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ABSTRACT:	It	is	well	known	that	the	mechanical	behaviour	of	pure	sand	is	dependent	on	the	7 

internal	 soil	 structure,	 which	 can	 be	 affected	 by	 sample	 preparation	 methods.	 For	8 

fibre-reinforced	sand	(FRS),	the	sample	preparation	methods	influence	not	only	the	internal	9 

structure	 of	 sand	 skeleton	 but	 also	 the	 distribution	 of	 fibre	 orientation	 and	 sand-fibre	10 

interaction.	The	effect	of	sample	preparation	methods	on	the	mechanical	behaviour	of	FRS	11 

has	 been	 investigated	 using	 comprehensive	 drained	 triaxial	 compression	 tests.	 The	 soil	12 

samples	 are	 prepared	 by	moist	 tamping	 (MT)	 and	moist	 vibration	 (MV).	 There	 is	 a	 small	13 

difference	 in	 the	 stress-strain	 relationship	of	pure	 sand	with	different	 sample	preparation	14 

methods.	But	the	response	of	FRS	is	dramatically	different.	Under	the	same	initial	conditions	15 

of	 void	 ratio,	 confining	 pressure	 and	 fibre	 content,	 FRS	 prepared	 using	 the	 MV	 method	16 

shows	 30-50%	 higher	 peak	 deviator	 stress	 and	 much	 less	 dilative	 response.	 A	 newly	17 

developed	 constitutive	 model	 is	 used	 to	 simulate	 the	 stress-strain	 relationship	 of	 FRS	18 

prepared	using	different	methods.	 	19 

Keywords:	 Fibre-reinforced	sand,	moist	 tamping,	dry	vibration,	 constitutive	model,	 critical	20 

state	 	 	21 
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1.	INTRODUCTION	22 

The	mechanical	behaviour	of	saturated	sand	is	affected	by	the	internal	structure	(or	fabric),	23 

which	 includes	particle	orientation,	contact	normal	distribution	and	void	space	orientation	24 

(e.g.,	Ishihara,	1993;	Yang	et	al.,	2008;	Sze	and	Yang,	2014;	Gao	et	al.,	2014).	Such	an	effect	is	25 

more	 visible	 in	 undrained	 tests	 because	 a	 small	 difference	 in	 soil	 dilatancy	 can	 cause	 a	26 

dramatic	 change	 in	 the	 excess	 pore	 water	 pressure	 and	 effective	 stress	 path.	 For	27 

fibre-reinforced	 sand	 (FRS),	 the	 stress-strain	 relationship	 is	 not	 only	 dependent	 on	 the	28 

structure	 of	 the	 sand	 skeleton	 but	 also	 the	 fibre	 distribution	 and	 sand-fibre	 interaction,	29 

which	is	affected	by	the	sample	preparation	methods	(Zornberg,	2002;	Diambra	et	al.,	2007;	30 

Ibraim	et	al.,	2012).	31 

Various	 methods	 have	 been	 used	 for	 preparing	 FRS	 samples	 in	 the	 laboratory.	 In	32 

Michalowski	 (1996),	 dry	 sand	 and	 fibres	 were	 dropped	 into	 the	 mould	 separately	 in	 five	33 

equal	layers	and	then	vibrated	to	reach	the	target	density.	Moist	tamping	(MT)	is	the	most	34 

frequently	used	method	for	preparing	FRS	samples	(Consoli	et	al.,	2007;	Ahmad	et	al.,	2010;	35 

Ibraim	et	al.,	2012;	Kong	et	al.,	2019).	 In	 this	method,	 sand	and	 fibres	are	 first	mixed	at	a	36 

certain	water	content	to	prevent	segregation	of	fibres.	The	mixture	is	then	deposited	in	the	37 

mould	in	several	equal	layers	and	compacted	to	a	target	density.	This	method	has	also	been	38 

used	in	airfield	construction	using	FRS	(Santoni	and	Webster,	2001).	The	sample	preparation	39 

method	has	a	direct	effect	on	the	internal	structure	of	the	sand	skeleton,	fibre	distribution	40 

and	sand-fibre	interaction.	Consequently,	the	stress-strain	relationship	of	FRS	is	affected	by	41 

the	sample	preparation	methods.	But	there	is	insufficient	research	in	this	regard.	Ibraim	et	al.	42 

(2012)	 investigated	 the	mechanical	 behaviour	 of	 loose	 FRS	 prepared	 using	MT	 and	moist	43 

vibration	(MV)	methods.	While	the	dilatancy	of	FRS	was	found	to	be	affected	by	the	sample	44 

preparation	methods,	the	shear	stress-strain	relationship	was	not.	This	could	be	attributable	45 

to	 the	 fact	 that	 the	 two	methods	 create	 a	 similar	 distribution	 of	 fibre	 orientation	 in	 FRS	46 

samples	 (Ibraim	 et	 al.,	 2012).	 More	 research	 is	 thus	 needed	 to	 explore	 the	 mechanical	47 

behaviour	of	FRS	with	significantly	different	internal	structures.	48 

For	practical	 applications,	 it	 is	 also	 important	 to	 characterise	 the	mechanical	 behaviour	of	49 
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FRS	with	a	proper	constitutive	model.	But	there	is	little	research	on	how	to	model	the	effect	50 

of	sample	preparation	methods	on	the	stress-strain	relationship	of	FRS.	Some	attempts	have	51 

been	made	in	modelling	the	fabric	effect	on	the	mechanical	behaviour	of	pure	sand	(Yang	et	52 

al.,	2018;	Zhao	and	Gao,	2016),	where	the	difference	in	the	initial	sand	fabric	caused	by	the	53 

sample	preparation	methods	is	considered.	The	internal	structure	of	FRS	is	affected	by	both	54 

the	 sand	 fabric	 and	 distribution	 of	 fibre	 orientation.	 Ibraim	 et	 al.	 (2012)	 used	 a	model	 to	55 

describe	the	behaviour	of	FRS	prepared	using	different	methods	in	which	only	the	soil	fabric	56 

associated	 with	 the	 distribution	 of	 fibre	 orientation	 was	 considered.	 Since	 the	 sample	57 

preparation	methods	 in	 that	study	were	 found	to	have	a	negligible	 influence	on	 the	shear	58 

stress	 and	 strain	 relationship	of	 FRS,	more	 research	 is	 needed	 to	explore	 if	 this	modelling	59 

assumption	is	proper	when	the	effect	of	sample	preparation	methods	is	significant.	60 

This	 study	 presents	 new	 research	 on	 the	 effect	 of	 sample	 preparation	 methods	 on	 the	61 

mechanical	 behaviour	 of	 FRS	 using	 a	 series	 of	 drained	 triaxial	 compression	 tests.	 The	62 

samples	 are	 prepared	 using	 MT	 and	 Moist	 vibration	 (MV)	 methods.	 Both	 the	 shear	63 

stress-strain	relationship	and	dilatancy	of	FRS	are	found	to	be	dramatically	affected	by	the	64 

sample	 preparation	 methods.	 A	 newly	 developed	 multi-axial	 model	 for	 FRS	 is	 used	 to	65 

simulate	 the	 test	 results.	 Potential	 reasons	 for	 the	 difference	 in	 FRS	 behaviour	 are	 then	66 

discussed.	67 

2.	Experiments	68 

2.1	Materials	and	sample	preparation	methods	69 

The	 LoksandTM	 fibres	 are	 used,	with	 the	 properties	 being	 shown	 in	 Table	 1.	 The	 Leighton	70 

Buzzard	 sand	 is	 used	 as	 the	 host	 soil.	 Its	 properties	 are	 given	 in	 Table	 2	 and	 Fig.	 1.	 The	71 

samples	 are	 prepared	 in	 a	mould	 with	 40	mm	 diameter	 and	 80	mm	 length.	 Two	 sample	72 

preparation	methods	 (MT	 and	MV)	 have	 been	 used	 (Fig.	 2).	 For	 both	methods,	 sand	 and	73 

fibres	are	first	mixed	with	a	small	amount	of	water	(about	2%	of	the	weight	of	dry	sand)	to	74 

prevent	segregation	of	sand	and	fibres.	Similar	to	the	mixing	process	reported	by	Kong	et	al.	75 

(2019),	all	 the	 samples	are	prepared	 in	 three	 layers.	 For	 the	MT	method,	one	 third	of	 the	76 

sand-fibre	mixture	is	deposited	into	the	mould	for	each	layer	(Fig.	2a).	Extra	water	(about	9%	77 
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of	dry	sand	weight)	is	then	added	to	the	mixture	to	lubricate	the	sand	particles.	Therefore,	78 

the	water	 content	 of	 FRS	 samples	 prepared	 using	MT	 is	 about	 11%	 at	 the	 end	 of	 sample	79 

preparation.	During	the	sample	preparation,	small	vacuum	pressure	is	applied	to	reduce	the	80 

gap	between	the	membrane	and	the	mould	(Fig.	3).	Finally,	vertical	compaction	is	applied	to	81 

achieve	the	required	soil	density	for	MT	samples.	When	the	samples	are	prepared	using	the	82 

MV	method,	no	extra	water	 is	 added,	and	 the	 soil	 is	 compacted	by	applying	 fixed	vertical	83 

load	on	the	top	and	tapping	on	the	side	of	the	mould	(Fig.	2b).	Enlarged	and	lubricated	end	84 

platens	are	applied	 to	 reduce	 the	end	 constraint	 to	 the	 samples.	 The	 samples	are	 flushed	85 

with	CO2	after	they	are	set	up	in	the	triaxial	cell.	Saturation	is	then	carried	out	by	increasing	86 

the	back	pressure,	ensuring	the	B-value	reaches	at	least	0.97	for	each	specimen.	 	87 

	88 

Table	1:	Properties	of	LoksandTM	fibres	89 

Parameter	 	 Value	

Length	 	 35	mm	

Diameter	 	 0.088	mm	

Specific	gravity	Gf	 	 0.91	

Tensile	strength	 200	MPa	

	90 

Table	2:	The	properties	of	Leighton	Buzzard	Sand	 	91 

Parameter	 	 Value	

Specific	gravity	Gs	 	 	 2.81	

Mean	particle	diameter	D50	 0.53	mm	

Uniformity	coefficient	Cu	 2.13	

Maximum	void	ratio	emax	 0.86	

Minimum	void	ratio	emax	 0.61	

	92 
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	93 

Fig.	1	Particle	size	distribution	curve	of	Leighton	Buzzard	Sand	94 

	95 

(a)	96 

	97 

(b)	98 

Fig.	 2	 Illustration	 of	 the	 sample	 preparation	methods:	 (a)	Moist	 tamping	 and	 (b)	 moist	99 

vibration	100 
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	 	 	 	 	 	 	101 

Fig.	3	Application	of	suction	between	the	membrane	and	mould	102 

2.2	Test	results	103 

A	total	of	20	drained	triaxial	compression	tests	have	been	carried	out	 for	 investigating	the	104 

effect	of	 sample	preparation	method	on	 soil	 behaviour	 (Table	3).	 The	 initial	 void	 ratio	𝑒0,	105 

which	is	the	void	ratio	at	the	beginning	of	triaxial	compression,	varies	between	0.82	and	0.76.	106 

The	effective	confining	pressure	𝜎𝑟	is	between	50kPa	and	200kPa	(Table	3).	The	fibre	weight	107 

content	𝑤𝑓	 (ratio	 of	 fibre	 and	dry	 sand	weight)	 is	 0.25%.	 The	 repeatability	 of	 the	 tests	 is	108 

shown	 in	 Figs.	 4	 and	5,	where	𝜀𝑎	 is	 the	 axial	 strain,	𝑞	 is	 the	deviator	 stress	 and	𝜀𝑣	 is	 the	109 

volumetric	strain.	 It	is	found	that	the	repeatability	of	experimental	results	for	FRS	was	only	110 

obtained	with	the	adoption	of	a	certain	number	of	layers	(Mandolini,	2011;	Mandolini	et	al.,	111 

2019).	 This	 is	 because	 segregation	 of	 fibres	 may	 happen	 within	 a	 thick	 layer,	 leading	 to	112 

sample	 inhomogeneity	and	 leaving	unreinforced	bands	within	 the	sample.	For	 the	present	113 

study,	it	is	found	that	good	result	repeatability	can	be	achieved	with	three	layers.	 	114 

Figs.	6	and	7	show	the	effect	of	sample	preparation	methods	on	the	stress-strain	relationship	115 

of	pure	sand.	In	most	cases,	a	small	difference	in	the	𝜀𝑎−𝑞	and	𝜀𝑎−𝜀𝑣	curves	can	be	observed	116 

for	pure	sand.	But	the	sample	preparation	method	has	been	found	to	have	a	more	dramatic	117 

influence	on	 the	 stress-strain	 relationship	of	 sand	 in	undrained	 tests	 (Sze	and	Yang,	2014)	118 

because	a	small	difference	in	the	soil	dilatancy	can	cause	a	significant	change	in	the	effective	119 

stress	path	of	an	undrained	test.	Were	these	samples	tested	in	undrained	conditions,	a	more	120 

significant	 difference	 in	 the	 stress-strain	 relationship	 would	 be	 expected.	 A	 direct	121 
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comparison	of	the	behaviour	of	sand	and	FRS	is	shown	in	Figs.	8	and	9.	At	the	same	initial	122 

void	 ratio	and	confining	pressure,	 FRS	 shows	much	higher	 shear	 strength	and	 less	 volume	123 

expansion.	 	124 

Table	3:	List	of	tests	125 

Test	ID	
Preparation	

method	
𝑤𝑓(%)	 𝑒0	 𝜎𝑟	(kPa)	

CD50_M_080	 0.803	 50	
CD100_M_080	 0.808	
CD100_M_075	 0.761	

100	

CD200_M_080	 0.817	
CD200_M_080_01	 0.811	
CD200_M_075	

-	

0.756	
200	

CD50_M_080_025	 0.811	 50	
CD100_M_080_025	 0.823	
CD100_M_075_025	 0.762	

100	

CD200_M_080_025	 0.806	
CD200_M_075_025	

MT	

0.25	

0.773	
200	

CD50_D_080	 0.815	 50	
CD100_D_080	 0.812	
CD100_D_075	 0.758	

100	

CD200_D_080	 0.803	
CD200_D_075	

-	

0.755	
200	

CD100_D_080_025	 0.822	
CD100_D_075_025	 0.772	

100	

CD200_D_080_025	 0.806	
CD200_D_075_025	

MV	

0.25	

0.761	
200	

	126 
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	 	127 

Fig.	4	Repeatability	of	the	tests	on	MT	samples	with	𝝈𝒓=���−���kPa:	(a)	the	𝜺𝒂−𝒒	relationship	128 

and	(b)	the	𝜺𝒂−𝜺𝒗	relationship	129 

 130 

	 	 	131 

Fig.	5	Repeatability	of	the	tests	on	MV	samples	with	𝝈𝒓=��−���kPa:	(a)	the	𝜺𝒂−𝒒	relationship	132 

and	(b)	the	𝜺𝒂−𝜺𝒗	relationship	133 

	134 

	135 
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	 	 	136 

Fig.	 6	 Effect	 of	 the	 sample	 preparation	 method	 on	 mechanical	 behaviour	 of	 pure	 sand	137 

with	:	(a)	𝜺𝒂−𝒒	relationship	and	(b)	𝜺𝒂−𝜺𝒗	relationship	138 

	 	 	139 

Fig.	7	Effect	of	the	sample	preparation	method	on	the	mechanical	behaviour	of	pure	sand	140 

with	:	(a)	𝜺𝒂−𝒒	relationship	and	(b)	𝜺𝒂−𝜺𝒗	relationship	141 

	 	 	142 
Fig.8	Effect	of	fibre	content	on	the	behaviour	of	fibre-reinforced	sand	prepared	using	the	143 
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MT	method:	(a)	𝜺𝒂−𝒒	relationship	and	(b)	𝜺𝒂−𝜺𝒗	relationship	144 

	 	 	 	 	 	145 

	146 

Fig.	9	Effect	of	fibre	content	on	the	behaviour	of	fibre-reinforced	sand	prepared	using	the	147 

MV	method:	(a)	𝜺𝒂−𝒒	relationship	and	(b)	𝜺𝒂−𝜺𝒗	relationship	148 

	149 

Figs.	10	and	11	show	the	stress-strain	relationship	of	FRS	with	different	sample	preparation	150 

methods.	There	is	significant	difference	in	both	the	𝜀𝑎−𝑞	and	𝜀𝑎−𝜀𝑣	relationships.	Under	the	151 

same	initial	condition,	the	MV	samples	show	a	less	dilative	response	and	much	higher	shear	152 

strength.	The	peak	deviator	stress	of	a	MV	sample	 is	30%-50%	higher	than	that	of	 the	MT	153 

sample	with	the	same	initial	stress	state	and	void	ratio.	 In	particular,	the	ultimate	strength	154 

for	the	MV	sample	with	confining	pressure	of	100	kPa	is	almost	the	same	as	that	of	the	MT	155 

sample	with	confining	pressure	of	200	kPa	(Fig.	10).	Most	of	the	MV	samples	do	not	show	156 
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strain	 softening	 at	 even	 very	 large	 axial	 strain.	 The	 shear	 stiffness	 of	MV	 samples	 is	 also	157 

higher,	 indicating	 that	 the	 fibre-reinforcement	 to	 the	 soil	 stiffness	 and	 strength	 is	 more	158 

significant.	 This	 indicates	 that	a	method	 similar	 to	 the	MV	 in	 this	 study	 should	be	used	 in	159 

compacting	FRS	in	the	field	to	achieve	the	largest	possible	increase	in	the	soil	strength.	 	160 

	161 

Fig.	12	shows	the	failure	envelope	for	FRS	prepared	using	the	MT	and	MV	methods.	It	is	well	162 

known	 that	 the	 failure	 envelope	 of	 FRS	 is	 curved,	 and	 the	 mobilized	 peak	 friction	 angle	163 

decreases	 as	 the	mean	 effective	 stress	 increases	 (Diambra	 and	 Ibraim,	2015;	Ibraim	et	al.,	164 

2012).	Since	all	the	tests	have	been	carried	out	with	the	confining	pressure	over	100	kPa,	the	165 

failure	envelope	of	FRS	at	low	mean	effective	stress	cannot	be	obtained.	Therefore,	only	the	166 

failure	envelope	with	𝑝>150	kPa	is	plotted	in	Fig.	12.	More	tests	should	be	done	to	get	the	167 

failure	 curves	 at	 low	mean	effective	 stress.	 Prediction	of	 the	 failure	 criterion	proposed	by	168 

Gao	and	Zhao	(2013)	is	also	shown	in	Fig.	12.	Two	parameters	𝑐	and	𝜅	in	this	failure	criterion	169 

will	also	be	used	in	the	constitutive	model	below.	170 

	 	 	171 

Fig.	 10	 The	 comparing	 results	 of	 FRS	 with	 different	 preparation	 methods	 under	 the	172 

confining	 pressure	 of	 100	 and	 200	 kPa	 ():	 (a)	 the	 𝜺𝒂−𝒒	 relationship	 and	 (b)	 the	 𝜺𝒂−𝜺𝒗	173 

relationship	174 

	175 
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	 	 	176 

Fig.	 11	 The	 comparing	 results	 of	 FRS	 with	 different	 preparation	 methods	 under	 the	177 

confining	 pressure	 of	 100	 and	 200	 kPa	 ():	 (a)	 the	 𝜺𝒂−𝒒	 relationship	 and	 (b)	 the	 𝜺𝒂−𝜺𝒗	178 

relationship	179 

	180 

	181 

	182 

Fig.	12	The	failure	envelopes	of	FRS	and	prediction	of	the	failure	criterion	proposed	by	Gao	183 

and	Zhao	(2013)	184 
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The	results	in	Figs.	10	and	11	are	different	from	those	in	Ibraim	et	al.	(2012),	where	a	small	185 

difference	 in	 the	 behaviour	 of	 MT	 and	 MV	 samples	 has	 been	 observed.	 While	 the	 MT	186 

method	in	the	present	study	is	similar	to	that	used	in	Ibraim	et	al.	(2012),	the	MV	method	is	187 

different.	 First,	 only	 2%	of	water	 content	 is	 used	during	 sample	 preparation	 in	 this	 study,	188 

compared	to	10%	in	 Ibraim	et	al.	 (2012).	Secondly,	 the	sample	 is	densified	by	tamping	the	189 

side	of	 the	mould	with	a	 fixed	vertical	 loading	on	top	of	 the	soil	 in	 this	present	study.	But	190 

dynamic	compaction	in	the	vertical	direction	is	used	in	Ibraim	et	al.	(2012).	Both	the	initial	191 

water	 content	 and	 compaction	method	 can	 affect	 the	 fibre	 orientation,	which	 affects	 the	192 

mechanical	 behaviour	 of	 FRS.	 Unfortunately,	 the	 fibre	 distribution	 in	 FRS	 has	 not	 been	193 

measured	in	the	present	study.	Future	work	will	be	done	to	measure	how	the	MT	and	MV	194 

methods	 used	 in	 this	 study	 affect	 the	 fibre	 orientation	 distribution	 using	 the	 method	195 

proposed	by	Ibraim	et	al.	(2012).	Thirdly,	more	fibres	could	be	under	tension	at	the	end	of	196 

sample	preparation	when	the	samples	are	prepared	using	the	MV	method	in	this	study,	as	197 

discussed	in	Consoli	et	al.	(2005).	This	has	a	beneficial	effect	on	the	strength	of	FRS.	 	198 

3.	Constitutive	modelling	199 

Though	the	internal	structure	of	FRS	is	affected	by	the	fabric	of	both	the	sand	skeleton	and	200 

the	fibres,	the	experimental	evidence	above	shows	that	its	mechanical	behaviour	is	primarily	201 

affected	by	the	fabric	associated	with	the	fibres.	Therefore,	a	constitutive	model	for	FRS	can	202 

neglect	the	fabric	of	the	sand	skeleton	(Ibraim	et	al.,	2012).	The	model	used	in	this	study	is	203 

developed	based	on	the	assumption	that	the	strain	of	FRS	is	dependent	on	the	deformation	204 

of	 the	sand	skeleton,	while	 the	effective	skeleton	stress	 (𝑝𝑠	and	𝑞𝑠)	and	effective	skeleton	205 

void	 ratio	 𝑒𝑠,	 which	 are	 used	 for	 describing	 the	 mechanical	 response	 of	 FRS	 (dilatancy,	206 

plastic	hardening	and	elastic	stiffness),	are	affected	by	fibre	inclusion.	Detailed	discussions	of	207 

the	model	have	been	presented	in	Gao	et	al.	(2020)	and	Gao	and	Diambra	(2020).	Some	key	208 

equations	are	presented	here	to	facilitate	the	discussion	in	this	study.	 	209 

3.1	Effective	skeleton	stress	and	void	ratio	210 

The	effective	skeleton	stresses	𝑝𝑠	and	𝑞𝑠	are	defined	as	(Gao	et	al.,	2020)	 	211 
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𝑝𝑠=𝑝+𝑝𝑓	 	 	 	 	 	 	 	 	 (1)	212 

𝑞𝑠=𝑞	 	 	 	 	 	 	 	 	 	 	 	 	 	 (2)	213 

where	𝑝	 and	𝑞	 are	 the	mean	 stress	 and	 deviatoric	 stress,	 respectively;	𝑝𝑓	 is	 a	 strain-level	214 

dependent	 variable	 which	 describes	 the	 fibre-reinforcement	 to	 the	 soil	 strength.	 𝑝𝑓	 is	215 

assumed	to	vary	from	0	at	strain	𝜀𝑞=0	(negligible	reinforcement	to	soil	strength	is	expected	216 

when	the	fibres	are	not	stretched)	to	𝑝𝑐	at	a	sufficiently	large	strain,	with	the	evolution	law	217 

being	expressed	as	218 

𝑑𝑝𝑓=𝜇𝑝𝑐−𝑝𝑓1+𝑒𝑝𝑝𝑎𝑑𝜀𝑞	 	 	 	 	 	 	 	 	219 

	(3)	220 

where	𝜇	is	a	model	parameter,	𝑒	is	the	void	ratio,	𝑝𝑎	is	the	atmospheric	pressure	(101	kPa)	221 

and	𝜀𝑞	is	the	shear	strain.	𝑝𝑐	is	proposed	based	on	the	failure	of	FRS	(Gao	&	Zhao,	2013;	Gao	222 

et	al.,	2020):	223 

𝑝𝑐=𝑐𝑝𝑎1−exp(−𝜅𝑝/𝑝𝑎)	 	 	 	 	 	 	 	 	 	 (4)	224 

where	 𝑐	 and	𝜅	 are	 two	 extra	 parameters	 for	modelling	 the	 strength	 of	 FRS.	 They	 are	 the	225 

same	as	those	in	the	failure	criterion	proposed	by	Gao	and	Zhao	(2013).	226 

The	effective	skeleton	void	ratio	𝑒𝑠	is	expressed	as	227 

𝑒𝑠=1+𝑥𝜌𝑓𝑒	 	 	 	 	 	 	 	 	 (5)	228 

where	𝑥	is	a	material	constant,	𝜌𝑓=𝑣𝑓𝑣𝑠	with	𝑣𝑓	and	𝑣𝑠	being	the	specific	volume	of	fibres	229 

and	dry	 sand,	 respectively.	 The	 variable	𝜌𝑓	 can	be	expressed	 in	 terms	of	 the	 fibre	weight	230 

content	 𝑤𝑓	 as	 below	 (Gao	 et	 al.,	 2020),	 which	 is	 more	 frequently	 used	 in	 the	 existing	231 
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literature	232 

𝜌𝑓=𝑣𝑓𝑣𝑠=𝑤𝑓𝐺𝑠𝐺𝑓	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	233 

(6)	234 

where	 	 𝐺𝑠	and	 	 𝐺𝑓	denote	the	specific	gravities	of	sand	and	fibres,	respectively.	 	235 

3.2	Constitutive	model	236 

The	yield	function	of	the	model	is	(Li	&	Dafalias,	2000)	237 

𝑓=𝑞𝑝−𝐻=0	 	 	 	 	 	 	 	 	 (7)	238 

where	𝐻	is	the	hardening	parameter	and	its	evolution	law	is	239 

𝑑𝐻=𝐿𝑟𝐻=𝐿𝐺1−𝜁𝑒𝑠𝑝𝑠𝜂𝑠𝑀𝑐𝑒−𝑛𝜓𝑠−𝜂𝑠	 	 	 	 	 	 	 	 (8)	240 

where	𝑀𝑐	 is	the	critical	state	stress	ratio	of	sand;	𝜁	and	𝑛	are	two	model	parameters;	𝐺	 is	241 

the	elastic	shear	modulus	of	FRS;	𝜂𝑠(=𝑞𝑠𝑝𝑠)	is	the	effective	skeleton	stress	ratio.	242 

The	plastic	flow	rule	is	expressed	as	243 

𝑑𝜀𝑞𝑝=𝐿	 	 	 	 	 	 	 	 and	 	 	 	 	 	 𝑑𝜀𝑣𝑝=𝐿𝐷	 	 	 	 	 	 (9)	244 

where	 𝑑𝜀𝑞𝑝	 and	 𝑑𝜀𝑣𝑝	 are	 the	 plastic	 deviatoric	 and	 plastic	 volumetric	 strain	 increment,	245 

respectively;	𝐿	is	the	loading	index	and	 	 are	the	Macauley	brackets;	(𝐿=𝐿	for	𝐿>0	and	for	246 

𝐿=0	for	𝐿≤0);	The	dilatancy	𝐷	relation	for	FRS	is	247 

𝐷=𝑑𝑀𝑐𝑒𝑚𝜓𝑠−𝜂𝑠	 	 	 	 	 		 	 	 	 	 	 	 	 (10)	248 

where	𝑑	 and	𝑚	 are	 two	model	 paramters;	𝜓𝑠(=𝑒𝑠−𝑒𝑐𝑠)	 is	 the	 state	 parameter	 for	 FRS,	 of	249 

which	𝑒𝑠	and	𝑒𝑐𝑠	are	the	current	and	critical	state	effective	skeleton	void	ratio	corresponding	250 
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to	the	current	𝑝𝑠,	respectively	(Been	&	Jefferies,	1985).	For	pure	sand,	the	state	parameter	is	251 

𝜓=𝑒−𝑒𝑐,	where	𝑒𝑐=𝑒Γ−𝜆𝑐𝑝𝑝𝑎𝜉.	The	critical	state	line	in	the	𝑒𝑠−𝑝𝑠	plane	has	been	given	by	Li	252 

&	Wang	(1998)	253 

𝑒𝑐𝑠=𝑒Γ−𝜆𝑐𝑝𝑠𝑝𝑎𝜉	 	 	 	 	 	 	 	 	 	 (11)	254 

where	𝑒Γ,	𝜆𝑐	and	𝜉	are	three	material	constants,	which	should	be	determined	using	the	test	255 

results	of	pure	sand.	256 

The	empirical	pressure-sensitive	elastic	moduli	are	employed	for	 this	model	 (Richart	et	al.,	257 

1970)	258 

𝐺=𝐺02.97−𝑒𝑠21+𝑒𝑠𝑝𝑠𝑝𝑎	 	 	 	 	 	 	 and	 	 	 	 	 	 	 𝐾=𝐺21+𝜈31−2𝜈	 	 		 	 	 	 (12)	259 

where	𝐾	is	the	elastic	bulk	modulus;	𝐺0	is	a	material	constant	and	𝜈	is	Poisson's	ratio,	which	260 

is	considered	as	a	material	constant	independent	of	pressure,	density	and	fibre	inclusion.	261 

The	full	constitutive	equation	for	the	model	is	(Gao	et	al.,	2020)	262 

𝑑𝑞𝑑𝑝=3𝐺00𝐾−ℎ𝐿𝑝𝑟𝐻+3𝐺−𝐾𝜂𝐷9𝐺2	−3𝐾𝐺𝜂	3𝐾𝐺𝐷−𝐾2𝜂𝐷𝑑𝜀𝑞𝑑𝜀𝑣	 	263 

		 	 (13)	264 

where	ℎ𝐿	is	the	Heaviside	function	with	ℎ𝐿=1	for	𝐿>0,	and	ℎ𝐿=0	otherwise.	265 

There	are	14	parameters	used	 in	 this	model,	 11	of	which	are	 for	 the	host	 sand	 (e.g.,	 Li	&	266 

Dafalias,	2000).	Since	the	sample	preparation	method	is	found	to	have	a	negligible	influence	267 

on	the	behaviour	of	pure	sand,	the	same	parameters	are	used	for	sand	prepared	using	MT	268 

and	MV.	The	method	for	determining	the	sand	parameters	can	be	found	in	Li	and	Dafalias	269 

(2000).	Once	 the	model	parameters	 for	pure	 sand	have	been	determined,	 the	 rest	 can	be	270 

determined	 based	 on	 the	 triaxial	 compression	 test	 results	 on	 FRS	 (Gao	 et	 al.,	 2020).	271 

Specifically,	the	parameters	𝑐	and	𝜅	should	be	determined	based	on	the	strength	of	FRS.	𝜇	272 
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should	 be	 determined	 to	 fit	 the	 shear	 stress	 and	 strain	 relationship	 of	 FRS.	 Finally,	 the	273 

parameter	𝑥	can	be	obtained	based	on	the	dilatancy	of	FRS.	All	 the	model	parameters	are	274 

listed	in	Table	4.	275 

Table	4	Model	parameters	276 

Parameters	 FRS	(MT)	 FRS	(MV)	

𝐺0	 150	

𝜈	 0.2	

𝑀𝑐	 1.28	

𝑝𝑎	 101	

𝑒Γ	 0.89	

𝜆𝑐	 0.010	

𝜉	 0.7	

𝑛	 2.0	

𝜁	 0.8	

𝑑	 0.90	

Sand	

𝑚	 1.8	

𝑥	 7.3	 8.8	

𝜅	 0.6	 0.6	

𝜇	 6.0	 9.0	
FRS	

𝑐	 0.8	 2.5	

	277 

3.3	The	model	simulations	278 

Figs.	13-15	show	the	model	prediction	of	pure	sand	behaviour.	In	general,	the	model	gives	a	279 
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satisfactory	 description	 of	 the	 experimental	 data.	 There	 is	 a	 slight	 overestimation	 of	 the	280 

volume	expansion	in	some	tests	(Fig.	15).	Better	model	predictions	can	be	obtained	by	using	281 

different	 model	 parameters	 for	 MT	 and	 dry	 deposited	 sand	 (Yang	 et	 al.,	 2008).	 This	 will	282 

inevitably	 make	 the	model	 more	 complex,	 but	 may	 not	 improve	 the	 predictions	 for	 FRS,	283 

which	is	the	focus	of	this	study.	284 

Figs.	16-19	show	the	comparison	between	test	data	and	model	prediction	of	FRS	prepared	285 

using	MT	and	MV.	The	model	prediction	is	better	for	the	MT	samples.	For	the	MV	samples,	286 

the	model	tends	to	give	lower	deviator	stress	before	failure.	This	could	be	due	to	the	model	287 

not	 being	 able	 to	 describe	 the	 evolution	 of	mean	 effective	 skeleton	 stress	𝑝𝑓	with	 strain,	288 

which	has	also	been	discussed	in	Gao	et	al.	(2020).	The	four	parameters	for	FRS	can	be	used	289 

to	infer	the	difference	in	the	internal	structure	of	FRS	(Table	5).	The	value	of	𝑥	is	bigger	for	290 

FRS	prepared	using	the	MV	method,	which	means	that	the	effective	skeleton	void	ratio	𝑒𝑠	is	291 

higher	for	the	MV	samples	when	the	fibre	content	and	global	void	ratio	are	the	same	(Gao	et	292 

al.,	 2020).	 This	 could	 be	 caused	 by	 the	 structure	 of	 the	 sand	 skeleton	 and	 distribution	 of	293 

fibres,	which	can	be	better	understood	using	X-ray	computed	tomography	studies	(Soriano	294 

et	al.,	2017).	The	parameters	𝑐	and	𝜇	which	describe	the	fibre	reinforcement	to	soil	strength	295 

and	stiffness	are	also	higher	 for	the	FRS	prepared	using	the	MV	method.	A	 larger	𝑐	means	296 

that	a	larger	shear	strength	increase	is	achieved	when	the	samples	are	prepared	by	the	MV	297 

method	 (Figs.	 16-19).	 A	 larger	𝜇	makes	 the	 shear	 stiffness	 of	 FRS	 higher,	 indicating	 faster	298 

development	of	the	fibre-reinforcement.	Both	𝑐	and	𝜇	are	mainly	affected	by	the	distribution	299 

of	fibre	orientation	in	FRS	(Ibraim	et	al.,	2012).	They	are	bigger	when	more	fibres	orient	 in	300 

the	horizontal	direction.	However,	in	the	study	of	Ibraim	et	al.	(2012),	it	was	shown	that	the	301 

different	preparation	methods	did	not	produce	a	significantly	different	distribution	of	fibre	302 

orientation.	 A	 micromechanical	 study	 is	 thus	 needed	 to	 find	 out	 the	 reason	 for	 the	303 

difference	in	these	parameters	here.	304 

	305 
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	 	 	306 

Fig.	 13	Model	 prediction	 for	 the	behaviour	 of	 pure	 sand	 in	 drained	 triaxial	 compression	307 

with	:	(a)	the	𝜺𝒂−𝒒	relationship	and	(b)	the	𝜺𝒂−𝜺𝒗	relationship	308 

	 	 	309 

Fig.	 14	Model	 prediction	 for	 the	behaviour	 of	 pure	 sand	 in	 drained	 triaxial	 compression	310 

with	kPa	and	:	(a)	the	𝜺𝒂−𝒒	relationship	and	(b)	the	𝜺𝒂−𝜺𝒗	relationship	311 

	312 
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	 	 	 	 	313 

Fig.	 15	Model	 prediction	 for	 the	behaviour	 of	 pure	 sand	 in	 drained	 triaxial	 compression	314 

with	:	(a)	the	𝜺𝒂−𝒒	relationship	and	(b)	the	𝜺𝒂−𝜺𝒗	relationship	315 

	 	 	 	316 

Fig.	16	Model	prediction	for	the	behaviour	of	FRS	in	drained	triaxial	compression	with	kPa	317 

and	:	(a)	the	𝜺𝒂−𝒒	relationship	and	(b)	the	𝜺𝒂−𝜺𝒗	relationship	318 

	319 
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	 	 	320 

Fig.	17	Model	prediction	for	the	behaviour	of	FRS	in	drained	triaxial	compression	with	kPa	321 

and	:	(a)	the	𝜺𝒂−𝒒	relationship	and	(b)	the	𝜺𝒂−𝜺𝒗	relationship	322 

	323 

	 	 	324 

Fig.	18	Model	prediction	for	the	behaviour	of	FRS	in	drained	triaxial	compression	with	kPa	325 

and	:	(a)	the	𝜺𝒂−𝒒	relationship	and	(b)	the	𝜺𝒂−𝜺𝒗	relationship	326 

	327 
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	 	  328 

Fig.	19	Model	prediction	for	the	behaviour	of	FRS	in	drained	triaxial	compression	with	kPa	329 

and	:	(a)	the	𝜺𝒂−𝒒	relationship	and	(b)	the	𝜺𝒂−𝜺𝒗	relationship	330 

4.	Conclusion	331 

The	 effect	 of	 sample	 preparation	 method	 on	 the	 mechanical	 behaviour	 of	 FRS	 has	 been	332 

studied	using	drained	triaxial	compression	tests.	The	samples	are	prepared	using	MT	and	MV	333 

methods.	The	stress-strain	relationship	of	pure	sand	appears	to	be	insensitive	to	the	sample	334 

preparation	method.	The	mechanical	behaviour	of	FRS	is	dramatically	affected	by	the	sample	335 

preparation	 methods,	 with	 the	 MV	 samples	 showing	 a	 less	 dilative	 response	 and	 higher	336 

shear	strength	under	otherwise	identical	conditions.	A	newly	developed	constitutive	model	337 

has	been	used	to	describe	the	stress-strain	relationship	of	FRS.	Some	of	the	parameters	for	338 

FRS	have	to	be	changed	when	the	sample	preparation	method	changes.	 	339 

Future	research	will	be	done	on	the	following	aspects.	Firstly,	research	will	be	done	on	the	340 

internal	structure	of	FRS	at	the	microscale	(interaction	between	sand	particles	and	fibres	and	341 

fibre	distribution)	using	both	experimental	and	numerical	studies.	These	studies	will	help	us	342 

get	a	better	understanding	of	how	sample	preparation	methods	affect	the	soil	structure	and	343 

stress-strain	relationship.	Additionally,	the	present	research	has	focused	on	the	mechanical	344 

behaviour	of	saturated	sand	and	FRS.	But	the	unsaturated	condition	can	be	of	importance	in	345 

the	field,	where	the	soil	is	subjected	to	drying	and	wetting	cycles.	Therefore,	research	will	be	346 

done	to	find	out	how	the	capillary	force	caused	by	unsaturation	affects	the	behaviour	of	FRS	347 
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(Yao	et	al.,	2009;	Melnikov	et	al.,	2016;	Liu	et	al.,	2020).	348 
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