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ABSTRACT� :�Physical�model�simulations�have�been�performed�to�determine�the�effects�of�depth,� joint�spacing�and�

orientation� on� the� maximum� unsupported� span� of� shallow� underground� openings� under� static� and� dynamic� loads.��

Cubical� and� rectangular� blocks� of� Phu� Phan� sandstone� are� arranged� in� a� vertical� test� frame� to� simulate� a� two-

dimensional� representation� of� single� rectangular� openings� in� rock� mass� with� two� mutually� perpendicular� joint� sets.��

Results� indicate� that� the�normalized�maximum�span�(W/SV)�rapidly� increases�with� the�normalized�depth�(D/SH),�and�

tends� to� approach�a� certain� limit� for� each� joint� spacing� ratio,�SV:SH.� �The�maximum�span� increases�with�decreasing�

SV:SH�ratio.� �Under�SV=SH�condition,� increasing�the�joint�angles�from�0°�to�45°�reduces�the�maximum�span�by�about�

20%.��At�shallow�depths�the�acceleration�of�0.225�g�can�reduce�the�maximum�span�by�up�to�50%.��The�impact�of�the�

dynamic�loads�however�reduces�as�the�depth�increases.��The�test�results�under�both�static�and�dynamic�loading�compare�

reasonably�well�with�those�calculated�from�discrete�element�analyses�using�the�UDEC�code.
�
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1.�INTRODUCTION�
Physical� test� models� or� scaled-down� models� have� been�

widely� used� in� the� laboratory� to� simulate� the� stability�

conditions�of�underground�openings� in� rock�masses� [1].��

They�are�commonly�used�to�gain�an�understanding�of�the�

effects� of� unique� rock� characteristics,� in-situ� stress�

conditions� or� opening� geometries� [2].� � The� simulations�

usually� simplify� the� actual� conditions� into� two-

dimensional�problems.� �Recently� some� researchers�have�

developed� sophisticated� devices� to� allow� a� three-

dimensional� simulation� for� tunnel� stability� in� rock�mass�

under� high� stresses� (e.g.,� [3]).� � As� a� result� failure�

conditions� of� the� joints� and� intact� rocks� around� the�

openings�can�be�simulated�simultaneously.��Some�devices�

can� incorporate� the� effects� of� dynamic� loading� on� the�

rock� models.� � The� modeling� results� are�often� compared�

with� those� from� numerical� simulations,� usually� by� a�

discrete� element� analysis,� either� to� verify� the�predictive�

capability� of� the� computed� results� or� to� confirm� the�

accuracy�of�the�test�models�[4].��Most�researchers�above�

concentrate�on�studying�the�opening�stability�under�site-

specific� conditions.� � Results� obtained� from� the�physical�

test� models� that� can�provide� a�more�general� solution�of�

the�opening�stability�in�rock�masses�have�been�rare.�

The�objective�of� this� research� is� to�perform�physical�

model� tests� to� assess� the� effects� of� depth,� joint� spacing�

and� orientation� on� the� maximum� unsupported� span� of�

shallow�underground�openings�under�static�and�dynamic�

loads.� �A�vertical�platform� is�used� to� test� the�rock�mass�

model� formed�by�cubical�and� rectangular�blocks�of�Phu�

Phan� sandstone.� � The� models� simulate� two-dimensional�

sections� of� single� rectangular� openings� in� a� rock� mass�

with�two�mutually�perpendicular�joint�sets.��The�vertical�

and�horizontal� joint� spacings�are�varied� from�4,�8� to�12�

cm.� � The� stability� under� horizontal� pseudo-static�

accelerations� of� 0.132� g� and� 0.225� g� is� investigated.��

Empirical�relations�between�the�observed�maximum�span,�

opening�depth�and� joint�spacings�are�derived.� �They�are�

used�to�predict�the�maximum�span�under�shallow�depths.��

The� static� and� dynamic� test� results� are� compared� with�

those� simulated� from� discrete� element� analyses� using�

UDEC�code.�

�

2.�TEST�PLATFORM�
The� test� platform� developed� by� Pangpetch� and�

Fuenkajorn� [5]� is� used� in� this� study� (Figure� 1).� � It� can�

accommodate� 4� cm� thick� rock� blocks� arranged� to� a�

maximum� depth� and� width� of� 1.2� m� to� simulate� a� two-

dimensional�section�of�shallow�openings�in�a�jointed�rock�

mass.� � A� lateral� lithostatic� pressure� is� applied� on� both�

sides�of�the�model�using�a�column�of�crystal�balls�with�a�

diameter�of�16�mm�packed�in�the�gap�between�the�model�

and� the� test� frame.� � Bulk� density� of� the� pack� of� crystal�

balls�is�measured�as�2.3�g/cc,�which�is�comparable�to�the�

density� of� the� intact� block� of� Phu� Phan� sandstone.��

Elevated�vertical�and�lateral�stresses�can�be�applied�in�the�

test� frame� to� simulate� the� rock� mass� behavior� under� a�

great�depth.��They�are�not�applied�here�because�this�study�

involves�opening�behavior�at�shallow�depths�as�affected�

by� joint� system.� � Steel� grooved� rollers� mounted�

underneath�the�frame�are�used�for�testing�under�dynamic�

loads.�
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The�rollers�are�placed�on�a�set�of�steel�rails�equipped�with�

a�high�torque�motor,�gear�system�and�crank�arm�to�induce�

a�cyclic�motion�to�the�entire�test�platform.��The�frequency�

and�amplitude�of�the�horizontal�pseudo-static�acceleration�

can�be�controlled�by�adjusting�the�rotational�diameter�of�

the�flywheel�and�speed�of�the�motor.�
�
3.�ROCK�SAMPLE�
Sandstone� from� the�Phu�Phan� formation� is�used�here�as�

rock.� � It� is� classified� as� fine-grained� quartz� sandstone�

with� highly� uniform� texture,� density� and� strength.� � The�

rock�forming�minerals�include�72%�quartz�(0.2-0.8�mm),�

20%� feldspar� (0.1-0.8�mm),�3%�mica� (0.1-0.3�mm),�3%�

rock� fragments� (0.5-2mm),� and� 2%� others� (0.5-1� mm).��

The� average� density� is� 2.27� g/cc.� � To� form� rock� mass�

models� with� two� mutually� perpendicular� joint� sets,�

cubical� (444� cm)� and� rectangular� (448� cm� and�

4412�cm)�sandstone�blocks�have�been�prepared�using�a�

saw-cutting� machine.� � The� cubical� blocks� are� used� to�

simulate� joint� sets� with� equal� spacing,� while� the�

rectangular� blocks� simulate� joint� sets� with� different�

spacings.� � The� friction� angle� and� cohesion� of� the� saw-

cutting�surfaces�of�the�Phu�Phan�sandstone�determined�by�

tilt� testing� are� 26°� and� 0.053� kPa� [5].� � The� uniaxial�

compressive� strength� and� elastic� modulus� of� the�

sandstone�determined� from� related� research�projects�are�

62.0�MPa�and�10.3�GPa�[5].�

�
4.�TEST�MODELS�UNDER�STATIC�

CONDITION�
Figure�2�shows�the�key�variables�defined�in�the�physical�

test�models.��The�model�height,�H,�determines�the�applied�

maximum�lithostatic�pressure�at�the�bottom�of�the�model�

which�is�calculated�as�28.0�kPa.��The�opening�depth,�D,�is�

measured�from�the�opening�roof�to�the�top�of�the�model.��

The�maximum�unsupported�span,�W,�corresponds� to� the�

maximum�number�of�rock�blocks�removed�before�failure�

occurs.��Spacings�for�the�vertical�and�horizontal�joint�sets�

are�defined�as�SV�and�SH� for� joint�angles�of�0°�and�90°.��

For� an� inclined� joint� angle� the� apparent� spacings�

projected� on� the� vertical� and� horizontal� planes� are�

calculated.� � The� effect� of� opening� height� is� not� studied�

here.� �It� is�always�set�equal�to�the�block�height�which�is�

the� spacing� of� the� horizontal� joints,� SH,� for� each� test�

model.��The�simulated�joint�sets�have�their�strike�parallel�

to� the� opening� axis,� and� hence� represent� a� worst� case�

scenario�of�the�opening�stability.�

 For� the�block� length�from�4�cm�to�12�cm�tested�here�

using�the�rock�mass�model�width�of�1.2�m�is�sufficiently�

large� to� minimize� the� edge� effect� on� the� results,� as�

suggested� by� Zhu� and� Zhao� [2]� that� a� physical� model�

width� should� be� 10� times� greater� than� the� block� size.��

Deformation�and�failure�of� the�sandstone�blocks�are�not�

considered� in� this� study� (assumed� as� rigid� blocks)�

because� the� rock� strength� and� stiffness� are�very�high�as�

compared� to� the�maximum�applied� lithostatic�stresses�at�

1.2�m�depth.�

 Over� fifty� test� models� have� been� simulated� under�

static�condition�with�SV:SH�ratios�from�1:3,�1:2,�1:1,�2:1�

to� 3:1.� � The� opening� depths� vary� from� 16� to� 100� cm.��

Each� set� of� opening� geometries� is� formed� by� sandstone�

blocks�with�the�same�dimension.��Video�records�are�taken�

for�a�post-test�analysis.� �After�all�blocks�are�arranged�to�

the� maximum� height� and� width� in� the� test� frame,� a�

rectangular� opening� is� created� by� carefully� removing� a�

rock�block�at�a�pre-defined�depth.��The�blocks�adjacent�to�

the�opening�on�both� sides� are� then� removed�one-by-one�

until� movement� or� failure� of� the� roof� rocks� is� visually�

observed.
�
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The�opening�width�immediately�before�the�failure�occurs�

is� taken�as� the�maximum�unsupported�span.� �The� test� is�

repeated� at� least� 3� times� under� the� same� condition� to�

ensure�the�repeatability�of�the�results.
� Table�1�summarizes�the�ranges�of�test�parameters�and�

results�under�static�conditions.� �The�observed�maximum�

unsupported� spans� (W)� and� their� corresponding� depths�

(D)� are� normalized� by� spacings� of� the� vertical� and�

horizontal� joints� (SV� and� SH),� respectively.� � Figure� 3�

gives� examples� of� the� test� models� for� various� opening�

depths�and�joint�spacings.��Roof�collapse�occurs�when�the�

Applied�

lithostatic�

pressure�

SV�


H

 �.H�

D�

W�

SH�

H�

Opening�

Pseudo-static�

acceleration��

Figure�2�Variables�used�in�physical�model�simulations�and�an-

alysis.��Joint�inclination�can�be�set�at�any�angle�by�

tilting�the�rock�blocks�in�the�model.�

Figure�1�Test�platform�used�to�simulate�shallow�openings�

in�rock�mass.�

220�cm�

Fixed�Pulley�
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����Steel�Frame�

����Channel�

�
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Frame�

�Hinge�
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Blocks�
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Table�1�Ranges�of�test�parameters�and�results�
under�static�condition�

Spacing�

Ratio�

(SV/SH)�

No.�of�

Tests�

Depth,�

D�(cm)�
D/SH�

Maximum

Span,�

W�

(cm)�

W/SV�

8� 24-92� 4.2-16.3� 16-40� 2.8-7.2�
1:1�

21� 16-96� 4-24� 12-28� 3-7�

1:2�or�2:1� 8� 24-80� 4.2-14.1� 12-32� 2.1-5.6�

1:2� 12� 24-96� 3-12� 12-28� 2-7�

1:3�or�3:1� 6� 28-88� 5.1-15.5� 12-32� 2.1-5.6�

1:3� 8� 24-84� 2-7� 12-24� 3-6�

2:1� 8� 20-92� 5-23� 8-40� 1-5�

3:1� 8� 36-100� 9-25� 12-48� 1-4�
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opening� width� exceeds� its� maximum� unsupported� span.��

Figure�4�plots�the�normalized�maximum�span�(W/SV)�as�a�

function� of� normalized� depth� (D/SH)� for� various� joints�

spacings.� � The� results� indicate� that� the� maximum� span�

increases�with�depth�which�can�be�best�represented�by�a�

logarithmic� equation.� � As� the� depth� increases,� the�

maximum� span� approaches� an� ultimate� value� for� each�

joint� spacing� ratio� (SV/SH).� � The� maximum� span� also�

increases�with�decreasing�SV:SH�ratio,�suggesting�that�it�is�

more�sensitive�to�the�horizontal�joint�spacing�than�to�the�

vertical� one.� � This� means� that� the� maximum� spans� are�

larger� for� a� smaller� joint� spacing� ratio� (smaller� SV� or�

larger�SH).��This�probably�holds�true�only�for�the�range�of�

the� spacing� ratios� used� here.� � For� the� condition� where�

SV=SH,�an� inclination�of� the� two�joint�sets� to�45°�results�

in�an�about�20%�decrease�in�the�maximum�span.�

� The� empirical� relations� between� the� normalized�

maximum�span�(W/SV)�and�the�normalized�depth�(D/SH)�

can�be�expressed�as:�

�

  BS/DlnAS/W HV  � (1)�

�

The�constants�A�and�B�can�be�determined�as�a�function�of�

the�joint�spacing�ratio�(SV/SH)�as�follows:�

�

  AHVA S/SA  �� (2)�

�

  BHVB S/SB  � (3)�

�

where�A,�A,�B,�and�B�are�empirical�constants.��Table�2�

summarizes�the�numerical�values�for�A,�A,�A,�B,�B,�

and�B�calculated�for�some�applicable�joint�spacing�ratios.�
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The� empirical� relations� above� can� probably� represent� a�

lower� bound� of� the� maximum� unsupported� span� for�

Figure�3�Examples�of�physical�models�showing�roof�failure�

after�opening�widths�exceed�their�maximum�unsu-

pported�spans.��Top:�openings�in�rock�mass�mo-del�

formed�by�4×4�blocks.��Bottom:�openings�in�rock�

mass�model�formed�by�4×12�blocks.�
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Figure�4�Normalized�maximum�span�(W/SV)�as�a�function�

of�normalized�depth�(D/SH)�for�various�joint�spa-

cing�ratios�and�joint�orientations.�
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spacing� ratio,� inclination� of� the� joint� angles� from� 0°� to�

45°� can� reduce� the� maximum� span� by� up� to�20%.� �The�

tested� maximum� span� increases� with� depth� and�

approaches�an�ultimate�value�for�each�joint�spacing�ratio,�

which� conforms� to� the� simulation� results� from� discrete�

element� analyses.� � The� horizontal� pseudo-static�

accelerations� of� 0.132� g� and� 0.225� g� can� significantly�

reduce� the� maximum� unsupported� span� for� shallow�

openings.��Up�to�50%�reduction�of�the�maximum�opening�

span�resulted�for�the�acceleration�of�0.225�g.��The�effect�

of� the� pseudo-static� accelerations� tends� to� be� more�

pronounced� under� a� larger� SV:SH� ratio.� � The� dynamic�

impact� however� gradually� reduces� with� depth,� as�

evidenced�by� the�fact� that� the�observed�maximum�spans�

under�both�pseudo-static�accelerations�are�close�to�those�

tested�under�static�condition�when�the�normalized�depth,�

D/SH,�approaches�25.�
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The� physical� model� results� yield� empirical� relations�

between� the� maximum� unsupported� span� and� depth� for�

shallow�openings.��Since�the�models�are�simulated�under�

very�simplified�conditions�of�joints�and�stress�states�with�

a�narrow�range�of�test�parameters,�care�should�be�taken�in�

extrapolating� these� relations� to� actual� in-situ� openings�

under� greater� depths� or� under� complex� joint� conditions�

and�stress�states.�

�
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Figure�7�Comparisons�of�UDEC�simulations�with�test�models�under�pseudo-static�

�acceleration�of�0.225�g.�

Figure�6�Comparisons�of�UDEC�simulations�with�test�models�for�various�spacing�ratios.�
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Table� 2 Empirical� relations� obtained� from� regression�
analysis� on� the� test� results� under� static�
condition.� W/SV� =� A·ln(D/SH)� –� B,� where;� A� =�
A·(SV/SH)�+�A;�B�=�B·(SV/SH)�+�B.

Spacing�

Ratio�

(SV/SH)

Block�

Arrange-�

ment�

A� A� A� B� B� B�

1:1� � 2.76� 1.99�

1:2� � 2.76� 0.02�

1:3� � 1.71� -2.89�

2:1� � 2.56� 3.16�

3:1� � 1.31�

-0.28� 2.60�

1.35�

1.28� -1.02�

�

actual� shallow� openings� under� similar� joint� conditions�

and�field�stresses.�

�
�
�
�
�
�
�
�
�
�
�
�
�
�
5.�TEST�MODELS�UNDER�DYNAMIC�LOADS�
The�effects�of�the�pseudo-static�accelerations�of�0.132�g�

and� 0.225� g� on� the� maximum� unsupported� span� have�

been� experimentally� assessed.� � Only� the� horizontal�

acceleration�is�simulated�here�because�it�has�more�impact�

on� the� geological� structures� than� does� the� vertical�

acceleration� [6].� � The� test� procedure� is� similar� to� that�

under�static�condition.�

� Figure� 5� plot� the� normalized� maximum� span� as� a�

function� of� normalized� depth� for� testing� under� pseudo-

static�accelerations�of�0.132�g�and�0.225�g.��Similar�to�the�

test� results� under� static� condition,� the� maximum� span�

increases�with�depth�which�can�be�best�represented�by�a�

logarithmic�equation�for�each�joint�spacing�ratio.��As�the�

depth� increases,� the� maximum� span� approaches� an�

ultimate� value.� �The� acceleration�of�0.225�g� can� reduce�

the�maximum�span�by�up� to�50%,�particularly�when� the�

SV:SH�ratio�is�greater�than�2:1.�

� As� the� depth� increases� the� maximum� spans� under�

dynamic� loads� are� close� to� those� tested� under� static�

condition,�suggesting�that�the�impact�of�dynamic�loading�

decreases�with�depth.� �At�shallow�depth,�a�pseudo-static�

force� generated� by� the� cyclic� motion� of� the� test� frame�

may� be� high� enough� to� effectively� reduce� the� normal�

stress�at�the�rock�block�contacts.�

This� subsequently� reduces� their� shearing� resistance,�

resulting�in�a�relative�movement�between�the�rock�blocks�

immediately�above�the�opening.��As�the�depth�increases,�

the�same�magnitude�of�the�pseudo-static�force�may�not�be�

high� enough� to� overcome� the� applied� lateral� lithostatic�

stress,� and� hence� have� smaller� effect� on� the� shearing�

resistance�at�the�block�contacts.�

�

6.�DISCRETE�ELEMENT�ANALYSES�
Discrete� element� analyses� are� performed� using� UDEC�

code� [7]� to� describe� the� stability� conditions� of� the�

openings� in� the� physical� models.� � The� discrete� element�

models� are� constructed� to� represent� various� opening�

depths�and� joint� spacing� ratios.� �The� joint� friction�angle�

and� cohesion� used� in� the� simulations� are� 26°� and� 0.053�

kPa.��After�several�trials�(by�varying�opening�widths)�the�

maximum�unsupported�span�can�be�determined� for�each�

opening�depth�and�joint�spacing�ratio.�
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� The�UDEC�results�are�compared�with�those�observed�

from�the�physical�models�under�static�loading�in�Figure�6�

and� under� dynamic� loads� in� Figure� 7� for� various� SV:SH�

ratios.� � The� UDEC� simulations� show� the� increasing�

trends�of�the�maximum�span�with�depth�which�are�similar�

to�those�observed�from�the�test�models.��For�all�cases�the�

predicted�maximum�spans�slightly�under-estimate�the�test�

results.� � The� largest� discrepancies� are� less� than� 20%.��

This�is�probably�because�the�block�models�in�the�discrete�

element�analyses�are�perfectly�shaped�with�identical�joint�

properties�while� in� the� test�models� the�block�shapes�are�

not� perfect� and� the� frictional� strength� is� unlikely� to� be�

identical�for�all�contacts�(joint�surfaces).��As�a�result�the�

rock� blocks� constructed� in� the� UDEC� models� can� slide�

easier�than�those�tested�in�the�physical�models,�and�hence�

yield�a�slightly�narrower�maximum�unsupported�span.�

�
8.�CONCLUSIONS�
The� physical� model� test� results� clearly� indicate� that� the�

maximum� unsupported� span� of� shallow� openings� is�

controlled�by�the�spacing�and�orientation�of�joints,�SV:SH�

ratio,�and�depth.� �The�smaller�the�SV:SH�ratio,� the�larger�

the� maximum� span.� � Under� the� same� depth� and� joint�

Figure�5���Normalized�maximum�span�as�a�function�of���

normalized�depth�under�pseudo-static�accelerations�of�

0.132�g�(b)�and�0.225�g�(c)�compared�with�the�re-sults�

under�static�condition�(a)�for�vertical�and�horizontal�

joint�sets.�
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spacing� ratio,� inclination� of� the� joint� angles� from� 0°� to�

45°� can� reduce� the� maximum� span� by� up� to�20%.� �The�

tested� maximum� span� increases� with� depth� and�

approaches�an�ultimate�value�for�each�joint�spacing�ratio,�

which� conforms� to� the� simulation� results� from� discrete�

element� analyses.� � The� horizontal� pseudo-static�

accelerations� of� 0.132� g� and� 0.225� g� can� significantly�

reduce� the� maximum� unsupported� span� for� shallow�

openings.��Up�to�50%�reduction�of�the�maximum�opening�

span�resulted�for�the�acceleration�of�0.225�g.��The�effect�

of� the� pseudo-static� accelerations� tends� to� be� more�

pronounced� under� a� larger� SV:SH� ratio.� � The� dynamic�

impact� however� gradually� reduces� with� depth,� as�

evidenced�by� the�fact� that� the�observed�maximum�spans�

under�both�pseudo-static�accelerations�are�close�to�those�

tested�under�static�condition�when�the�normalized�depth,�

D/SH,�approaches�25.�
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The� physical� model� results� yield� empirical� relations�

between� the� maximum� unsupported� span� and� depth� for�

shallow�openings.��Since�the�models�are�simulated�under�

very�simplified�conditions�of�joints�and�stress�states�with�

a�narrow�range�of�test�parameters,�care�should�be�taken�in�

extrapolating� these� relations� to� actual� in-situ� openings�

under� greater� depths� or� under� complex� joint� conditions�

and�stress�states.�
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Figure�7�Comparisons�of�UDEC�simulations�with�test�models�under�pseudo-static�

�acceleration�of�0.225�g.�

Figure�6�Comparisons�of�UDEC�simulations�with�test�models�for�various�spacing�ratios.�
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