2x PDWHULiO y�z�{ UXFK vq| ODERUDWRUQtF } PRGHO$
Fig. 2  Grain size distributions of the material of the fault and of laboratory models
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���&KRYiQ � VP�Vt 

1 � REU ��� MV ��� VKUQXW � YêVOHGN � YãHF 	 ]NRXãH 
 VP�V �� RVWURKUDQQê� NDPHQLYH � L
G�tY�MãtF � ]NRXãH � VP�V ��� StVNHP � 3RGO � VWUXNWXUQ � S�HGVWDY � SRSVDQ ������������ E\
S�HFKRGRY !#" KRYiQ $ Y]RUN$ % RVWURKUDQQê& NDPHQLYH &'& �O (*) DVWD + S� , Y\ããtF - ]DVWRXSHQtFK
MHPQR]UQQ . IUDNF / QH 02143 ]RUN$ 5 StVNHP 6 3U 7 þtVO 798;: URYLWRV <>= ��� ? NWHU @ UHSUH]HQWXM A GRE�H
VWD B ]NRXãHQêF C ODERUDWRUQtF CDB ]RUN$ B4E Ot]NRV <>= S�HFKRGRY @ REODVWL ? Y\FKi] FHG REU 6JID7KE VDK
MHPQ @ IUDN LMA SU 7 S�HFKRGRY NPO KRYiQ QSR FF T �� U QLåã Q QH V SU RWR VWURKUDQQ N NDPHQL X�R �FFD
��� Y UHVS Z ���� Z =KUXE [ O] \ RGKDGQRXW Y å \ ]NRXãHQ ] Y]RUN ^ VP�V _P` StVNH a E ^ P�O\
Y\ND]RYD b S�HFKRGRY ]dc KRYiQ _ S� e REVD f�g MHPQ ] IUDNF \dc F [ihkj D l ��� Y ]DWtPF m VP�VL
s RVWURKUDQQêa NDPHQLYH a S� n F oMp �� q D r �� q MHPQ s IUDNFH�

V Tab. 1 jsou shrnuty výsledky smykových zkoušek. Vrcholové a kriti cké úhly
YQLW�Qt t�u W�HQ v V w ]tVNDO x SURORåHQt y ERG$ QDS� z>v|{ URYLQ� W�V’  (t=½(σa-σr); s=½(σa+σr); σa a
σr MV }�~�} VRY �*� UDGLiOQ � QDS�Wt� S�tPNRYêP � REiONDPL � NWHU � SURFKi]HO � SRþiWNHP � 9HOLNRVWL
~KO ����� LW�Qt ��� W�HQ � φ’ MV ��� ]Qi]RUQ�Q � Q � REU � � �J� Q�KR � M � SDWUQp � å �*� YêUD]Q � ]P�Q� φ’
GRFKi] ��� UHODWLYQ� ~]N � ]yQ� ]P�Q � REVD ��� MtORYLW � IUDNFH � 3�HFKRGRY � ]yQD ����� t � NOHVi
SHYQRV   Q � KRGQRW � MHPQR]UQQ � ]HPLQ\ � M � YãD �¢¡;£ P�UQ� ãLURN �D� Y\VN\WXM � V � S� ¤ Y\ããtP
REVD ��� MHPQ � IUDN ¥M� QH � S�HGSRNOiG ¦ WHRULH § 2EU §H¨W© PRå�XM ª RGKD «¬ HYQRV ®>¯ YêSO�RYpKR
PDWHULiO °2±�² ]iNODG� ]DVWRXSHQ ³k´ HPQR]UQQ µ² KUXER]UQQ µ IUDNFH�

obsah
jemnozrnné
frakce (%)

φ¶ ’  max (°· ) c'max

(kPa)

koeficient
determinace φ¶ ’  cr (°· ) c'cr

(kPa)

koeficient
determinace

0,00 45,1 0,00 0,9988 38,2 0,00 0,9972
14,29 43,5 0,00 0,9997 38,3 0,00 0,9998
25,00 40,5 0,00 0,9996 36,8 0,00 0,9998
50,00 31,7 0,00 0,9895 28,0 0,00 0,9975

100,00 27,3 0,00 - 27,0 0,00 -

2EU�����)i]RY ¸ GLDJUD ¹'º SyURYLWRV » Y]RUN$ ¼;½¿¾�½�À VROLGDF Á vs. obsah jemnozrnné frakce
Fig. 3  Phase diagram - voids ratios of triaxial specimens vs FC

7DE�� Â 9êVOHGN Ã WURMRVêF Ä VP\NRYêF Ä ]NRXãH Å VP�V ÆkÇÈÆÊÉÌËÎÍ RVWURKUDQQêÏ NDPHQLYH Ï ±
Mohr-&RXORPERY Ð REiON Ð SURORåHQ Ñ SRþiWNH Ò URYLQ Ð W�V’

Tab. 1  Mixtures of different FC – Mohr-Coulomb envelopes through the origin



 1 � REU � � M � ]iYLVORV � QRUPDOL]RYDQêF � GUD ��� DS� �
	 Q � REVD �� MHPQR]UQQ � IUDNFH � -H
z Q�� ]�HMPp��å ��� UHODWLYQ� PDO � REVD � MHPQR]UQQ � IUDN ��� RYOLYQ 	 VNORn k dilatanci materiálu a
WHG ��� GUiK � QDS� �
	�� SUDFRYQ 	 GLDJUDP\ � = obr. � M � SDWUQp � å � RYOLYQ � � YUFKRO !#"$!#%'& HYQRVW ( ,
S� � PDOp ) REVD *�% MHPQ + IUDNF � GRFKi] � N jejímu poklesu. Vrcholová pevnost i dilatance jsou
]iYLVO + Q , VWUXNWX� � ]HPLQ\ � UHVS ( Q , MHMt ) VWDYX ( -HPQR]UQQ - S�tP� .��/" PDOp )0) QRåVWYt
RYOLYQ � VWUXNWXU % ]HPLQ 1 S� � S�tSUDY� Y]RU 2�%3, S� �4� ]RWURSQ � NRQVROLGDFL ( 1 , UR]G �65 RG
WHRUHWLFNêF * S�HGSRNODG$ �S�tSD 798:"3;�"$!�7#%=< MHPQ + þiVWLF � QH]DXMtPD>?� S� � S�tSUDY� D
NRQVROLGDF � SRO !#*�%@&A!#% ] � XYQLW� SyU$ KUXER]UQQp *$! VNHOHW %B, XSODW�X>?� V �4� PH] � NRQWDNW\
KUXEêF * þiVWLF ( 3RGtOH>?� V � WXGt C Q , GLVWULEXF � V �65D, Yê]QDPQ� RYOLY�X>?� PHFKDQLFN +�E KRYiQt�
Teprve v SRYUFKRORYp ) VWiGL % VP\NRYp *$!GF DPiKiQ � ]�HMP� GRFKi] �H2 MHMLF *I&A! VWXSQpPX
S�HPtV"RYiQt J 3URW KML � N PHQãtF O ]DVWRXSHQtF O MHPQ P IUDN Q�R QHGRFKi] SUTVLAK#T OHV W:T ULWLFNp
pevnosti s SRVWXSQêX Y]U$VWH X )&��QDUR]G S6YAK�Z[L HYQRV \
N YUFKRORYp�

2EU����� =iYLVORV \ ~KO W^]�_ LW�Qt O$K W�HQ S �YUFKRORYp O$K`Na]^T ULWLFNp X VWDYX b Q c REVD O�W MtORYLWp
frakce

Fig. 4  Dependence of the peak and critical state friction angles on the content of fines

2EU�� d =iYLVORV \ QRUPDOL]RYDQêF O GUD O^_ DS� \
S Q c REVD O�W MtORYLW P IUDNFH

Fig. 5   Dependence of normalized stress paths on FC



0D[LPiOQ ��� HþQ � <RXQJRY � PRGXO\ � NWHU � E\O � VSRþWHQ ��� SUDFRYQtF 	�
 LDJUDP$

]NRXãHN � MV �� VRXKUQQ� XYHGHQ � Q � REU � � � 3�tNOD � WXKRV ��� Q � REU ������� D]XMH � å � QHMG � R
SUXåQ � <RXQJRY � PRGXO � P��HQ � S� � YHOP � PDOêF � S�HWYR�HQtFK � PHQãtF �! H " εa = 0,00001.
=NRXãN � V � SURYiG�O � Y � VWDQGDUGQ� LQVWUXPHQWRYDQp # WURMRVp # S�tVWURML �%$ P��HQt # RVRYp
GHIRUPD &'� YQ� NRPRU\ � 3� �(� RPW )*� VSR�iGiQ + QHO] � P�� �,� PHQã + RVRY - S�HWYR�HQ + QH " FFD
���� � 3�tSDGQ - P��HQ + S� � QLåãtF �.�/)��� /) WiF ��0 �HWYR�HQ +21 V )�� ]NUHVOHQ � ORåQê# HIHNWHP � NWHUê
]S$VREXM � SRþiWHþQ + QiU$V � PRGXO �304) ]DKiMHQ + VP\NRY � Ii] � ]NRXãN �6587 L 9 REU����

=iYLVORV � <RXQJRY � PRGXO �: /� QDS� ��+ Y semilogaritmickém zobrazení logEt:logp’  (p‘
M �8� IHNWLYQ + VW�HGQ + KODYQ + QDS�Wt ;<� PDWHULiO � ] SRUXFK �:�=� VP�V � ���� > M � OLQHiUQ + �REU � ���
Obrázek dokumentuje pokles Youngova modulu se zvyšujícím se obsahem jemnozrnné
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Fig. 7   Dependence of tangent Young’s modulus on axial strain (14% of fines)
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Fig. 6 Dependence of the tangent Young’s moduli on mean effective stress for
tested materials



Obr. 8 ukazuje výsledek numerické parametrické studie vlivu materiálu poruchy na
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Z pórovitosti zeminy, obsahu jemnozrnné frakce a maximální pórovitosti hrubozrnné
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Obr. 8.  Vliv materiálu na pokles kaloty idealizovaného tunelového výrubu (vodorovná osa
Y\MDG�XM U SRVW c�h UDåE\�

Fig. 8   Settlement of the crown of an idealized tunnel (settlement on vertical axis,
horizontally the building sequence)
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Odhad tuhosti je pouze kvalitativní.
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