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The role of indentation geometry in ramp - flat thrust
orogenic systems. An analogue model interpretation

ANTONIOS VASALAKIS', DIMITRIOS SOKOUTIS™ and SPYROS PAVLIDES'

ABSTRACT

In order to understand the mechanism of the thrust’s and backthrust’s creation i.e. whendo they appear,
when and why they seize functioning and what influences their number, we used an analogue model which
is near to Merle and Abidi’s 1995 model but it emphasizes on the formations which are provoked only by
compressing brittle material, analogue to the upper (sedimentary } brittle part of the earth’s crust.

Qur principal intention was to investigate the role of two specific factors during the compression of
our analogue model i.e. how those factors influence the creation of thrusts and backthrusts: a) angle of
the rigid ramp, and b) thickness of the sand pack.

We conclude that the thickness of the sand pack is a negative factor as far as it concerns the creation
of an effective indent. Models with thinner initial sand fayering present more back thrusts on the rigid ramp
while those with thicker initial sand layering present more backthrusts near to the rear wall. Models with
a=30" present more backthrusts than the other experiments show with the same d, but different a .

NEPIAHYH

H Badikaaia mg opoyEveong eival and Tig MAEov NOAUTAOKES TEKTOVIKES Biepyaaieg. Mua onpavte-
k) 6tadlkacia katd mv opoyEvear eivat n avantuén {wvev NTUXHoEwy kai enwdnoewv pe guluyn
AETUWHEVA KALQVATTPOQA PrYHATa MAEUPKWS Bpayuvipeva ndve oe éva priypa anokdinong (detach-
ment fault). MoAAES {Wveg MTUXHOE WV KAl EMWBRTEWY Eival NMEPWTIKG EPBHPL, GTOU TA NPOg T
BAAa00a EKTEWVOPEVE METPAOHATA TS WNUATOYEVOUS a¢rvag MTUXMOnKav kaL enwenBnkay navw ato
kpatoyevéc. ‘Evag nohd agiomuatog tponog yia mv épeuva autiq mg dadkaoiag eival avanapdaraom
KaLpeAET e Le Quolkd avaioyké npotuna (physical analague models).

v epyaoia aut) ta avarayika poviéaa dnpuoupynonkay péac og nelpapatikn diatasn Plexiglass e
daotdoelg : @) 9.5cmx7cmx 1emkatB) 9.5cmx 7emx 1.9¢m. Ta povréra anoteAouviaand “nanukd”
OTPBHATA dppou SlaPope KMV XpwHATWY g8 0pW{évTia OTPwOm. H GUUOS MPOGOHOIGIEL OT0 BpauaLyEVES
TUAKA ToU gAOL0Y, MaPOUaIA{ovTag e IKAVOMONTIKT POTEYYLOT| TIS BIEC QUOKES IBLOTNTES PE auT6. H
nepaparki ddtagn anoteAolviay and 1pia dadoxika enineda: Eva opl{dvrio Bactkd eninedo, éva enmi-
KAVES KaL €va delTepo opovio entmedo (flat-ramp-flat). Zro niow p€pog 1au faool emnédou utmpxe
éva £RoA0 Tau oroiou n arabepng Taytnrag kivrom {moter) npokaioloe TV Mapapépewon Mg Gupou.
H tax0mta me Kivniong tou eppdiou fitav atabepn yia 6Aa 10 povigha. OLnapdpetpol nou ahialav rtav
10 Gy og MC dppou d (d=1-1.9cm) katn ywvia tou kekhpévou erunédou a (a=15°-30°-45°).

Napampenenke 61 apEows peta my évapén me gupnisong, n npatn dopr nou dnuwupyrnenke og
0AQ TQ HOVIEAG TTAY A “yoviedng mTux avipoamg” i MOAUKAWVAS 1 “paavOpkr” ruyn (box fold)
anoteAoupevn) and €va eunpoabio kAGdo (fore-kink) kat Tov guluyr Tou onioBio kKAGDO (back-kink),
KOVTQ OTOV Mo W KWoUPEVO Toiywpd. H Sopn aum) napauoldatnxe kal gmy Nepiniwan pe tkpotepo
MOOO0TO GUUMIEQNS 0T LOVTEAQ [IE HEYRAUTEPO MEXOS OTPWPATOS AUPou. AnodeiOnke YEWUETPKA
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dtun dnueoupyia mE Souns auTS oupBaivel 0€ oUYKEKPWEVN andoTaom and Tov niow kABeTo Tolwua
(oTaBep0 TEPAY0S), WOTE N EMUPAVELQKT ERPAVIOT TOU MPWTOU back-kink va anéyet and autév 0.5cm.
H dnuoupyia wg mpdme dopns wag “patavaptkng” miuyng Kabwg katn tayUtepn eLeavion me ota
HOVTEAQ [IE peYaAUTEPO Nayog e&nyeltat and my avaroyia k (Smoluchowski number) Baputikv ripog
TAEUPLK WV Buvapewy, maipvoviag unoyn Tig duvapels TpPng (k=Fg/ Fp).

210 povTEAQ pe d=1cm n dnuioupyia mg np@mg doung akoAouBolviav and my eppavion pag
deltepng “palavdpLkig” mruyng KAtw and my npwin NPoKaAWVTag avivwon M auuwdous aerivag
(sand wedge). Zta poviera drmou d=1.9cm 1 Mpdm patavdpwkn mwyn dev akoioubeital and pa
deltepn aAMd and my eppdvion evag 2% back-kink gto onpeio drou apykd 1o 1° elye eppaviotel. Zmy
nep{ntwon aut, n avénon mge Fg péow tou Bapoug e duuou, akohouBel T0 OUGTNUA OTC VA «OIaAE-
£el» VA P TaKWVMOoEL LKpdTepn pada (dnuoupyia back-kink kat dxt hox-fold). Extdg Tou d mv napaudp-
(WOT) TOU HOVTEAOU EMNPEATELKaL T Ywvia TS KEKALEVNC pAunag a. Z1a poviéha drou nafrav 15° 1
45° kal d="1cm napampnenke n spedvion pag evepyou erkiivoug (effective ramp) mou £ixe m popgn
gvepyol “oboviwong” (effective indenter). H npoavagepouevn dour dev evepaviodn olte oTa poviEAa
onou d=1cm kata=30° (n ywvia e0wTEPIKNG TPIBAS TS Xprowonowipevng dupou eival 30°) o0Tte xau
o€ exelva omeu d=1.9cm. Zupnepaopatikd 1o ndxos ToU oTPMUATOS TG Aupou anoTeAsl apvnukd
napayovia yia m dnuoupyia evepyoul emukiwvolg (effective ramp). MapampriBnke akGun 0Tt T poVTE-
A ue pikpdtepo ndyog dupou (d) mapoustalouy nepoadtepous oniobloug kddoug {back-kinks) an-
HLOUPYOUHEVA MAVW TNV KEKAILEYT 1] oIV evepyT] pAUNA £V TA LOVTEAQ pE peyaruTepo d eppavifouy
MEPodTEPOUS omioBloug KAGAouG (back-kinks) kovtd oTov KivoUpevo 6mioBev Toix0. TEAOG Ta OVTE-
Aa drioy a=30° epgaviouv neplogdtepous onioBloug khddouq (back-kinks) ndvw omy kexAevn 1
oV evepyn pauma an’ 6t ta GANG pLovéAa nou gxouy 1o ido d akha SlagopeTiks a.

Introduction

Orogenesis, a Greek term for the building of
mountains, is one of the most complex tectonic pro-
cesses known to Geoscientists. To field geologists
the term orogeny represents the penetrative defor-

a) the influence of the rigid ramp angle to the
mechanics of the internal deformation of the fore
and back kinks which evolve to thrust sheets , and

b} the role the sand pack thickness in the cre-
ation and evolution of the above mentioned struc-

mation of the earth’s crust associated with phases  tyres.
of metamorphism and igneous activity along re- This investigation will be limited to purely brittle
stricted, commorily linear zones and within a im-  gystems.

ited time interval (Dennis 1967, Burg and Ford, 1997).

An important process, in orogenesis, is the
development of fold and thrust belts with conju-
gate imbricated reverse faults laterally shortened
above a “decollement” or detachment fault (Kelier
and Pinter, 1996). These reverse faults or back

2. Analogue models

2.1 Model construction and deformation

Qur expeniments were performed at the tectonic
laboratory of the Department of Geology, Aristotle
University of Thessaloniki. The type of models that

thrusts accommodate the shortening and serially
propagate forward along a deccllement.

In this study our principal intention is to inves-
tigate the geometry of fore-kinks and back-kinks
atramp angles varying from 15 to 60 degrees dur-
ing compression using Merle and Abidi 1995 ex-
perimental set up.

The questions to be addressed are:

have been investigated were of purely frictional ma-
terial which represent the brittle part of the crust.
The models were built in a Plexiglas squeeze-box
with dimensions a) 9.5 cm x7 cmx 1cm and b) 9.5
cm x7 ¢cm x 1.9 cm. The models have been investi-
gated according to their vertical height which was: a)
1cmandb) 1,9 cm .The models consisted of passive
sand layers of different colours which sedimented,

WYnoeiakn BiBAI0BAKN Oed@pacTog - TuAua MewAoyiag. A.lNM.O.



93

Fig.1

harizontally. The role of the calour layers was to visu-
alize the internal deformation pattern in the model.

The apparatus comprised a fixed floor plate
representing the basal flat and a dipping ramp of
15 - 30 ~ 45° in front of the flat (fig.1). Forward
advance of a rear wall provides the convergence
and hence the shortening of the sand pack. The
rear wall was driven by an electric motor, at a
constant rate of convergence of 1.25cm h'f,

All models were deformed from 20%, 40% and
up to 60% bulk shortening (%b.s.). Top view phato-
graphs were taken at constant time intervals dur-
ing deformation,

2.2 Model materials

Pure quartz sand with particle diameters less
than 0.246 mm was used in all models.

The sand is a Morh-Coulomb material with a
mean density o, = 1300 kg/m? which simulates
the brittle behavior of sedimentary rocks. In (abo-
ratory tests this material shows an angle of inter-
nal friction @ = 30°, a coefficient of friction ?=
0.6 internal and a cohesion ¢ = 105 Pa.

2.3 Scaling of the models

The models are broadly scaled in a way that 1
cm in the model represents approximately 10 -15
km in nature. The models were focused on the
deformation of the brittle upper crust decoupled
from the lower ductile crust above a detachment
represented by the Plexiglas floor of the squeeze-
box. The velocity of the displacement, for Mohr-
Coulomb materials, such as sand, which have a
yield envelope essentially independent of strain

rate, needs not to be scaled precisely.

The calculation of the velocity relationship be-
tween model and nature was based on Merle and
Abidi, 1995. So, forv_ =1.23 cm/h, the velocity of
the piston in the experiments, corresponds to v,
=1.78mm/y in nature. This value is comparable to
that observed in natural thrust systems (Bonini et
al. 2000 and references therein).

2.4 Limitations

Increase in vertical loading would normally re-
sult in isostatic adjustment and depression of the
thrust plane. This factor was not takeninto account,

The models were designed to focus on the
brittle deformation of the upper crust and took no
account of any ductile strain within the nappe pile.
Temperature variations have not been considered
gither,

The moving wall that compressed the model
was rigid and could not deform as the stronger
plate might deform in nature. The models did not
include the effects of erosion and sedimentation,
only gravity spreading of the rising pile.

3. Results

3.1 Division of the experimental resufts

The experiments were divided into 6 groups.
Every experiment of which belongs to the same
group follows the same set up by keeping constant
the following parameters, a) thickness of sand lay-
ers (d) b) length and width of the Plexiglas box, and
¢) dip of rigid ramp{a). The only parameter that we
change is the percentage of bulk shortening.
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Table A
Sand layer thickness (d): icm 1.9cm

Compression (%b.s.)
Degrees (a®) 20 40 60 20 40 60
15 1t group | Exp. 10| Exp.8 | Exp.9 | 4% group| Exp.18] Exp.21| Exp.3
30 2% group| Exp.7 | Exp.4 | Exp.6 [ 50 group| Exp.12| Exp.20| Exp.17
45 39 group | Exp.11| Exp.13] Exp.14 | 61 group| Exp.16| Exp.19| Exp.15

It must be noted that besides the experiments
presented in Table A extra experiments have been
carried out for clarification concerning the evolu-
tion of certain structures at specific stages of de-
formation. The parameters of these extra experi-
ments are given below.

Exp.5:a=30°, d=1cm, %b.s.= 10
Exp.5a: a=302 d=1cm, %b.s.=5.2

The description of the structures that occur
during deformation of the models, separately for
each group, will be presented below.

3.2 Description of the structures that occur
during deformation of the mode/s.

Experiments with d= Tem

15 Group:

The first group of experiments took place when
a rigid ramp of a=15° and thickness of sand layer

Table 1

Exp.1:a=45%* d=1.9cm, %b.s =67.45
Exp.2:a=302, d=1.9cm %b.s.=52.6

d=1cmwas used.

The following table [ contains:

The appearance of fore- kinks and back-kinks
at the surface of the sand pack as well as their
approximate distance, in cm, from the rear
wall that compresses the model.

The percentage of bulk shortening, when we
observed each formation.

¢) The number of fore- kinks and back-kinks.

a)

b)

Experiment |Fore-Kinks
No
qst 2nd 3rd 4th gth
cm | %b.s. [ cm [ %b.s. [em [%b.s. |cm]%b.s. | cm | %b.s.
10 35131 3.6|14.7
8 3842 4 147 |78 2526
9 3.8 42 38147 |11.5*]126.3
Back-kinks
10 0.413.1 —_— | —
8 0.7 4.2 — | —— | 3.8 2526|3240
9 05|42 — | —— |57 12623 |41|421 |3.5]|~60

* the fore-shear appears on the rigid ramp.
— : back-kink that did not appear at the surface.
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At4 %b.s., the first box-fold, a
simultaneous appearance of a kink
and back-kink, occurred close to
T the moving wal! forming an accre-

i tionary thrust wedge. It is noticed
that the point of the box fold gen-
} | eration is not at the contact between
the basal plate and the moving ver-
tical wall but at a distance of ~ 2
: ; =il o il cmin front (fig. 2).
of ~ A kink parallel to the first one
' s was created at 14.7 % b.s,, ac-
o G e companied by a conjugate back-
kink both being created at the
same point where the first box-
fold appeared. This can be illus-
trated in the cross-section of 20%
b.s. (fig. 3a,b).

When the amount of deforma-
tion reached the ~25 %b s., a new
N ! box-fold occurred close to the toe of
: : the rigid ramp. While the deforma-
% o tion of the system is concentrated

: at the new box-fold the former struc-

{ tures are passively carried towards

; ‘ the new created box-fold. The area

o D S between the two box-folds has the

- 3 characteristics of a compressional
LI = basin.

5 As deformation continues, two

more back-kinks were created one

Fig.3a at 40% and the other at 60%b.s.

which were formed in front of the

Fig.2

Fig.3b
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Fig.4a

Fig.4b

N

i b

Tahle 2
Experiment ([Fore-Kinks.
No
4 st an 3rd 4th 5th Bth 7th
cm Fb.s.| cm fhb.s| cm | %b.s | cm Peb.s| cm | %b.s | cm | %hbs | cm | %bs
5 32|42
4 3413238147
4 37142 |4 |l6 |88*316
6 3814214 11578 91* 283
Back-kinks
151 an 3rd 4m Sth Gth 7&:
cm Phb.siem fb.s| om | %b.s | em %b.s|cm | %bs | cm | %b.s | cm | %b.s
5B 0,342
7 041321 — |-—
4 0442 |— |- 155|316 |48|358 44|40
6 0642 |— |— |52|263 |5 34744368 139 |4105/3,2|547

”*

: movement along the ramp

— : back-kink that did not appear at the surface.
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toe of the rigid ramp. The generation point of these
back-kinks coincides with the point of creation of
the second box-fold. At this stage of deformation
what can be observed is that from the toe of the
rigid ramp to the top of the ramp the sand pack
does not glide along the contact but it builds its
own ramp (fig4a,b). This structure is similar to the
so-called ‘effective indenter’ discussed by
Persson and Sokoutis (2001) and more detailed in
Persson (2001). These two back-kinks are pas-
sively carried away from the toe of the rigid ramp
along and above the spontaneous fore-shear which
represents the upper part of the *effective indenter’
towards the upper flat area of the rigid ramp.

2" Group:

Experiments with ramp angle a = 30°and sand
thickness d =1cm

The first box-fold appeared after ~4%b.s., as
ingroup 1.

The second box-fold appeared approximately
at the same distance from the rear wall, as the 2
box-fold of the 1% group, but a little bit later at ~16%
b.sinstead of ~15% b.s..

At --30%Db.s, the creation of a new box fold has
been observed and at the same time the sand
pack slipped over the rigid ramp which was used
as a decoilement surface moving forward to the
upper flat. A conjugate back-kink was created on
the toe of the rigid ramp.. From that moment, the

Table 3
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Fig.5

first box-fold stopped being active.

Three more back kinks were formed, at ~35%,
~40% and at ~55% b.s. respectively. All of them
were formed at the toe of the rigid ramp and then
transferred passively along the ramp. At 60% b.s
the cross-section clearly illustrates that the fist
kink evolved to a thrust (fig. 5).

Foreland dipping normal faults started to ap-
pear at ~55%b.s. while with increasing bulk short-
ening, foreland-directed extensional collapse of the
sand wedge above the upper flat of the rigid ramp
became more developed. However, these normal
faults for this %b.s. remain as superficial features
and they are due to gravity sliding.

3" Group:
Experiments with a= 45°and d =1cm

ExperimentNo{Fore-Kinks
13‘( 2nd 3rd Ath 5th
cm | %bh.s] Cm| %b.s. |ecm| %b.sjcm | %b.s. |cm | %b.s.
11 34 |21 3.5 14,7
13 35 |26 |37|13,7 411247 |68 | 347
14 34 |31 3,7 13,16 | 3,9 23,16/ 7.4 |336
Back-kinks
" 03 |2t |— |—
13 05 |26 |— |— 3,3134,7
14 05 |31 |— |- 41336 |~281542 ~2.5 | 54,2

— . created but did not appear at the surface.

WYnoeiakn BiBAI0BAKN Oed@paacTog - TuRua MewAoyiag. A.M.0.



98

Fig.7

The first box-fold appeared near 1o the rear  previous groups. At ~24%b.s. the formation of a
wall at approximately, 3%b.s., and by ~1% b.s.  kink took place, in front of the other two(fig. 6).

earlier than at the previous groups. The third box-fold appeared when the amount
The second box-fold appeared after 13.5% of  of hulk shortening reached the~34%.
bulk shortening which is the same %b.s. as in the From this point, the sand wedge climbed on
Table 4
ExperimentNo |Fore-Kinks
4st ond 3rd
cm %b.s. Cm %b.s. cm %b.s.
18 6,1 2,2
21 6,1 22 7.6 25,26
3 6,2 3,2 6,7 22;1 13,3* | 37,9
Back-Kinks
18 0,4 2,2 -— -—
21 0,5 2,2 — —
3 0,5 3,2 —- — 2,46 | 495

* :fore- kink appearance on the ramp.
—: created but not appeared on the surface.
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Fig.Ba Fig.8b
the upper flat using as ramp the thrust located
closer to the rigid ramp. So, this evolution gave
birth to a new central sand wedge. This new for-
mation is composed of: a} the 4™ fore-kink which
evoived to a thrust situated at the top of the struc-
ture that presents the characteristics of an ‘effec-
tive indenter’ and b) the first and second back-
kinks, which were nearly joined forming a back-
ward veregence shear zone ‘semi-conjugate’ to
the thrust mentioned before (fig. 7).

During the movement of the sand pack towards
the upper flat, two more back-~kinks created at the
toe of the new ramp, and they appeared on the
surface approximately at the same time (54%b.s.).

Experiments withd= 1,9cm

4% Group:
Models witha =15°and d =1.9¢cm
Table 5
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In this case, the first box-fold appeared earlier
than at the previous groups (2,2%b.s.). The dis-
tance between the fore-kink, when it was created,
and the rear wall was greater than in the groups of
d=1cm (i.e. 6.1cm while at the previous groups it
was ~3.4cm). When the deformation is close to
20% b.s. the former fore-kink develops to a fore-
thrust(fig. 8a).

The second fore-kink appeared at 22-25%b.s.

The third kink emerged when the compres-
sion reached 37.9% of b.s. The slip plain was the
dipping ramp.

The first back-kink created at the toe of the
rigid ramp, appeared on the surface after 45.9%b.s.
As it can be observed in the cross-section of exp.
3, a second back-kink occurred at the toe of the
rigid ramp but it didn’t reach the surface(fig. 8b).

ExperimentNo [Fore-Kinks
1st 2nd 3rd 4th
cm %b.s. [em | %b.s cm | %b.s |¢cm %b.s
12 6,6 4.2
20 6,6 4,2 10,6% 27.4
17 8,8 472 10,5% 30
2 6.87 3,1 7.1 123.16 | 10* | 38.9
Back-Kinks
1sF ond 31d 4th
cm %bh.s {cm |%b.s jcm | %b.s [cm %b.s
12 0,5 42
20 0,5 4,2 — -—- 6 27,4
17 0,7 4,2 — — 37 | 40™ 2,2 40™
2 0.3 31 — 148 | 48.4

* : on the ramp

** - Simultaneous appearance of the 4™, at the right side and the 3¢ at the left side taking as a plane of reference
the moving wall. The 4™ back-kink appeared at the surface and evolved in @ normal way whiie the 3° did not evolve

further even when the deformation reached the 60%b.s.
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Fig.9

5% Group:

Experiments witha = 30°and d=1,9 cm.

The 15t box-fold occurred at 4,2% of bulk short-
ening.

The cross-section ofexp. 12, at20% b.s., dem-
onstrates that the creation of the first box fold is
immediately followed by a second back-kink cre-
ated at the toe of the thrust which corresponds to
the former fore-kink.

After ~30%b.s, a new box-fold appeared, hav-
ing as spot of generation the toe of the rigid ramp.
The slip plane of the surface was the rigid ramp.

Fig.10

The accommodation of the back-kinks is some-
how more complicated because it presents a dif-
ferent behavior in each experiment. tn experiment
no 2 it appears at the surface without intersecting
the first thrust{fig. 9).

In experiment no 17 was observed that at
40%b.s. two back-kinks appeared. They occurred
at the same time and at the same distance from
the moving wal!; the 3 at the left and the 4™ at the
right side of the model taking as reference the
moving wall. The 4", grew some minutes after and
became obvious while the 3" remained as it was

Tabte 6
Experiment No [Fore-Kinks
-ist 2nd 3rd 4th
cm %b.sicm | %b.s {cm %b.s cm %b.s
16 6,1 2,2
18 8,2 42 |67 (232 8,8* 35,79
15 8,3 2.4 87" | 33,7
1 6 2.1 76 |28 —* ~50
Back-Kinks
1s—t 2nd 3rd 4th
cm %b.s|cm | %b.s |cm %b.s cm %b.s
16 — —
19 0,6 42 | — — 2.2 | 40
15+ 0,4 2.1 — -— 3.4 36.8
1 0 2.1 — — -— — —_ —_

A . A2 fore-Kink appeared at the left side ( reference —the moving wall), not fully grown. Possible boundary

effect.

A% - This back kink is a typical one, created at the toe of the rigid ramp, but superficially it appeared only at the

middle of the mode, near to the rear wall

+ . gravity collapse on the rigid ramp 6cm at 60%b.s.

*: fore-kink created on the ramp
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Fig.11

from the beginning, even after 60%b.s (fig. 10).

In experiment no 2 the first back-kink created
on the rigid ramp , intersected both the 15t and the
2" kink and appeared at the surface 1,48 cm from
the moving wall.

6" Group:

Experiments with a= 45°and d=1,9¢cm

The first box fold appeared at ~2.2%b.s. A sec-
ond back-kink created behind the 1 but it didn't
appear on the surface.

The majority of this group of experiments used
the ramp for creating the 2% fore-kink at ~35%b.s..

At ~40%b.s. the main back-kink created on
the toe of the rigid ramp and appeared at the sur-
face intersecting the previously formed fore-kinks.

Foreland dipping normal faults started to ap-
pear at ~50%b.s., and by increasing bulk short-
ening, foreland-directed extensional collapse of
the sand wedge above the upper flat of the rigid
ramp became more obvious (fig. 77). In this par-
ticular case the collapse was not relevant to re-
activation of back-kink as normal faulis. It took
place at the upper plane, as it was also observed
in the experiment no 6.

Beside the above mentioned structures anum-
ber of minor structures were also observed which
are noted at table.6.
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4. Discussion
4.1The first structure,
the box-fold.
All experiments devel-
oped as first structure a
e - box fold, independent of
thickness.

However, in general
wl the models in where
i d=1cm, the first box fold
. appeared close to the rear
.~ wallat~4.2%b.s., while in
models withd=1.9cm the

4 corresponding box-fold
appears earlier at ~2.1 %
b.s. Here we face two ques-
tions. The first is why a box fold has been pre-
ferred. This can be explained due to low friction
detachments, the base of the deformation appara-
tus in this case, which requires wider spacing of
structures. The second is why the thicker the pile
the faster the appearance. To answer this we have
to take into account the gravity and lateral forces
as well as the shear resistance at the base of the
pile. The shear resistance must be overcame by
the lateral force in order to induce decollement
which will provide the surface of movement. This
ratio between gravity force/lateral force, K, is known
as the Smoluchowski number (x=F /F ).

Increasing the gravitational force the frictional
force is additionally increased.

The higher the gravitational force is the more
difticult becomes for the lateral force to move the
whole system, so the system creates thrusts in
order to move in smaller parts. In this particular
case it was observed that models with greater
thickness, d, present earlier the first box fold struc-
ture and this is logical because by increasing the
d, the Fg increases and so the frictional force aug-
ments forcing the system to create thrusts earlier.

4.2 Second box-fold

After the creation of the first box fold, in the mod-
els with d=1cm, a second box-fold occurs below the
first one giving rise to the sand wedge. The second
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box fold has the fore-kink well developed while the  kink.

back-kink is poorly developed. This can be easily
explained by taking into account the moving rigid
wall, which does not allow it to expand properly(fig.
3b).

In contrastin models with d=1.9cm the creation
of the first box-fold is never accompanied by the
creation of a second one at the same place. Instead
of that, it is observed in all cases, the appearance of
a second back- kink at the same place where the first
back kink was created. This phenomenon is due to
the thickness of the sand i.e. additional weight and
therefore higher Fg. The system prefers to use the
first fore kink which developed to a thrust as a
decollement surface at the base of which the back-
kinks were created. These back-kinks travel passively
along the thrust surface an arrangement that needs
less energy to accommodate the deformation since
it has to move a smaller mass(fig. 8a).

4.3 Appearance of the 1 box-fold on the sur-
face and its distance from the rear wall

The first fore-kink in models with d=1.9 cm
rises on the surface in an approximately double
distance from the rear wall, in comparison to the
first fore-kink of the models with d=1cm. The in-
ternal friction angle of the sand is ~30°.

Assume that at the point P is the rear wall,

Where:

x . is the horizontal distance between the mov-
ing wail and the superficial appearance of the back-

y - is the horizontal distance between the mov-
ing wall and the superficial appearance of the fore-
kink.

A - point of appearance on the surface of the
1% back-kink created when d=1.9cm.

B : point of superficial appearance of the
fore-kink

HB : fore-kink

HA : back-kink

PK : theoretical plain, 1cm above the lower flat
DG

E, K points where the back-kink and the fore-
kink respectively intersect the theoretical plain PK.

Following the geometrical relationships :

OF = EH cos30° (1)
EH + EA=AH (2)

EA/EH = 1A/ID (3
AH = AU/ cos 30° {4

AU = (y-x)/2(5)

Applying in equation 4 eguation 5, the refa-
tionship becomes

AH = (y-x)/2c0s 30° (6)

Itis known that;

IA/ID =0.9¢cm/1cm =>EA/EH =09/
1 =>EA=009EH

EH + 0.9EH =(y—x)/2c0s 30° => 1.9EH =
(y—x)/2c0s30°=>

EH = (y-x) /3.8 cos 30°(7)

Since :OE =EHcos30° => OE=(y-x)/3.8

PE=PO-0E=>PE={({y-x)/2)~-({y-x
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/2d) =>
PE=(d-1){y-x)/2d (8)and
PZ=P0+0Z=P0 + 0E=> PZ=((x-y)
12) +{{y-x)/2d) =>
(9)

PZ=(d+1){y-x)/2d
Where,d =AD = 1.9¢cm
If the aforementioned general model is cut
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mode! would have d= Tcm, would it be possible
the 1% fore and back-kink of the latter modef to
appear at points 7 and E respectively ?

From the experimental results extracted from the
experiments of the 4™, 5%, and 6" group (d=1.8cm),
atable is constructed by using equations (9) and (8)

horizontally at the plain PK (where the sand has Experimental
d=1 cm), the new superficial appearance of the AA | EZ=PZ-PE| EZ=PZ-PE’ |Deviation
fore-kink will be at point Z whereas the appear- ; ggg g}g glgg
ance of the‘back-kmk will be at the point E. . 3 3.00 3.30 0300
According to equations {8) and (9) the dis- g 321 3,06 0,211
tance between the point E and the rear wall as well : e — pen
as between the point Z and the rear wall is respec- 7 3.21 3,10 0319
tively' 8 2,85 3,00 -0,053
. g 3,11 2,90 0,205
PE=0,2368(y—x) andPZ = 0,763(y~X)  [Averags: | 3.09 3,08 0,016
which presents the
AD | X 1y | Pz(Fore-Kinks) cm| PE(Back-Kinks) cm | E2=PZ-PE distance of points E
19 | 04 | 61 | 435 135 3,00 and Z from the rear
}9 gg 2; :,gg 132 §gg wall. This method is
1’3 56 T8r 468 Tad 321 used in order to in-
19 1 05 | 66 | 466 1,44 3,21 vestigate whether
1-2 8-7 g? Z»gg iﬁ gg: the first box-fold at
19 | 05 | 62 | 427 1,33 2,95 models with d=1cm
19 | 04 163 | 450 1,40 3,11 is created at the
Average : 3.08 same distance from

The question to be addressed is:

If a compressed model which would have the
same characteristics with the one mentioned
above, but it would differ at the point that the jatler

the rear wall with the
one created at models of d=1.9.

It is assumed that the first box-fold of models
with d=1cm and d=1.9cm occurs at the same dis-
tance from the rear wall. Using equations (8) and (2),

applied on the experimental results ex-

Experimental tracted from the experiments of the 4%,
? X : - S 5% and 6" group (d=1.9cm), atable is

Z {fareonis) gE {Eackerlke) | e RRZ FE created showing the distance that the

38 0’; 2’18 superficial appearance of the first fore

38 0.5 330 and back-kink of a model with d=1cm

3.4 0,4 3,00 should have from the rear wall, if our

3.4 04 3,00 assumption is correct.

38 0,6 3,20

34 0.3 3,10 ) N

3,5 0,5 3,00 Table showing the position of

34 05 2,90 kinks and back-kinks based in the

Average : : 3,08 above assumption:
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Fig.12

Table summarizing the distance of the first
fore-kinks (PZ’) and back-kinks (PE’) created at
the experiments of the 1%, 2", and 3" group where
d=1cm:

The comparison of these two tables leads to
the conclusion that the previous assumption was
incorrect, i.e. the fist box-fold created at models
with d=1c¢m and d=1.9¢m do not occur at the
same distance from the rear wall. The first box fold
is created regardless to the sand thickness:

From all the above we conclude that the forma-
tion of the first box-fold {(which was regardiess to
the thickness of the sand’s layer), was realized in
a specific distance from the rear wall so that the
distance between the superficial appearance of
the back-kink would be ~ 0.5¢m.

4.4 The appearance of the effective ramp.
fn the experiments with a= 15 and d=1cm,
after ~25 %b.s., a box-fold was created near to the

ramp. As deformation continued, the sand which
was from the beginning at the front of the rigid
ramp, did not move {only an upturn of the layering
occurred), so that the system built up & sand ramp,
creating a fold structure. This new sand ramp will
be called ‘effective ramp’. A similar structure was
observed by Bonini et al. 1999 but in their work the
rigid ramp was acting as indenter. AS compres-
sion continued, several back-kinks were created
at the toe of the rigid ramp in approximately equal
time intervals(fig. 12).

This effective ramp didn’t appear at the models
where a= 30° and d =1cm. In this case the sand
pack used the rigid ramp in order to move the upper
plain. The reason for this can be explained by taking
into account the angle of internal friction of the sand,
which is approximately 30° (fig. 5).

At models where a = 45° and d=1cm an ef-
fective ramp was also created without causing
folding to the layering of the specific part of the

Back-kinks i
1cm
compression (% b.s) | 20* 40* 40# 60* 60#
dip {degrees) | 15 2 2 2 2 4
' 30 2 2 3 2 6
45 2 2 1 2 4
1,9cm .
compression (% b.s) | 20* 40* 40# 60* 60#
dip {degrees} | 15 2 3 1 2 1
30 2 3 1 4 3
45 2 3 1 3 2

* created close to the moving wall

# : created on the foe of the rigid or on the toe of the effective ramp
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sand pack (fig. 4b).

In contrast to that, none of the experiments
where d = 1.9 cm presented an effective ramp
even when the bulk shortening reached the 60%
(figs. 8, 10, 11b,0).

4.5 Number of back-kinks.

In models with d = 1cm, the number of back-
kinks created near to the moving wall which appeared
in every model before 20%b.s., remains stable even
after 60% of b.s. As the amount of the bulk shortening
augments, at the toe of the rigid or the effective ramp
new back-kinks occurred. The model where a = 30°
presents more back -kinks (6 back-kinks) created on
the toe of the rigid ramp during the movement than
the models with a = 15° (4 back-kinks) and those
with a = 45° (4 back-kinks).

On the other hand, the models where d= 1.9
cm tended to present less back-kinks than the
models with d = 1cm. The back-kinks created at
the toe of the rigid ramp were formed after ~40%b.s
inthe models where a = 30° ora= 45°and d=1.9
cm, and ~50%b.s. in the models where a2 = 15°
andd=1.9cm.

Contrary to the models with d = 1cm, the
number of the back-kinks created near to the mov-
ing wall was increased during the process of com-
pression.

Models withd = 1.9 cm and a = 30° had the
tendency to present more back-kinks than the
models with a = 15%or a = 45°, something which
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was also observed at the corresponding models
withd = 1cm. The following table summarizes the
above mentioned results;

4.6 Number of fore-kinks.

In models where d = Tcm, until 20%b.s. 2
thrusts appeared near to the moving wall, as men-
tioned previously, with their conjugate back-
kinks.

At ~25%b.s. a 3" fore-kink occurred close to
the rigid ramp. In models with a= 30° this kink
used the rigid ramp as sliding plain. Only in mod-
els with a= 45° a fore-kink kink which has the
same area of generation with the first two ap-
peared at 24%b.s. and then at ~35%b.s. it was
observed the creation of a 4" fore-kink near to
the rigid ramp which caused the formation of the
effective ramp.

In models where d = 1.9 c¢m, close to the
moving wall only one fore-kink occurred at
~4.2%b.s., while the second fore-kink appeared
on the rigid ramp at ~26%b.s. Whena= 159, be-
fore the appearance of the fore-kink on the rigid
ramp (~38%b.s.) a fore-kink occurred near to the
first one. Actually, this was the only model where
despite the fact that d = 1.9 cm two box-folds
were created at the same place near to the mov-
ing wall, a phenomenon that characterizes all the
models with d= 1cm. The table below summa-
rizes the above mentioned results:

Fore-Kinks
~tem
compression (% b.s) 20* 40* 40# 60" 60#
dip (degrees) | 15 2 2 1 2 1
|30 2 2 1 2 1
45 2 3 1 3 1
1,9cm
20* 40 40# 60* 80#
dip (degrees) | 15 1 1 2 2 1
30 1 1 1 i 1
45 1 1 1 1 1

* :created close to the moving wall

# : creafed on the toe of the rigid or on the toe of the effective ramp
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5, Conclusions

1. In this experimental set up the formation of
the1st box-fold close to the moving wall was
regardless to the thickness of the sand pile.
The aforementioned box-fold was created in a
specific distance from the rear wall, which de-
pends on the thickness of the sand pile.

2. When d = 1cm and the angle of the rigid
ramp was a=15%or a=45%an effective ramp
was created to accommodate the deforma-
tion. In experiments where a=30° and
d=1cm the model used as thrust plain the
surface of the rigid ramp. When d=1.9cm,
the formation of an effective ramp was not
possible.

This experimental work indicates that the thick-
ness of the sand pack is a negative factor for
the creation of an effective ramp.

3. Models with thinner initial sand layering
present more back-kinks on the rigid or on the
effective ramp while those with thicker initial
sand layering present more back-kinks near

~ tothe moving wall.

4. Models with a=30° present more back-kinks
on the rigid ramp than the other experiments
with the same thickness, d, but different rigid
ramp angle, a.
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