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(a) Interlock with groups of particles 

A 

(b) Interlock of adjacent aggregations 

F IG. 1.4 The interlock mechanism for mesh elements 
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(After Kassiff & Kopelovitz, 1968) 

Normal L tress 

Shearing stress 

Fig. 2.1 Relative sliding of sheared parts. 

Si IS 

Normal ; ý. ý; ý ; ý, :; ". " "::: Normal 
stress "' ; º" ;; "ý ý'ý' stress 

SI f IS 
Shearing stress 

Fig. 2.2 Direct double shear apparatus. 

II 
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i --ý Tilure 
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cutting blade 

Fig. 2.3 Sketch showing cutting tool geometry in relation to the Boil. 
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2 

f 
F 77 
4S'- Tool Pd +2/ 

(Tool angle) 

FC 

. 11 Fig. 2.4 Diagram of assumed forces acting on Soil Mass 
in front of tools near vertical. 
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Fig. 2.5 

Similarity of behavior under shear between soil-fibre 
and soil-root composites. 

(After Kassiff & Kopelovitz, 1968) 
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Fig. 2.7 

Sketch showing the mode of failure of the composite material 
under different conditions of fibre fixity. 

(After Kassiff & Kopelovitz, 1968) 
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Fig. 2.8 Slope Idealization 

(After Brown & Sheu. 1975) 
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Fig. 2.9 Wind Gradient and Pressures 

(After Brown & Sheu, 1975) 
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Fig. 2.10 Wind Efl. cts on Trees and Mantle, .;, 

(After Brown & Sheu. 1975) 
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Fig. 2.11 Variation of Y with Time 

(After Brown & Sheu. 1975) 

ii 
v Y+ 

NMN ýb ý0 
N 

1. I 1 Z-1: ii v Ion I 

ýs Kw616 I (e) 1tß : N�_< A 

lc) Nw: N1ý 

Fig. 2.12 tip tai'nd Ln 6 sý Functbn of Depth Z 

(After Brown & Sheu. 1975) 
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2 Sheaf plane 
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4 Lower 1001-9 1 
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Fig. 2.14 Diagram of the large direct shear device with   soil sample mornttd for testing at 15-cm depth. 
(After Waldron. 1977). 
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Fig. 2.15 Model of a flexible, elastic root extending 
vertically through a horizontal shear zone of thickneau 
Z. (a) Undisturbed *oil. (b) Soil above N displaced 
horizontally a distance x with root Segment MNPQ 
extended to length MNP'Q'. 

(After Waldron, 1977) 
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Fig. 2.16 Two modes of loll mass movement downs ope: (a) planar 
slide; (b rotary slW abn= circular fallure surface. 

(After Waldron & Dakessian, 1982) 
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Fig. 2.17 Variation of Root Reinforcement with 
Shear Displocemeni 

(Waldron & Dakessian. 1982) 
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Fig. 2.18 Stress-strain curves for undrained conditions and samples 
with different kaolinite/fiber combinations. 

(After Andersland & Khattak, 1979) 
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Fig. 2.19 Fiber content versus shear 
strength parameter O' for kaolinite/fiber 

'mixtures. 
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Fig. 2.25 Fabric layer positions in triaxi'äl test specimens. 
(After Gray-& A1-Refeai, 1985) 
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Fig. 2.26 mayor principal strear at failure for fiber reinforced and as a 
function of aspect ratio at different fiber weight concentrations. 

(After Gray & A1-Refeai, 1985) 

19 

20 40 60 . 
80 100 120 



" 

J 

SO 

CO 

J 

Rr 

C6 
"c -x a 00 
ýn o; ö 

bam, "' 
ax 

,,, / Ooo4 
(J X0 . r+ uOo 

ý) HN bam, 
y"t 

EC 

1-1o 

c 

,.. 

ell 

`ý r 

41, 

M 
ao 

ä 6 4 C6 

., O 6^ ý . 1fl ., . 

ýö o 

x" 
o 
x b 

cc hl HN 44 
a 

CL. 
` Y 1 

öm Q 
.o .. -ö., 

k. 'b 
. 

20 

V4 
4J ý, 

ýo . 

o ýý 

.a 

14 

0 
w 

" 
C >-ý 

u 
Cv 

-V4 v 
ar 

O 

0 

1v 

m ae 04 
.9 +1 O 

Wo 

L6 

" 
" 
0 
0 

r4 
k 
0 
N 
D 
m 

S 
U 

a 
0 
4J-,. 

Ok 14,4 o 
ow bv 

;+" 
N 

n 
N 

N 

G'+ 

tý 



Q2 10ýkPi 

10 , 

5 

(After Leflaive & 

Long, 1983) 

M 

so 100 150 200 

Fig. 2.29 Intrinsic properties of 
loose aand and texsol 

Loose Perche alone . 3,71 C3 * 2.55 Q 
Loose Perche f texsol Ci . 5,24 C3 * 244,71 Q 

Loose Streff alone Cl " 4,44 0.3 * 18,85 C) 

Loose Straff f t. xaol C1 4,85 a3 * 293,3 Q) 

Streif alone ß"7,0<, ý'3+21,6 

1 Trexsoi ßl"5,34 +631,5 
3G 102 kPa 

(After Leflaive 

Long, 1983) 2Q j , fie*`o, 

10 

loo 200 300 400 kPa 

Fig. 2.30 Intrinsic properties of 
compact ennd and texeol (Streff) 

kPs d. 0 
25G 1 

.. s, ýýý? 9 

2000 thýeýa 

' 

ýý ý, 
6*"'16 

" 

(After Leflaive 
ý, F 

& 

200' 

ct, e 0CO 8ý0ot 
Long, 1983) 

1001 . 7c 
- DC%t 

et cPerchs 
compact 

500_ 4 

C3 kPA 

100 200 306 400 
00 

Fig. 2 31 Intrinsic properties of a 
compact sand with texaol 

21 



ß 

a 
r 

/ 

=e 
.K 

O 
a 
x .0 
N 

eý 

W 

ýO 

o 

Jº o 
rpl C4 

o 0 
OXX 

O 
w -ý L 

-41 

u it 
" 

-s- rpt eft M 

. -ý 
\° 

0 
P, 

O 
A 

&A 

0 

aft 

0 

OC 
+: C 
a+ 

M 

O +Gi Q` 

Öä' 

OIÖ 
VV 

"A VJ wS 
04+ O 

Cis %4 
0 .. n 0 C: 

r-1 X 4- "rA OO OC 

5H 
.+ LI 

C3 C3 tA- 
Mf' 6 
Ma O" 

" ++ v 
N 

L+. 

1 
q 

'D 
oG 
t f1 

't7 
'b 

CG ý 
0 . 94 

oa , 
c , ma u 

. W V 
O 4+ $4 

S 
a++ a; 0 ý .ý 

,4 ý.. 
. tl 

öJ 

H 

ö¢ 
v 

4 r 

N 

22' 



ý. 
,, 

ý, 
_ 

-J 

D] 
Vi 

.7 , may 

D7 Cý 

--" 
9LJ 

J 

N 

Cý 

61- 

73 

7L 

1, py 

y 
ýI 

l 
"t r at 

zr 

1 

.ý 

0U 

y -ý 
to N 
0i x 
ý. y 

v 

W 
ýýV11 

0 

0 

öý 
'c 
ru 
w S. 
N 
wa 

0. 

00 \\ 00 
r 

,I 

o '^ 
oW 

oC 
oC 

47 

o 
o 

0 
0 

Lx zö a 

nyý 

lE 

.,, 
:v 

Gý 
.., 

23 



f 

stoD"snQDo" 

Quiot be0-r9 -' 
(to 

-'rIc*. or, s'ee'e) 

timt' 

R'3P -ýt 0 Ottr 

General arrangement for CBR 
Penetration test 

FIG. 3.1 

crofaheo0 of tett, ng MOtn. ne 

100C ring 

, i-CBF phJrger 

0,0 gowge 1Upport brocket 

/. ptnetrcUOr d'o Qo. 9t 

t 0,7 
su'cP, 0'gr r, n4+ 

1'C'tleltZ enc c' p inpf. LL_ a5 ERrT o, o, nt: er 

so mpit 
COP TO"C 

24 



C 
.. . i,. 

ý ý.... 

y 

vFIG. 
3.2 Streu system 

Axial loud 

Avssure gouge Al rilevu Loodiny mm W/vf 

.1 
FIZýN - 11-111- Rubbcý' 4 cop 

Y, ýin9= 
-fbrous disc 

So, ro% "closed. ` 
in o ru66tr 

Ru 6ber mem6mne 
ring - _pbrous disc 

Seoling ring 

To cell pressure control ,. 
Connabons for droinoge or 
pore pressure meosurement 

FIG. 3.3 Diagrammatic layout of the triasial test 

25 



niiu Awl m" 

aýn. tf; on to AwmAr*,... /nr 

AG' woe BwºIf d See/ 
am'ectioa to or/ fXt4VVSftM de CM 

J2 rw. 

Qro++rý qv c7go 

ý 
RwMv 0 nrag 

A-;..: aft fvtoint' Crop ofd 
Rvbbe' 0 Mn9J / ýýMtTV! JwII 

Re-Imsoc/ng bOlýl 

.fn. idssrbt7 
NOV. 

Po, -* w dyh S. / --"' str/ t' h. - 6 

... ý. fiwcbýrdin wlEw ' 
ýM OVI I, rC 

R6,660 PO povi &, Uo- O IMF 

AAkw 
6"Nosw to 

A1ýiý1! ºOMwý M'r 

C.,, - NOR is 
JXAPy arwlf ýI 

sow 

AB 
M 

Ohne 

FIG. 3.4 The. tri axi al cell 

26 



V) 

I- 

12- 

Z 

º--f 

CD 

LL 

J 
W 
O 
O 

Lit 

m 

6 
P-4 
LL 

E 
E 

0 

C0 

27 

E 
E 

0 
M 



1110 

m 

LD 

c 

G 

G 

c 
w 

z 
w 
w 
J 
w 

_r U) 
w' 
t 

O 

z 

Z 

G 

C 

\ý 

Q 
Z 

Z 

Z 

,cy: 

28 

z 

Z- 



E 

x 

ti 

Z l.. 

z 
ti 

2M 

. y: Z ZE 

- 
J 

s 

L. L - 
3 L. 

W C 

U 

Lr) 

z 

Z 

Q 
_ 

V 

C 

J 
Q 

Z 

Z 

ö° c 

- LC 

Z 

Y 

1 

3; -.. ýyk - 
1'i 

h. 

e y' . 

M 

tý 
f 

l 

1 

ýT 

1 

c' 

t 

'j -Mi 

t` 

d I 

29 



2 
i 

L 

FIG 3.8 Permeability 
Apparatus 

30 

Testing 



=--J. 

2-i- 
: HF ý-: 

A 
i 

CIOCk 

Dude level above 
top end o! sompie 

+"" DATUM 

FIG. 3.9 
principle of constant head permeability tat - upward low. 

? -1 

i" 

ý3 Y 

A 

" °ý_tý_ I Y2 

y0 

DATUM, °-! I_i 

F1G. 3.1 0 Principle of falling head permeability tur 

31 



M 

U- 

I 

F-- 
V) 
W 

m 
V 

W 

Z 
O 
I 
1- 
V 
W 
rIe 

Of 
O 
V 

W 

cr- 
V 

="«:: 
i 

r ii pr 

U 
=a '° Z 

>ý 
!- 

" --- ---- -- - ------- Nß " 5:.. 
` ööa! -. ý . ýö 

ý"w 
ztj `ý 

w t ý °Z r ßn0 

ý Noc 

OW 

t"w[wtwe a 
y iYYJJ TN 

N' b30Nnid NO 3oaol 

32 

m 
CC) 
0' 

T 
1 
d 

.O (1 LL 

L 
N 
a) 
C 

C 
W 

cn 
Z 

a 

F- 

s 
N 

C- 
a) 

4- 



W 
Z 
Z 

F- 
Z 
O 
v 

T- 

m 
LO 
. -4 

LL 

e 

t/? 
W 

Cn 
V 

W 

z 
0-4 
N 
Z 
0 

F-- 
v 
W 
c 

O 
V 

W 

cl: 

O 
V 

Eýf o 

g- oc 

------- -------- 

-f C) 

wLa v-.. 

z, ý 

TTiI M ä3DNf11d NO 3)bOJ 

° 
[+% 10 "'t i 

U. In- rý 

111r. 
x 

t 

LL. 

S 
\ Q= 

t ^ 

V 
W 

fYý 
L 

,.., ^O a0 ýO JN 

NI d39Nnld NO 33801 

m 
co 
o' 

c. 
d 

.a ai LL 

N 
C 

C 
W 

d 

N 

I- 

= 

N 
L 
d 
z 

33 



FIG 3.12 MESH POLYMER 
MANUFACTURING 
PRO CE SS 

34 



TRAINING ELEMENT 

MOM 

(Al NET 
k, 

TG ' 

MACHINE DiRECTI(mt 
ORdNTEG NET 

i4WSVERSt 

PNECTICW 
ORIENT[D MET 

SELVEDG4 ON 
EACH LOGE 

FIG. 3.13 PROGRESSION OF BI-AXIALLY ORIENTED NET, 

35 



TYPES OF MESH ELEMENTS 

Lr) 

w 
a 

w' 
la4 

E-i 

= - "--ter ý_ = 
_ 

14 

N- W. W 

-lir 

g 
l 

rnLn iý 4 ý 

It ! - 

- 

m 

_ -z -1 ý af 
Q, w C14 -- 

FIG. 3.14 
36 



.. \ 
"\ 

Lr 
I- 

m 

0-4 

U- 

"7 f 

U-i 

ü Off, I 

vý 

W 
Z C 

0 
1 

W u "- 
u 
(ii 

cm 
(n 
ui 

-a :C_ 

LL 
o 

`' o 
>z 
cu 

ni 

. 
c2 

' 

cc 
W °J 
EE 

w 
J 
CL 

eJ d 
c- 

f- -ci 

u 

Z 

dd 

LL LL 

X 
w 

r- o 
N 

0 3s 

37 



Lr- 

V)l 
LL- 

EEcc 
!cEEE 

Cý 

OJ00 
iOOe V ý. /ý -"' )i 

LLJ 
OOO ý`+. ý- W 

aMVDW 

W 

L7 0 
ýo 

v Q 
ll'1 r N 

W /N ýl ) 0 V 0 1 

38 

0 
., -ý 

rp W 
H-- CC 
Q 

F-- 
Q 

.1 
ýL 

1 O h--- 
%0 (1 

z 
0 

In 

Z 
w 
F- 
X 
w 

W 

o L7 

.ra 
z 
W 
V 

W 

CL 

N 

"O 
T- 

LL O 

0 `t 

>Z 
QQ 

LLJ 
CO VI 

, 

lL 

Zo 
O 
P" L-11 
(A 

L; j Zr 
tu < 

X 

OO 
Qz 
o< 
J 

ýn 

ý_O 

O 

6-0 

u5 

U. 



t a 
E 

W 

~ 
t? 

ýi 00000 i; 
uj 

I0000 a _ -} MN e- 

W tf 
Cý 

~Q 
C1ý VW 

{ E 

" 1 

v 

o 

LLJ 

i 

C) 
1o 

"V 

W/N)i )a 
voi 

39 

cc 

C) 
CD 

ý- Q 
Q 

W u- 
ZO 
>-- 
J 
O 

NO c< 

zI = F... 
b 

vi 
.., Lt, 

Q 

Z >- 
z cr, 
W WZ 

acs X v 

W ýo 
:Dz 

w C: ) Q 

>to 
QUi 

cr W W- 
V CID 

ý C 
z 
O 

Zw 
W 

x111 
wO 
1O 

OQ 
J> 

(ZZ 

e- 

Or 

00 
. -- ý 



e 

7.0 

6"( 

5"C 
E 

4" 
v 

M 

03. ( 

2-C 

01 0 

3 ype 
Type 

_Type 
5 

Type '12 
Type 10 

Type 7 ! 
Type 5345 
Type 5340 

1 
Type 8630 

1, . 

10 20 30 
PERCENTAGE 

40 50 60 
EXTENSION 

FIG. 3.18 LOAD-EXTENSION BEHAVIOUR 
OF MESH-ELEMENTS AT CONSTANT 
RATE OF STRAIN (2% /min) AND AT 
CONSTANT TEMPERATURE ( 20°C ) 

40 



LOAD-EXTENSION CURVES FOR TYPE 10 MESH ELEMENTS MD FOR 

" SEVERAL -RATES OF EXTENSION (Netion 19B5 

kN/m 

5.0 

4.5 

4.0 

3.! 

3.1 

2. 

i. 

1. 

I 

200%/MIN 

! IN 

i 

41 

05 10 is 20 25 30 

PERCENTAGE EXTENSION 



u 

VN 

N 

W "ý 

M 

r 

" 

go" 
7 

DN 
Z" 

rm a 

0 
cr 
" 0 

z 
at it ss s s sa 

30r1Ni 3d N0l Tyrrs 

wN 

W 
ll 

O 

O 
O 

öiz 
Ujo Z p. 

X111 
-' LL 

J 

C 

cc 4( 1- 

N 
J2 

W 
dNN 

C1 

Z 
10 

I 

o p, 
ö 

1 

N 
; j2 

O _l2 
o 1- 

ýV 

7i a 
Wý 

0I 

IN 

i 
dz 

O 
_ F 

JV 

öQ ý 

O 

E 
E 

42 



ý Y 

vi r+ 
W 
=N 

W 
"ý+ 

r _. 

o 

ec 

WS 

ri g 

Z D 

N 

NM 

co 

Z 

.o 
LO 
W 

8ý$R$ý S S tf Zs a 
39r1N3ýb3d NofIVwwns 

NN 
OC 
W 
OJ 

7 
O 

} 

ýLL 

OW 

IZW-ll -I 
4 

Z 
W2 
NC 

VÖ 
D 

d 
d 

Ft 
?ýN 

ý4 O 

N 
FZ 

dNN 
ä1 

v 
Z 
%J 

öý 
d 

N2 

ÖH 

ýI< 

äcr 

Id = 
0 

qö 

E 
E 

43 



W 

{_ý N 

Z 
_ 

I. 

W It 

O 

m 

7 1 

WS 

eý g 

W 

N 
ZQN 

-j O 

= u. 

to 
W 

.. gg$$ ? 5 ý tc ? o 
3tr1N3O2i3d NO11V W {ring 

N 
OC 
W 
OJ 

7 
O 

Jý 

OW 

W 
rz 

2ý 

c 
N d 

0- 
02 Z 

äý ö 

N 
ý2 

W 
d( N_ 

u zW 
{ý J 

o- 
da 

N u2 
o 1- 

c2 er W4 

0 0. 

N 

ÖZ 

JV 

o %j 

Qö °` 
E 
E 

44 



u 

z _ 

W 'K4 

D 

W Wit 

is i- I N 
N. 

W 

Ng 

"-., m 
ON 

m 

LO 
cr- 

4A 
O 

O 

-LL 
W 

Ii 
QW 

u 

N= O 

v_O 3 

_m d 
a, b 

ýý N 

a'' o 

(V =W 

u 

ýJ 
u 

n2 o 

ö, cr 

0 

W ý=- Z 

J 
Ja2 
0 
uJV 

o u< 

gä2P3 
ý°n g 

r1 a06 

39VJ M30ki3d NOtlvwwnS E 

45 



2 
VN 

w 

N_ 

V ýItr 
. 

Im 

ID. 

lit 

W 

W 

U- N 

M 
Cj 
W -' L'" 
- ý-+ 

LL 

W 
Q 

s$ 

' LL 

J 

OW 
J 

tt1 

Z ýy ti J 

o 

Z 
O 

o p. 

äQ 
w. 

ý, 
t 

O 

W 

Jo 

a. 

]ýr1N33 d NOI1bMIp cE 

46 



r 

N "º 
W 

VN 
Z_ 

- 

Uf 

W "ý 
Q 

M 
Wit. 

et v 

= i 2 IQ. 
oy 
1A 

f 

W 
1 -- Ln 

N 

Wm cr . 

W 

g8sR gS ý1 a oc 

n 
W 
O 

O 

JO 

0 
I- 

R 
60 

2- 

s- 

VO 
W 

N 
ý2 

W 
0< N_ 

I, 

zW 
IJ 

u_ 
öý 

oc 
ei 9 

CL 

N ýö 

öi< 

Z 

ö2 

JJ 
" u< oc 
lö Ä 

i9b1NaZtj3d Nollvwwns E 

i 

47 



300 

Esc 

701 

., o 
}- ooQo 

W 
o0 

FIG. 3.26 

f VVO 246B 10 12 
WATER CONTENT (%) 

: COMPACTION a -CURVE 
OF. 

MID-ROSS' SAND 

48 



4.0 

0 

W 

Q 3-C 

0\o 

m 

m 

V 

2"c 

1" 

BOTTOM 0.2 in 

0.2 in 

' Bottom average 

in LTop 
average 

0.1 in 

Top 

WATER CONTENT (% ) 

"0 5.0 10.0 
, 

FIG. 3.27 ý Variation , of 
C. B. R. values with 
water content for 
Mid-Ross sand 

49 



160 

155 

icr 

FIG. 3.28 

10 

rrret 

0 

1_dvv 

02468 10 12 
WATER CONTENT (%) 

COMPACTION CURVE 
OF 

LEIGHTON BUZZARD SAND 

50 



I 

Y 

i 

Y 

0 

I. i 

0 

t 

I D 
Y 
I 

E 

u 
u 

ip 
e 
t 

0 

0 

One and one-halt peak compaction curve. 

so� Mc is 

e- 1 a.! 
\c-1 Oar f 

se 
S. 

'e 
e-ý .,.... .. 

F 

""f. 
e 

K 

G 

N 

ö $ 

\" 

un is 
x 

MOISTUS1 COMThlI Phi cowl 

9 

.- u^n re Is 

-- N11 __ So 

MOISTUt( COMT{NT, Mt owl 

FIG. 3-29 Various forms of comp action 
curves . Lee & Suedkamp (1972) 
Transportation research record 
No 381 

51 

Double-peak compaction curves. 

MO-STURI CONTIMI. ºft CIMT 

MOIs. uu COM16Mi P11 cINT 



eo 
NOON 

C) 
40 

L 

2C 
3 

i 

i 

) 

10 20,3U 
Degree of saturation 

78 

11 
74 

°70- 

66. 

620 
10 20 30 

Degree of saturation 

. FIG. 3.3 0;... .F_ 
Water content, Void ratio Degree 
of Saturation relationship of 
Leighton Buzzard sand 

52 



a 

i roc 

-160 

Isc 

V) 

OO 

W 
MpO 

pO 
"O 

FIG. 3.31 

0 

-0 4U ö'U IL'U lb'U LU'U L4'U 

WATER CONTENT I%1 

COMPACTION CURVE 
OF 

WEST HIGHLAND MORAINE 

53 



hoc 

1101 

100 
WATER CONTENT 1%1 

COMPACTION 
OF 

PULVERISED 
54 

CURVE 

FUEL ASH 

-- - -- Jv Ivy I. Jv &. VV A6--lr %f 



lbf an` MN m`_ 

v ox+ 

ý 
0 25 

12 Z 

C 
020 

C 
Lý 20 

O15 

tr. 0 

GG 010 

ppa 10 

01 0 

X ý 

0014 
I 

O( I 

2a' 0 20 4U w ac, I00 120 14 160 M. 

Age in days 

Increase of cohesion and angle of shearing resistance with age (for a typical conditioned PFA) 

FIG. 3.33 
(After S. G. E. B. 1981 ) 

s 

C 
u I. Z; 

u 

n 

E 
8 
V 
C 

E 
e 

lt'f MN m' 

)1 I 

lx 

0 
l: 5 II, 

r 
oe 

! 0( 07 

0-6 

's os 

04 
SO 

01 

os n 
0 io 40 eo so lot lm lK' 1ý tb" Zoe 

Age in days 

Increase of unconfined compressive strength with age (for a typical conditioned PFA) 

55 



22 

20 

O 

N 
W 
J ýE 

Q 

ill 
aci 

1 

Effect of mesh element content on C. B. R. values. FIG. 4.1 
f 

I 

56 

v0 01 0.2 0.3 0-4. . 0.5 ` 0.6 0.7 
MESH ELEMENTS CONTENT (%) 



1900 

cv, L 
1850 

Id) 
z w 
0 

i- ö 1800 

1750 

17ooo a' 

.... MESH 
0.2 03 0"L 
I. ELEMENTS 

º 0.5 0.6 
CONTENT, (%) 

Effect of mesh element content on'the'dry 
F 13.4.2 density of compacted samples 

57 



2 

O1 
dN 
W, 
-J 

Q 

Mesh Type : 8630 

Mesh size.: 50X50 mm 
Soil type: Mid-Ross sand 

B. 

6 

c 
m 
v 

1 

A 

4 B0TT0M 
4. I, 

n L 

. 
iwt' i'ý rrr 

"riýrt- I, p" rrr 
l'_ 1.1'"1't"t't'T 

, r. r411-t-11 r 

2 
average 

0 

0.2 in 
6' 

nvernge 

111 
0.1 in 

' 02 in 

2 TOP 0.1 in 
r- 

'" 0 01 0.2 0.3 0.4 0.5 0.6 -0.7 MESH ELEMENTS CONTENT (%) 

F 1t3A. 3 FIfect of viesh element content on C. B. R. values. 

58 



1 

Qi 
18 50 

IM z w 
0 

p 1800 

1750 

1700 ' 

Effect of mesh element content on the dry FIG. 4.4 
density of compacted samples 

59 

GI 0.2 0.3 0.4 - 0.5 0.6 
MESH- ELEMENTS CONTENT (%) 



24 02 in 

22 average 

. - 20 

ö 18 .4 
Olin 

W 

X16 
a J f/ 

m, 02in 
ü 

12 average 

10- 

01 -'' in 
8 

6; 
,' TOP . "" 

4 

(/h 

ci-70-C; YSnmm ta ý' 44 

2 

OL 0 

F 1G. 4.5 

IVJ1/ JIIý`". /V^. /V 111111 

Mesh Type: 5345 
-Soil' type: Mid-Rosssand 

01 0.2 0.3 0.4 0.5 0.6 0.7 
MESH ELEMENTS CONTENT (%) 

Effect of mesh element content on C. B. R. values. 

60 



.1 

x` 18 50 
i-ý 
I) 
z L1J 

ö 1800 

17 50 

0 
.o 

o° ýý 

rL 

Mesh Type: 5345 4 

Mesh size : 50.50 mm , 
Soil type :, LL 

Mid-Ross sand 

17001 
0 a1 0.2 0.3 0.4 0-5.0.6 

MESH ELEMENTS- -CONTENT, 
(%) 

Effect of mesh element content on the dry 

. -F 
IG. 4.6 density of compacted samples 

61 



I 

22 

Mesh Type: 1 flifoot 

20 
Mesh size: 50x50mm rrrr 

r 

18 Soil type: Mid-Ross sand 

W 

X16 

-r > 
ce14 
cci 

12 
BOTTOM 

10 

8 average 

6 
02 in 

4 0.1 in 
average- 

2 -%%: _ 
0.2 in 

TOP 0.1 in 
00 01 0.2 03 0.4 0.5 0.6 0.7 

MESH ELEMENTS CONTENT (%) 

FIG- 4.7 Effect of mesh element content on C. B. R. values. 

62 



19 Mesh Type :1 
Mesh size: 50,, 50mm ý"' 

"ý 

Soil type - Mid-Rosssand ;I 

1850 

° 0 
ý 

.o 
00C: ) 

0 
18 

k 

1750 

1700 0 a1 0.2 0.3 0.4 0.5 0.6. 

, -, 
MESH ELEMENTS CONTENT (*/) 

Effect of mesh element content on the dry 
F IG. 4. 

'8 ' density of compacted samples 

63 



20 - MeshType :2 

,.. Mesh size: 5Ox5Omm 
0 -'18 Soil type: Mid"Ross sand 

w 
316 

AL - cr "1 BOTTOM CD 

12 
overage 

10 

8' 

6' 
70P 

4 -1 

0.2 in 

0.1 in 

j- --- 
average 

2 '- 0.2 in 
0.1 in 

000.1 02 0.3 0.4 0.5 06 07 
MESH ELEMENTS CONTENT (%) 

FIG. 4.9 Liiect of eºesb element content on C. B. R. valves. 

64 



1 

1 

18 50 

U) 

z w 
0 

i- 01800 

17 50 

1700'- GI 
MESH 

0.2 0.3 0.4 
I. ELEMENTS 

º a5 0.6 
CONTENT (%) 

t Effect of mesh element content on the dry 

F1G., 4-1 0 
density of compacted samples 

65 



16 

�14 ON 0 

W 

C 

L 

MeshType :3 
Mesh size: 5Ox5Omm 

Soil type: Mid-Ross sand 

.ýý 

lF 

i 

average 

02 in -0 
OM"MOIIAIý- 

00 average 
op 

I'l, p"1 F 
OF, 

TOP 02 in 

n 
01 02 0.3 0.4 0.5 0.6 0.7 

MESH ELEMENTS CONTENT (%) 

FIG; 4.11 Effect of pest element content on C. B. R. values. 

66 

BOTTOM 



19 fl 

oF 
o 

18 50 0o 

- o. 
Z .. 

ö1800 

Mesh Type :3 
1750 Mesh size : ;: 

nd 

1.00 
0 Q1 0.2,0.3 0.4 0.5 0.6 

MESH ELEMENTS CONTENT (%) 

Effect of mesh element content on the dry 

FIG. 4.12 
density of compacted samples 

67 



22 

20 

0 0,1E 
W 

-J 

>. 

cell 
v 

1 

A 

average 

1ý 
BOTTOM 

0.2 in 

0.1 in 

0ý 
' TOP 

6 average 02 in 

0.1 in 

_"'' Mesh Type :4 
2 Mesh size: 50 x SO mm. 

Soil type: Mid-Ross sand 

n 
0' 01 , 0.2 0.3 0.4-- 0-5,0.6 0.7 

MESH ELEMENTS CONTENT (%) 

F 1G. 4.13 Effect of Mesh element content on C. E. R. valves. 

'68 



.1 

. 0. -- 
lyt 

18 50 

z w 0 
>` 

ö 1800 

1750 

AwnnI 
ill 

FI G. 4.14 Effect of mesh element content on the dry 
density of compacted samples 

69 

uu0 41 0.2 0.3 0.4 0.5 ý 0.6 

-MESH- ELEMENTS. -CONTENT 
I%) 



20 

X18 

W 

J16 

. 14 
cri 
V 

12 

10 

Mesh Type :5 
Mesh size: 50x50 mm 

Soil type: Mid-Ross sand 

0 .2 In 

average 

BOTTOM ,' 
01 in 

X02 in 
average. 

. 01 

6 
0/ 

0.1 in 

4 TOP 

2 FIG.. 4_. 15� 
Lflect of Wih element content on, t. D. p. values. 

00 01 02 0.3 0.4 0.5 0.6 0.7 
MESH ELEMENTS CONTENT (%) 

FIG. 4.15 Effect of o+eih element content on C. B. R. values. 

70 



WOO 

/ 

C'f't 
18 50 

W 

180( 

17 5' 

0 
o0 

0 0 

O 

Mesh Type :5 
M size: 50.50 mm - 

, Soil. type : Mid-Ross sand 

-, m 

1700 
0 41- 0.2 0.3 0.4 0.5 Y-- 0-6- 

MESH ELEMENTS CONTENT 1%) 

Effect of mesh element-content on the dry 
FIG. 4 

-1'6' density of compacted samples 

71 



Mesh Type :6 

Mesh size: 5060mm 

Soil type: Mid-Ross sand 

16 
50TTOM 

. -. ýý 

N 
U. j 

ce 
co 
v 

G 

L 

0.2 in 
average; 

or , 0.1 in 

0.2 in 
edo average 

''0.1- in 

,',,. ------- TOP 

ýi i D 01 0.1 03 0.4 0.5 0.6 0.7 
MESH ELEMENTS CONTENT (%) 

FIG. 4.17 tf icct of a+eih element content on C. B. R. valuef . 

72 



0-»% 
CI--- 

1 

1850 

I- 
Z 
W 
a 

p 1800 

4ell, 

17 50 

1700'- 
0 GI 0.2 0.3 0.4 0.5 0.6 

MESH ELEMENTS CONTENT l%) 

Effect of mesh element content on the dry 
F IG. L+. 18 density of compacted samples 

�ý 

73 



.ý 

1 
t/) 
w 

.. J 

>1 

a: i U 

t 

F1G. 4.19 
Effect of mesh element content on C. B. R. values. 

74 

0 01 02 03 0.4, - 05 '0.6 07 
MESH ELEMENTS CONTENT (%) 



190 

11 

.` 1850 

Z. 
w 
0 

i' p 1800 

.o 0 
0 

ý o - 
0 

17 50 
Mesh Type: 7 

. Mesh size: 50 i 50mmT-ý-r 
Soil type: Mid-Ross sand T_. 

T 
.7 

1700 0. a1 0.2 0.3 0.4 0.5 0.6 

MESH ELEMENTS CONTENT (%) 

F IG. 4.20 
Effect of mesh element content on the dry 
density of compacted samples 

i 

75 



Mesh Type :7 
Mesh size: 50X100mm 02 in 22 Soil type: Mid-Ross Sand 
Water content: 93% 

20 
" averag e 

!: 

1B 

X16 0.1 in- 
< 

Cd 
%J ' 

12 
BOTTOM ' 

8 TOP 0.2 in 

6 
- -- 0.1 in 

average 

2 ,. 
01, I,! I1 

0 01 0.2 0.3 0.4 0.5 0-6 0.7 
MESH ELEMENTS CONTENT (%) 

F IG. 4.2 1 Effect of mesh Element content on C. B. A. values. 

76 



I 

11 

1850 
>- 
V) 
W 
a 

>- t 

ö 1800 

17 50 

»ooÖ 

0 

Soit type : Mid-Ross Sand 
Mesh Type :7 

. -Mesh size : 50 x 100 mm 
Water content 9.3% 

GI 0.2 03 0.4 0.5 0.6 

MESH ELEMENTS CONTENT. (% o) 

FIG. 4.22 Effect of mesh element content on the dry 
density of compacted samples 

77 



MeshType: 7 

50 Mesh size : 50X50 mm 
Soil type " Leighton Buzzard Sand 
Water content :0% 

45 

11-0 
40 

N .. 6 - 
0.2 in 

w 

-'35 
ýý average 

0"l in d 30 
Cd 

BOTTOM /25 
, 

0.1 in 
20 - 

0.2 in 
15 

10 , Qyer_oe--, 

5ý -' 
---- TOP 

0 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

MESH ELEMENTS CONTENT (%) 

FI Gý4.23 Effect of, mesh element content on C. B. R. values. 

78 



1700 

-'ý 16 50 

I-IM 

z w 
a 

} 

: rl - 

- .. .ý _1 . ý-. ice.... 
t. L .T 

1550 
Soil type: Leighton Buzzard 

Sand 
MeshType.: 76.. 
Mesh size : 50X50 mm 

,,, Water content : 0% 

1506 0 GI 0.2 0.3 0.4 0.5 0.6 
MESH ELEMENTS CONTENT (%o) 

1 Effect of mesh element content on the dry 

F IG. 
4.2ý density of compacted samples 

79 



I 
44 

40 

0 

LIO) 
3b 

W 

< 32 

m 
t_; 

24 

20 

1 

I 

OL 0 

FIG. 4.25 

'0 2 
MESH 

030.4 
ELEMENTS 

0.5 0.6 0.7 
CONTENT 

. (%) 

Effect of reib element Content on C. B. R. values. 

80 



�00 
1650 

n. 
wo. 

.. -. ý 

0 1600 

X550 
Soil type : Leighton Buzzard 

Sand 
Mesh "Type :7 
Mesh size : 50X100 mm 
Water content :0% 

15000 0.1 0.2 0.3 0.4 0.5 "0.6 

MESH ELEMENTS CONTENT (%) 

Effect of mesh element content on the dry 

FIG. 4.26 density of compacted samples 

81 



Mesh Type :, 7 
22 Mesh size: 50x100mm 

, 
Soil type: West Highland Moraine 
water content :, 14 % 

20 

X18 

W BOTTOM 0.2 in 
16 

--ý, 
ý 0.1 in 

av rage 0.2 in 

X 14 wo 
If 

0.1 in 
co 

--' average 
12 

T0P -ý-=s-, -s-, -rý"º-ýý. ýý 
6 

4 ý 
-- . _.. 

2F ýý , 

0 0.1 0-2 0.3 
MESH ELEMENTS CONTENT (%) 

FIG. 4+. 27 Effect of mesh element content or, C. B. R. values. 

82 



0---% 

ri 
Y' 18 0( 

LI) 
z w 0 

Cr 175' 
0 

4'7 r 

MeshType: 7 
Mesh size . 50 x 100 mm 
Soil type : West Highland Moraine 

0 

ºn II VV0 0.1 0.2 0.3 
MESH ELEMENTS CONTENT (%) 

Effect of mesh element content on the dry FIG. 4.28 
density of compacted samples 

83 



N 

" C ý 
d 

U- 

N 
0 

cr- 

0 

C 

0 cn 
r 

O 'O 
Op 

x 
yr 

E 
O ýr 

0 
LL 

ýy W 

Q 
3 

0 
in 
r- 

C) ö 
1 

0 

Cýl .v100 

f yv) IN31OV89 )ilnv80AH 

84 



Q, 
3 E CL 

gy ý m 
p 
t 

N 

, L- C: 
' U6 d 0a - 

cn E LL- 

(A -0.2 N 
O Q) 

' ", 
o, 

L OE 

C 
I, I, r<< 

C) r, r. v0 

`O rin 

11! y0) IN3IOV89 311ýdýýýN 

CD 
L 

Oe 
O 

X 

N 

E 

Ov 

N3 
0 
J 
LL 

cc 
W 

in 

0 

yO 
O 

85 



coetticient of permeobility m/s 
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FIG. 5.1 
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, FIG. 5: 2 
SOIL TYPE MID-ROSS SAND 

MESH TYPE :7 SIZE 50y50 mm 
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FIG. 5.3 
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FIG. 5.4 
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FIG. 5.8, 
SOIL TYPE LEIGHTON BUZZARD SAND 

1200 mmx155 mm diam. TRIAXIAL TEST DATA 
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FIG. 5.9 
SOIL TYPE LEIGHTON BUZZARD SAND 
MESH TYPE :7 SIZE : 50 X50 mm 
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FIG. 5.10 

SOIL TYPE LEIGHTON BUZZARD SAND 
MESH TYPE 7 SIZE : 50-. 50 mm 
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FIG. 5.11 
SOIL TYPE LEIGHTON BUZZARD SAND 
MESH TYPE :7 SIZE : 5050 mm 
MESH CONTENT 190 ; M^. z/m}, or 0 . 27 (%} by dry wetqw, 
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FIG. 5.12' 
, SOIL TYPE MID-ROSS -SAND 
MESH TYPE 7 
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FIG. 5.13 
SOIL TYPE MID - ROSS SAND 
MESH TYPE 7 

MESH CONTENT 66 (mr/m), orO 16 (%) by dry weicht 
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FIG. 5.14 
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FIG. 5.15 
SOIL TYPE MID-ROSS SAND 
MESH TYPE 7 
MESH CONTENT 33 (6/0), or 0.09(%)by dry wei¢ft 
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F16.5.16 

SOIL. TYPE MI D -ROSS SAND 
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6 5. 
SOIL TYPE MI D"ROSS SAND 
MESH TYPE 7 
MESH CONTENT 9p (m'/m), orp. 20%)by dryweite 
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FIG. 5.18 
SOIL TYPE M1 D"ROSS SAND 
MESH TYPE 7 
MESH CONTENT 33 (m'/mj, or 0.09(0/0)by dry we 19H 

e=25kNlm2 
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FIG. 5.19 
SOIL TY PE MI D -ROSS SAND 
MESH TYPE 7 
MESH CONTENT 66 (m'/m'j, Or 0.18 (%') by Ory we, V. 
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FIG. 5.20 
SOIL TYPE MI DROSS SAND 
MESH TYPE 7 
MESH CONTENT 90 (m'/m), Or 0.24 (%) by cy weigM 
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FIG. 
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FIG. 5.22 
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FIG. 5.24 
SOIL TYPE * LEIGHTON BUZZARD SAND 
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G. 5.25 
SOIL TYPE LEIGHTON BUZZARD SAND 
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FIG. 5.27 
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FIG. 5.28 
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FIG. 5.29 
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FIG. 5.30 
SOIL TYPE: LEIGHIGK BU2Zt, RD SAt; D 

MESH TYPE 17 
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FIG. 5.31 
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FIG. 5.32 
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FIG. 5.33 
SOIL TYPE LEIGHTON BUZZARD SAND 
MESH TYPE 7 
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FIG. 5.36 
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FIG. 5.37 
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FIG. 5.43 
SOIL TYPE MID-ROSS SAND 
MESH TYPE 7 

MESH CONTENT 33 (mi/m), or0.09 (%) by dry weight 

6= 150 KN/ m2 
[200mmxl55mm diam. TRIAX1AL TEST DATA 

A SOIL ALONE 
M' B: MESH SIZE 50X50 mm 2000 

- --- -- C: MESH SIZE 50x100 mm 

.. 1500 : 

z - -" - 

louu 

W5 00 ---" _ 

4.0 . 0.0 2-0 6 00 10.0 12.0 AXIAL STRAIN EG ( / 

129 



FIG. 5.44 
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FIG. 5.45 
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FIG. 5.7 1 
The deformed triaxial samples at large strains 
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FIG. 5.73 
SOIL TYPE MID-ROSS SAND 
MESH TYPE 7 
MESH CONTENT 66 ('rr ), or 0.18(%f by dry e 
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FIG. 5.74 
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SOIL TYPE 

MESH TYPE 

MESH CONTENT 

FIG. 5.75 
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FIG. 5.76 
SOIL TYPE MID ROSS SAND 
MESH TYPE 7 
MESH CONTENT 66 ; re/m)3 or 0"IB f%) by dry weio 
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FIG. 5,77 
SOIL TYPE MID-ROSS SAND 
MESH TYPE 7 
MESH CONTENT 66 (m'/mr), Or 0.16 (%)by zwei 
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FIG. 5.78 
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FIG. 5.79 
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FIG. 5.80 
SOIL TYPE MID ROSS SAND 
MESH TYPE :7 MESH SIZE : 13 DISCS; 155 mm dici 

MESH CONTENT 66 (m=/mý, or 0.18 (%) br drºwelsh 
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FIG. 5.81 
SOIL TYPE MID-ROSS SAND 
MESH TYPE: 7 MESH SIZE: 50x100 mm 
MESH CONTENT 66 (rr / ), Oro 18 (%) by dry weg t 
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FIG. 5.82 
SOIL TYPE LEIGH TON BUZZARD SAND 
MESH TYPE :7 MESH SIZE : 50 x 100 mm 
MESH CONTENT 66 (61m), Or 0.20 (%) by dry weight 
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L\1 

- 

ß=150''11m' [OOmm155mm 
diam. TRI AX IAL TEST DATA 

-- -- -= =ý- - RATES OF STRAIN 
2030 

.A: 0.005 %1 min 
8: 2.0 %l min 

. _..... _. _. _; C: 0.05 %1 min 
D: 0.5 %I min 

150 ; ... 

1040 

500 

0 zo yp 6-p 8'0 i-a t? "C 14-0 
AxIAL SYRAI ra 

, Ea (o 0) 

168 



FIG. 5.. x83 
SOIL TYPE COLLIERY SPOIL 
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FIG. 5.84 
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FIG. 5.85 
SOIL TYPE COLLIERY SPOIL 

MESH TYPE :7 MESH SIZE : 50X100 mm 
MESH CONTENT 66 (m'/m), or 0.20 (0/0) by &y weiV. 
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FIG. 5.87 
SOIL TYPE WEST HIGHLAND MORAINE 
MESH TYPE :7 MESH SIZE: 50 X100 mm 
MESH CONTENT 66 (m: /m), or 0.20 ('0/0) by &y weip, 

e=150kNlm2 
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FIG. 5.89 
SOIL TYPE PULVERISED FUEL ASH 
MESH TYPE :7 MESH SIZE : 50x100 mm 
MESH. 
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FIG.. 5.90 
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Fig. 5.101 Creep Analysis of Mid-Ross Sand Mixed With Mesh Elements 

(Determination of m) 
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Fig. 5.102 Creep Analysis of Mid-Ross Sand Mixed With Mesh Elements 
(Determination of A and a) 
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TA6LE 3.1 
Mass Mesh Mesh FILAMENTS DIMENSIONS 

per Pitch Pitch 
MESH unit Machire Trans-verse 

HEIGHT WIDTH SHAPE 
TYPE area machine hw º-W-»I 

19m1 m2) 
Dm dire hon 

(mm-) (mm) () D, (mm) 

5345 40.0 4.3 5.1 0.040 0.030 
0 

5340 18.5 6.2 7.2 0.022 0.021 

0 

8630 15.4 3.3 3.5 0.010 0.009 

1 460.0 7.5 7.8 0.118 0.130 

2 128.0 17.8 4.7 0.03 0.06 

3 512.0 6.9 5.4 0.100 0.102 
0 

4 29.6 18.4 17.1 0.030 0.050 

5 41.0 19.6 17.3 0.05 0.100 

6 32.0 10.5 9.0 0.022 0.032 

7 52.0 7.1 6.7 0.043 0.054 
0 

10 40.0 10.0 10.0 0.060 0.039 

12 45.0 12.0 12.0 0.070 0.080 
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TABLE 3.2 
Mass - -FLEXURAL 

M-ax imu m� 
average 

MESH unit Stiffness Pht 
g 

TYPE oreci X, INDEX lmin.. at. 2% 
strain-rate ýgmlmt) kNlm) 

5345 40.0 5 2.78 

5340 18.5 4 2.49 

8630 15.4 1, 1.30 

1 460.0 65 5.71 

2 126.0 12 3.32 

3 512.0 40 6.04 

4 29.6 4 3.09 

5 41.0 9 4.31 

6w 32: 0 7 2.51 

7 52.0 10 3.36 

10 40.0 10 3.45 

12 45.0 .9 
3.76 



TABLE 41 
TEST PROGRA=M OF COMPACTION &(BR TESTING 

TYPE 
of 

SOIL 

TYPE- 
of 

Mesh 
Element 

SIZE 

Mesh 
Element 
(mm) 

TYPE 
of 

Testing 
RANGE OF 

T ESTIN G 

No 
of 

tests 

Mid-Ross - - CrnpwLi, m Variation of water content 
Sand Tests from 3.01. to '12.0% 34 

Mid-Ross - - CBR Variation of CBR value 
Sand Tests with water content from 

3. oÄ to 12.0% 34 

Mid-Ross - - Coqxiction Estimation of an average 
Sand Tests Dry Density at 9.3% water 10 

content 

t 

Mid-Ross - - CBR 

,. 

Estimation of average 
Sand Tests CBR values at 9.3% water 

content 10 

Mid-Ross 5340 50x50 mit Ccrpactinn Varying the percentage Sand mit Tests eight of the mesh- 
' from 0.1to 

. 9% with respect to dry 
nsity öf the soil 10 

Mid-Ross 
Sand 

5340 0x50 mm CBR 'stablishing CBR values 
mm Tests ith respect to the mesh- 

lement concentration 
rom 0.1% to 0.9% weight. 10 
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TABLE '41 (cont. 
TEST PROGRAM OF COMPACTION & CBR TESTING 

TYPE 
of 

SOI L 

TYPE 
of 

Mesh 
Element 

SIZE 
of Mesh 

Element 
(mm) 

TYPE 
of 

Testing 
RANGE OF 

T ESTIN G 

NO 
of 

tests 

Mid-Ross 8630 50x50 mm Carpaction Varying the percentage 
Sand mit Tests weight of the mesh- 

elements from 0.1% to 
1.0% with respect to the 
dry density of the soil 14 

Mid-Ross 8630 50x50 mm CBR Establishing CBR values 
Sand mm Tests with respect to the, mesh- 

element concentration 
from 0.1% to 0.9% weight 14 

Mid-Ross 5345 50x50 nm Caix tim Varying the percentage,, -., 
Sand Tests weight of the mesh- 

elements from 0.15 to 
0.9% with respect to the 

12 dry density of the soil 

Mid-Ross 5345 50x50 nm CBR Establishing CBR values 
Sand Tests with respect to the mesh mesh- 

element concentration 
from 0.1% to 0.9% weight 12 

Mid-Ross Type'1 50x50mm Corpactim Varying the percentage 
Tests weight of mesh-elements 

from 0.10' to 0.6% with 
respect to the dry 
density of the soil 8 
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TÄB`LE 41 (cont. ) 
TEST PROGRAM OF COMPACTION & (BR TESTING 

TYPE 
of 

SOIL 

TYPE 
of 

Mesh 
Element 

SIZE 

Mesh 
Element 
(mm) 

TYPE 
of' 

Testing 
RANGE OF 

TESTING 

No 
of 

tests 

Mid-Ross Type 1 50x50 mm CBR Establishing CBR values 
Sand mm Tests with respect to mesh- 

element concentration 
from 0.1% to 0.6X. 8 

Mid-Ross Type 2 50x50 mm Ooripaction Varying the percentage 
Sand mm Tests weight of the mesh- 

elements from 0.1% to 
0.6% with respect to the 

6 dry density of the soil 

Mid-Ross Type 2 50x50 mm CBR Establishing CBR values 
Sand nm Tests with respect to this mesh 

element concentration 
from 0.1% to 0.6A 6 

Mid-Ross Type 3 50x50 mm CaTxction Varying the percentage 
Sand mm Tests weight of the mesh- 

elements from 0.1% to. 
0.6% with respect to the 
dry density of the soil 6 

Mid-Ross Type 3 50x50 mm CBR Establishing'CBR values 
Sand mm Tests with respect to'this mesh 

element concentration 
from 0.1% to 0.6% 

,6 
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TABLE 4.1 (cont. ) 
TEST PROGRAM OF COMPACTION &CBR TESTING 

TYPE 
of 

SOIL 

TYPE 
of 

Mesh 
Element 

SIZE ' 
Mesh 
Element 
(mm) 

TYPE 
of 

Testing 
RANGE OF 

TE ST ING 

No 
of 

tests 

Mid-Ross Type 4 50x50 mm CoTpection Varying the percentage by 
ITM Tests dry, soil weight of the 

mesh-elements from 0.1% 
to 0.6% with respect to 
the dry density of the ß 
soil 

Mid-Ross Type 4 50x50 mit CBR' Establishing'CBR values 
Sand mm Tests with respect to the mesh- 

element concentration 
from 0.1% to 0.6% 8 

Mid-Ross Type 5 50x50 mm Ch%xiction Varying the percentage by 
Sand mm Tests dry, soil weight of, the 

mesh-elements from 0.1% 
to 0.6% with respect to 
the dry density of the iO 
soil 

Mid-Ross Type 5 50x50 mit CBR Establishing CBR values Sand mit Tests with respect to the mesh- 
element concentration 
from 0.1% to 0.6X 10 

Mid-Ross Type 6 SOx50mm Carpeýckim Varying the percentage by 
Sand mit Tests dry weight of the mesh- 

elements from 0.1% to 

. 6% with respect to the 
dry density of the soil 10 

205 



TABLE 4.1 (cont. ) 
TEST PROGRAM OF COMPACTION & (BR TESTING 

TYPE 
of 

SOIL 

TYPE 
of 

Mesh 
Element 

SIZE 

Mesh 
Element 
(mm) 

TYPE 
of 

Testing 
RANGE OF 

T ESTIN G 

No 
of 

tests 

Mid-Ross Type 6 50x50 mit CBR Establishing CBR values 
Sand Tests with respect to the mesh- 

element concentration 
from 0.1% to 0.6% 10 

Mid-Ross Type 7 50x50 mm Cagxx . im Varying the percentage by 
Sand Tests dry weight of the mesh- 

elements from 0.1% to 
0.6% with respect to the 
dry density of the soil 10 

Mid Ross Type 7 50x50 mm CBR Establishing CBR values 
Sand Tests with respect to the mesh- 

element concentration 
from 0.1% to 0.6% 10 
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TABLE 4.2 

COMPACTION & C. B. R. TEST RESULTS 

Mesh 
Type 

Maximum 
CBR (bot- 
-tom ave- 
rage be- 
twee n 
01I1 10.2" 

(%) ge of 
mesh re- 
"quired to reach 

Max. 
CBR 

Arealunit 
volume 
at max. 

CBR 

m21m3 

(%)ge of 
mesh re- 
quired 

at 

66 mzlm3 

Correspon- 
-ding max. 
CBRvalue 

at 
66 m21m3 

Approximate 
Area/unit 
volume at 
an average 
0-2(%) mesh 
content 

5345 21.5 0.64 290 0.143 13.3 66 

5340 12.5 0.35 310 0.069 6.9 66 

B630 11.0 0.30 353 0.055 5.2 66 

1 7.4 0.25 9.88 X X X 

2 12.0 0.20 28-8 X X X Datum 

3 8.5 0.175 6.30 X X X 

4 24.0 0.40 252 0.103 7.7 `66 

5 16.1 0.52 231 0.146 6.2 66 

6 11.5 0.46 
. 260 0.115 6.2 66 

7 16.6 0.52 158 0.180 8.1 66 
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TABLE 4.3 
TEST PROGRAM OF COMPACTION &CBR TESTING 

TYPE 
of 

SOIL 

TYPE 
of 

Mesh 
Element 

SIZE 

Mesh 
Element 
(mm) 

TYPE 
of 

Testing 
RANGE OF 

TESTING 

NO 
of 

tests 

Mid-Ross Type 7 50x100 Corpaction Varying the percentage b 
Sand mm Tests dry weight of these mesh- 

elements from 0.1% to 
0.6% with respect to the 
dry density of the soil. 14 

Mid-Ross Type 7 50x100 CBR Tests Establishing CBR values 
Sand mm with respect to the mesh 

element content from 0.1. 
to 0.6%. 14 
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TABLE 4.4 
TEST PROGRAM OF COMPACTION &CBR TESTING 

TYPE 
of 

SOIL 

TYPE 
of 

Mesh 
Element 

SIZE 

Mesh 
Element 
(mm) 

TYPE, 
of 

Testing 
RANGE _0F . _. ý.. 

TESTING 

No 
of., 

tests 

Leighton - - Carpaction Variation of water 
Buzzard Tests 

., content. from 8.011. to 0% 
Sand establishing optimum 

moisture content and 
maximum dry density 12 

eighton Type 7 50x50 Corpxticn Varying the percentage b 
Buzzard mm Tests soil dry weight of mesh- 
Sand elements from 0 to 0.6% 

with respect to the dry 
density of the soil. 14 

Leighton Type 7 50x 50_ CBR Establishing CBR values 
Buzzard mm Tests with respect to the mesh- Sand element content from 0.1% 

to 0.6% at optimum water 
content. 14 

Leighton Type 7 50x100 Crnpaction Varying the percentage by 
Buzzard mm Tests ry soil weight of mesh- 
Sand lements from 0.1% to 

. 6oo with respect to the 
dry density of the soil. 8 

Leighton Type 7 50x100 CBR stablishing CBR values 
Buzzard mm Tests ith respect to the mesh- Sand lement content from 0.1% 

0 0.6°0. at optimum water 
ontent. 8 
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TABLE 4.5 
T EST 'PROGRAM OF COMPACTION gCBR TESTING 

TYPE 
of 

SOIL.. 

TYPE 
or 

Mesh 
Element 

SIZE 

Mesh 
Element. 
(mm) 

TYPE 
of 

Testing 
RANGE OF 

TESTING 

No 
of 

tests 

West - - axrpaction Variation of water content 
Highland Tests from 0% to 26%, establish- 
Moraine 'ng optimum water content 

nd maximum dry density. 12 

West Type 7 50x100 Carpaction arying the percentage by 
Highland mm Tests ry soil weight of the 
Moraine esh-elements from 0.19% to 

. 3°o with respect to the 
ry density of the soil. 10 

West Type 7 50x100 CBR Tests Establishing CBR values 
Highland mm with respect to the mesh- 
Moraine element content from 0.1% 

to 0.3% at optimum water 
content. 10 
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TABLE 4.6 

Viscosity of water with respect 
to Temperature 

TneMATURE (°C) VISCOSITY (POISEUILLE) 

0 1.7921110-a6, 
1 1.73131-10 -6 
2 1.6278 1 10 -6 
3 1.6191 Z 10 -6 
4. 1.5674 X"10 -6 
5 1.5188 Z 10 -6 

1.4728 X'10 --6, 
7 1.4284 1 10 -6 
8w.. 

wý. 
1.3860 10 10 -6 

9 1.3462 1 10 -6 
10 1.3077 110 -6 
11 1.2713 Z-10 -6 
12 1.2363A 10 -6 

-, 13 -" --- , _. 
1.2028 Z 10 -6 

14 1.1709 Y 10 -6 
15 1.1404 R 10 -6 
16 __. ý. ,. 1.1111�X 10 '' 6'' 
17 1.0828 Z 10 -6 
18 1.0559 1 10 -6ý 
19 1.0299 Z 10 -6 
20 1.0050n1ý10 -r6.... 
21 0.9810 R 10 -6 
22 0.9579 1.. 10 

, -_ 6 
23 0.9358 1 10 -6 

n24 
0.9142 1 10 -6 

25 . 0.8937 1 10 -6.,.. 

NOTE : Poiseuille kg 8 -1 m1 Nst 
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TAB. LE_ 4.? 
Coefficient`of Permeability of Mid-Ross Sand Alone 

TEST 

No 

TEMP. 

(°C ) 

CONFIN 
PRES- 
-SURE 
(kNlm2) 

Ah 

(mm) 

Ah/ L k 
(m ls) 

x 10-4 

AVER. 
k 

(m I S) 

l 

x 10-4 

AVER. 
k 

hls)xlCl 
at 

20 °C 

1 19 0 192 1.71 2.75 

2 19 0 152 1.36 2.66 

3 19 0 460 4.03 2.99 2.64 2-70 

4 19 0 379 3-38 2.59 

5 19 0 390 3.4B 2-02 

6 19 25 277 2-76 2.59 2.52 2.58 
7 19 25 365 3.59 2-45 

8 19 50 330 3-25 1-97 1.97 2.02 

9 19 '150 400 3.97 1.86 1.91 

10 19 300 390 190 1.85 1.85 1.90 
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TABLE 4.8 
Coefficient of Permeability of Mid-Ross Sand Mixed With Mesh Elements 

TEST 

No 

TEMP. 

(°C) 

CONFIN 
PRES- 
SURE 

(kN/m2) 

Ah 

(mm) 

AhIL k 
(m /s) 

x 10-4 ̀  

AVER. 
k 

(MIS) ( 

x 10-4 

AVER. 
k 

mis)xiC 
at 

20 °C 

1 22.5 0 192. F 1-69 . 2-62 

22.5 0 156 1.37 2,67 

3 22.5 0 475 - 4.18 2-67,, - 2.67 2.69 

4 225 0 370 3.26 2.66 

5 21.5 0" 370 3.26 2.75 

6 21.5 25 350 3.41 2.31 
2.31 2.28 

7 21.5 25 370 3.61 
-mmu 

2.31 

8 21.0 50 405 3.95 2.25 2.25 2.19 

9 21.0 150 400 3.95 2.17 2.17 2.11 

10 21.0 300 391 
$ 

3.88 2.09 2.09 2.04 
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TABLE 4.9 
Coefficient of Permeability of West Highland Moraine Alone 

TEMP. CONFIN. AVER. AVER. 
PRES- k 'k 

_6 
-SURE (m 1 s) (m/s)X10 

(°C) (kN/m2) x 10"6. at 
20 C 

19.0 0 2.13, - 2.18 

19.0 25, 1.87 1.92 

19.0 50 1.73 1.77 

Coeff. of Perm. of West Highland Moraine Mixed With-Mesh Elements 

TEMP. CONFIN. AVER. AVER. 
PRES-- k, k 

-SURE (m1s) tm"! s)X1Ö 
at 

(°C) (kN/m2) x 10- 20"' C 

18.0 0-11 2.38 2.48 

19.0 25 1.69 1.74 

19.0 50 1.52 1.56 

TABLE-- 4. ̀ 10 

CLASSIFICATION OF SOIL ACCORDING TO PERM%ABILITY 

Artren of penntobilsr v Ro"je of 
twffwcwnr of permrobilsiv. 

i 
Intisl 

High Grater than i0a 
Medium 10-1-10-1 
Lou 10'4" 10'1 
Ver) low 
Practical)) impermeable 

10''" I0, 
Lest than 10' 

TEMP. CONFIN. AVER. AVER. 
PRES- k 'k 

-6 
-SURE (m 1 s) (mis)xlO 

(°C) (kN/m2) x 10"6. at 
20 C 

19.0 0 2.13 2.18 

19.0 25, 1.87 1.92 

19.0 50 1.73 1.77 

TEMP. CONFIN. AVER. AVER. 
PRES- k, k ý 
-SURE (mIs) (m'! s)X1Ö 

at 
(°C) (kN/m2) x 10-6 20"1 C 

18.0 0 2.38 2.48 

19.0 25 1.69 1.74 

19.0 50 1.52 1.56 
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TABLE- 5.1 
. TRI-AXIAL, ' TESTING PROGRAM 

Rate 
Sträin 
K)Jmin 

Type T 
of 

Soil 

ype of 
Mesh 
Element E 

Size of 
Mesh 
lement C 
(M M) t 

Mesh 
lement E 
ontent c 

%l63 ( 

Mesh 
lemen 
ontent 
mtlm') ( 

Cell -N 
ressure 
kN! mt) 

umber 
of 

Tests 

0.05 M. R. sand NONE NONE NONE NONE 10 2 

25 2 

,ý .. of . 50 2 

� to if'' if It It 100 2 

It if rr r, if 150 2 

if �... to r, n r, 200 2 

0.09 kKA. aaný NC)NF NONE NONE NONE 300 2 

0.05 M. R. 6an 7 50x50 0.09 33 0 2 

of . 10 1 

., .. .. .. ., .. 25-, 2 

of of n rr rr ºý 0 1 

u n n r, ýý ºý 100 2 

n rr � ,ý n n 150 2 

200 

0.05 H. R. san d7 50x50 0.09 33 300 1 
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TABLE 5.1 (cont. ) 
, 
TRI-'AXIAL TESTING PROGRAM 

,,. ý. ýý 

.ý 

Rotöf 
Strain 
% )Jmin 

Type T 
of 

soli 

ype C )f 
Mesh 
Elemen E 

of 
Mesh 
lement 
tmm) l 

Mesh 
E 

content c )L, M ( 

esh 
lement 
ontent 
rr i m) ( 

Cell N 
ressure 

1j kN lm 

umber 
of 

Tests .... 

. 05 . 

F0, 

M. R. san .oxo -0 18 66 0. _. 2 
- 

10 
_1 

25, 2. 

50 1 

100 1 

150 2 

rr ,,. �.. ýr n n 200 1 

0.05 M. R. san 7 50x50 o. 18 66 300 1 

0.05 . R. sand 7" 50x50 0.24, go. -0 2 

10 1 

25 2 

,r ,r rr u n 50 1 

. 100. 1. 

rr r, ,r � � � 150 2 

n � n ,r n rr 200 1 

o g, " M. R. san d 50x 5O 0.24 g0 300 1 

216 



TABLE 5.1 (cont. ) 
TRIAXIAL TESTING PROGRAM 

Rote 

Strain of 
o (/o)lmin 

Type 
of 

soli 

Type Of 
Mesh 
Elemen 

Size of 
Mesh 
Element 
(mm) 

Mesh 
Cement 

content 
/. )&�*; # 

Mesh 
Elemen 
content 
(rrt! m) 

Cell 
re re 

(kN! m) 

Number 
of 

Tests - 

0 L. B san NONE NONE NONE NONE 10 2 

it it rr rr n rr 25 2 

ýr rr rr r. .. .. 50 2 

rr ýý rr rr rr n 150 2 

-0.05 L. B. aan NONE NONE NONE NONE 300 2 

. 05 L. B. san 7 50x50 0.10 33 0 1 

.. .. .. .. .r rr 10 2 

rr rr ýr .. .. .. 25 1 

rr rr n rr tr rr 50 1 

n ri rr ri rr rr 150 2 

0.05 "B. sand 7' 50X50 0.10 ''33 300 1 

0.05 . B. sand 50x 5O 0.20 66 0 2 

ri rr n rr rt rr 10 2_. 

n' it it n rr n 25 1,. 

ý1 rr ºr .. "" "" 50 1 

r. rr rr ýr rr rr 150 2 

0.05 L. B. san 7 50x50 0.20 66 300 1 
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,- 

TABLE 5.1(c-ont. ) 

TRIAXIAL TESTING PROGRAM 
Rote 
Strain 
(o)l min /o 

Type 
of 

Soil 

Type of 
Mesh 
Element 

Size of 
Mesh 
Element 
(mm) 

Mesh 
Element 
content 
%)ýý º 

Mesh 
Element 
content 
(m`I m') 

Cell 
ressttre 

(kN lm') 

Number 
of 

Tests 

0.05 L. B. sand 7 50x 5O 0.27 90 0 2 

ýr ti II U tt tt 10, 1 

.. .. .. .. .. .. 25 2 

ýý .. .. .. .. .. 50 1 

150 2 

0.05 L. B. s=6 7 
--20X50 

0.27 90 300 1 
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TABLE 5.2 
SOIL TYPE : MID-ROSS SAND 
MESH TYPE :7, MESH SIZE : 50X50 mm- 
MESH CONTENT : 33 m2l m3 

Cell 
PresSUre 

lktrlrrý) 

Deviator 
stress s 

at 
Peak state 

of 
the 
soil 

clone 

Iktýlrr) 

Deviator Deviator 
tress stress 

at at 
Peck state Resid;, al 

Gf 
the (15% axict ( 

ccrr. p; aite of ý,, 
train) 

R, ater iel soil alone 

f kNlm) C041rr') 

Deviator P 
stress 

at 
Residual 

15% axial 

of 
the train) 

composite 
material 
1kNIrr) 

erformance 
Efficiency 

(TI) 
at 

Peak 
state 

(%) 

Performance 
Efficiency 

T () 
Gt 

Residual 
state 

(%) 

0 - 6- 12 - 

10 69 114 41 61 65.3 49.0 

25 157 229 99 136 46.0 38.0 

50 314 480 218 340 52.8 56.0 

100 582 739 410 579 27.0 41.2 

150 873 010 649 783 16.0 20.6 

200 1013 298 752 

300 1446 1588 104 1215 10.0 10.0 
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TABLE 5.3 
SOIL TYPE : MID-ROSS SAND 
MESH TYPE:?, MESH SIZE : 50X50 mm 
MESH CONTENTS: 66 m2jm3 

Cell 
Pre re 

lktrlm') 

Devictor 
stress 

at 
Peak s'cte 

Cf 
the 
soil 

QICne 

(kNIrr) 

Deviator 
stress 

of 
Peak state 

of 
the ( 

ccm osite p 
materiel 

lkNlri) 

Deviator 
stress 

at 
Res, duaI 
stete 
15% aYial ( 

strain) 
of the 
soil alone 

(kNlrr) 

Deviolor 
stress 

at 
Residual 
state 
15% anal 

strain) 
of the 
composite 
material 
(kN! rr) 

Performance 
Efficiency 

(TI) 

at 
Peak 
state 

(%) 

Pe-formence 
Efficiency 

(T ) 

at 
Residual 

state 

(% ) 

0 - 39 34 - - 

10 69 182 41 130 164.0 217.0 

25 157 285 99 222 81.5 124.2 

50 314 503 218 347 60.2 59.2 

100 582 751 410 597 29.0 45.6 

150 873 1095 649 872 25.5 34.4 

200 1013 1340 752 1058 32.2 40.6 

300 1446 1740 104 1378 20.3 25.0 
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TABLE 
SOIL TYPE : MI 
MESH TYPE :7, 
MESH" -CONTENT 

5.4 
: D-ROSS SAND 
MESH SIZE : 50x50 mm 

90F m2/m3 

Cell 

Pressure 

(k141r') 

Deviator 
stress s 

at 
Peek St tE 

Ct 
the 
soil 

alone 

(Me), 

Deviator Deviator 
tress stress 

at at 
Peak stete Residual 

Cf state 
the (15% axial 

c crr, posite strain) 
of the 

materiel soil alone 

(kNlm) (kNlm) 

Deviotor 
stress 

at 
Residual 
stcte 
(15% axial 

strain) 
of the 
composite 
rr. cteriol 
IkNlm') 

Performance 
Efficiency 

(TI) 

at 
Peck 
state 

(%) 

Performnce 
Efficiency 

(TI ) 

Ct 
Residual 

state 

(%) 

0 - 71 29 

10 69 243 41 160 252.2 290.3 

25 157 440 99 365 

50 314 640 218 485 104.0 122.5 V 

100 582 
- 

835 410 673 43.5- 64.2 

150 873 -1220 649 995 40.0 53.4 

200 1013 1481 752 1238 46 46 

300 1446 1831 1104 1610- 27.0 `46.0 
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TABLE 5.5 
SOIL TYPE : LEIGHTON BUZZARD SAND 
MESH TYPE:? , -MESH SIZE :. 50X50 mm 
MESH CONTENT : 33 m2jm3 

Cell 
Freswre 

(kN1rr1) 

Deviator 
stress s 

at 
Peak state 

cf 
the 
spit 

alone 

lk Urr'} 

Deviator 
tress 

at 
Pech stete 

Cf 
the 

c orr pcs+te 
matericl 

(kN1Tr) 

Deviator 
stress 

at 
Resid: jal 
state 
15% axial ( 

strain) 
of the 
soil clone 

lkNIrn2) 

Deviator I 
stress 

at 
Residual 
stcte 
? 5% axial 

strain) 
of the 
composite 
moterýol 
lkNIrn') 

rformance ; 
Efficiency 

(TI) 

at 
FFak 
state 

l%) 

k-rfxmence 
Efficiency 

i TI ) 

et 
Residual 

state 

% 

0 - 5 - 5 - - 

10 62 105 37 63 69.4 70.3 

25 139 217 86 153 56.2 78.0 

50 273 427 193 334 56.4 73.0-- 

150 697 786 566 642 13.0 14.0 

300 1221 1420 1030 1233 16.2 19 
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TABLE 5.6 
SOIL TYPE : LEIGHTON BUZZARD SAND 
MESH TYPE :7, MESH SIZE : 50x50 mm 
MESH CONTENT : 66 m2Jm3, 

C ell 
Pressure 

N, 10) 

Deviefor 
stress s 

at 
Peak Stnt¬ 

of 
the 
soil 

alone 

(kNIm) 

Deviator Deviator 
tress stress 

a! at 
Peok stete Residaal , 

at stale 
the '15% axial ( 

ccrtpesite of 
them) 

rr, ateri Cl soil alone 

(kNI1) (kN! m'1 

Deviotor 
stress 

at 
Residual 
stete 
15% Oxid 

of the 
strain) 

composite 
material 
I. Nl rr') 

Pprformonce P 
Efficiency 

(T) 

at 
Peck 
state 

(%) 

e'formance 
Efficiency 

(T1 ) 

Ct 
Residual 

state 

(% ) 

0 - 33 - 93 - - 

10 62 191 37 159 208.0 330.0 

25 139 310 86 251 123.0 192.0 

50 273 505 193 413 85.0 114. 
-0 

150 697 1000 566 911 43.5 61.0 

300 1221 1589 in3n 1474 -in ? IA 
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TABLE 5.7 
SOIL TYPE : LEIGHTON BUZZARD SAND 
MESH TYPE :7, MESH SIZE : 50X50 mm 
MESH CONTENT :ý- 90 m2lm3 

Cell 
Pressure 

(kt'iIm) 

Devictor 
stress s 

at 
Peak state 

cf 
the 
sei' 

clone 

(ktrlrr) 

Deviator Deviator 
tress stress 

of at 
Peck state Res; djol 

of stete 
the ; 15% oxicl ( 

(cn polite strain) 
of the 

materiel soil alone 

'1 0) lk! rlm') 

Deviolor 
stress 

of 
Resiouol 
stete 
15% criol 

strain) 
of the 
composite 
rt, eterýo( 
Ib"trlm') 

Performance P 
Efficiency 

at 
Peck 
state 

(%) 

erforncrce 
Efficiency 

at 
Residual 

state 

(%) 

0 - 84 - 63 - - 

10 62 279 37 223 350.0 503D 

25 139 343 86 225 147.0 -162.11 

50 273 562 193 446 

150 697 1193 566 1086 

300 1221 1761 1030 1519 44.3 4 
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TABLE 5.8 
TRIAXIAL TESTING PROGRAM 

R F ote 
of Stroin 

(/o}j min 

Type Type o 
Mesh of Elemen soil 

Size of 
Mesh 
Element 

, 

Mesh Mesh 
lement Elemen 

content content t 
/. )ý, �, ,º (m I m) 

cell 
rere 

(kN Iml) 

Number 
of 

Tests 

0.0 M. R. sand 50x100 0.09 33 0 2 

iº n ºr n nn 0 2 

ºº ºº º, n ºº ºi 25 2 

.. .... .. .. º. 50 

º ºi n ºº ,i ºº 

0.05 M. R. san 7 50x100 0.09 33 300 1 

0.05 M. R. san 7 0x100 0.18 66 0 2 

ºº ºº ºº ºº ºº ºº 10 2 

.. .... .. º. "º 25 2 

ii ºº n n ºº ºº 0 1 

ºi ºI ºº ºº ºº ºº 150 3 

0 M. R. SC-me 0x100 o. 18 66 300 1 

0.05 M. R. san 7 0x100 0.24 90 0 2 

iº n ºº ºi ºº ºº 10 2 

º. .ºº. .º .º ºº 25 2 

ºý ºº ýº ºº ýý 0 1 

iý iº ºi n iý ºi 150 2 

0.0 M. R. san 7 50x100 0.24 90 300 1 

225 



TABLE 5.8 (cont. ) 
TRIAXIAL TESTING PROGRAM 

Rote 
St röf in 
%Im; n t7 

Type T 
of 

soil 

ype o 
Mesh 
Etemen E 

Size of L 
Mesh 
lement 
(m m) 

Mesh 
tee er a 
oec 
/" ( p ., 

Mesh 
te ý 
ontent 
m`I m) 

Cell N 
ressure 
kNlmi 

umber 
of 

Tests 

0.05 L. B. san 0x100 0.10 33 0 1 

U n n U ti n 10 2 

.. .. .. .. .. .. 25 1 

.. .. .. ýý .. .. 50 2 

.. .. .. ,. .. .. 150 1 

0.05 L. B. san 7 50x100 0.10 33 300 1 

0.05 L. B. san 7 50x100 --0.20 66 0 2 

10 2 

.. .. .. .. .. .. 25 1 

.. .. .. .. .. .. 50 1 

150 2 

0.05 . B, sand 7 50x10C 0.02 66 300 1 

0.05 . B. sand 7 50X10 0.27 90 0 1 

10 2 

ýý .. .. .. "" .. 25 1 

.. .. .. .. .. .. 50 1 

150 2 

0.05 L. B. san d7 50X100 0.27 90 300 1 
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TABLE 5.9 

SOIL TYPE : MI DROSS SAND 
MESH TYPE: 7 , MESH SIZE: 50x100mm 
MESH CONTENT : 33 m2/m3 

Cell 

Pressure 

; ktý! rr) 

Deºictor 
stress 

0t 
hak s+cte 

Cf 
the 

clýrE 

(kN! rr) 

De ctor 
stress 

of 
Peak stete 

cf 
the 

c c"rr p: sýte 
rr oter. cI 

(kt\! n') 

Deviator 
stress 

of 
Restdjel 
s 
15% axicl 

stroir, ) 
o, 1 the 
s: i clcnE 

(k! '! 0) 

Deviator 
stress 

of 
Residua( 

(15% cxi cd 
strain) 

of the 
corTiposite 
rt. cter1oI 
(kN/rr') 

Ptý-rformonce 
Effi tiency 

ct 
Peck 
ste"e 

(%) 

R"formcnce 
Efficiency 

ct 
Residiol 

state 

O/C 

0 - 6 - - 

10 69 144 41 138 108.7 236.6 

25 157 245 99 218 56.1 120.2 

50 314 488 218 399 55.4 82.5 

150 673 1008 49 825 15-S 27-1 

300 1446 
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TABLE 5.10 

SOIL TYPE : MID-ROSS SAND 
MESH TYPE: 7 , MESH SIZE : 50x10Omm 
MESH CONTENT : 66 m2/m3 

Cell 

Prc ssu re 

(k14 1m. ') 

Devi ctor 
stress s 

at 
Peak s tte 

of 
the 
soil 

alcne 

(kNIR') 

Deviator Deviator 
tress stress 

a. at 
Peak state Res- dual 

of stcte 
the (15% axial ( 

composite strain) 
of the 

rr, oterlel soil alone 

(kNIrr) CkNIn) 

Deviator PL-fornance 
stress Efficiency 

at 
) Residual (Ti 

stete 
15% az'al Ct 

strain) peak 
of the 

state composite 
rr, oteriol 
(kNIir) 

P -brrrcnce 
Efficiency 

(T ) 

ct 
Residual 

state 

0 49 - 31 - - 

10 69 211 41 186 205.8 353.6 

25 157 381 99 307 142.6 210.1 

50 314 560 218 411 78.3 88.5 

150 873 1139 649 1(117 3Q-4- SA -7 

300 1446 1726 1104 1578 19.4 43.0 
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TABLE 5.11 

SOIL TYPE : MID-ROSS SAND 
MESH TYPE :7, MESH SIZE : 50x100 mm 
MESH CONTENT : 90 m2/m3 

Cell 

Pressure 

(kNlrr? ) 

Devi ctor 
stress 

at 
Peak site 

Cf 
the 
soil 

DICne 

( kNIr) 

Deviator 
stress 

of 
Peok state 

Cf 
the ( 

ccrrpcsite 
m, otermot 

(l f /rr') 

Deviator 
stress 

at 
Res, djaI 
stCte 
15% anal ( 

strain) 
of the 
soil alone 

( ktvlrr2) 

Deviolor 
stress 

at 
Residual 
stete 
15% Cxinl 

strain) 
of the 
composite 
materiol 
(kNI rr) 

Performance 
Efficiency 

I'8) 

at 
Peck 
state 

(%) 

: >e-forrrcnce 
Efficiency 

(TI ) 

ct 
Restdual 

state 

(%) 

0 - 158 - 145 - - 

10 69 403 41 378 484.0 822.0 

25 157 534 99 '469 240.1 374.0 

50 314 692 21B 560 120.0 157.0 

150 873 1275 649 

300 1446 1904 1104 1662 32.0 50.5 
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TABLE 5.12 
SOIL TYPE : LEIGHTON BUZZARD SAND 
MESH TYPE: 7 , MESH SIZE : 50x100 mm 
MESH CONTENT :' 33 - m2/m3 

C ell 
Preswre 

(ktýlrr') 

Dev, ctor 
stress s 

at 
peak s-t¬ 

cf 
the 
soil 

alone 

(k. N lr, ') 

Deviator 
tress 

(a ' 
Peak s+cte 

0f 
the 

composite 
materiel 

(kN! rr) 

Deviator 
stress 

of 
Res-dual 
stete 
15% anal ( 

strain) 
of the 
soil alone 

(k! ýIrrl) 

Deviator 
stress 

at 
Residual 
stete 
15% axial 

strain) 
of the 
composite 
material 
(kNltr') 

Performance 
Efficiency 

(T) 

at 
Peak 
state 

(%1 

-forrcnce 
Efficiency 

(1) ) 

at 
Residual 

state 

(%) 

0 11 

10 62 115 37 118 85 5 19.0 

25 139 249 86 218 79.1 153.5 

50 273 504 193 400 

150 697 895 566 739 28.4 3n. o; 

300 221 1570 1030- 1295 28.6 25.7 
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TABLE 5.13 
SOIL TYPE : LEIGHTON BUZZARD SAND 
MESH TYPE :7, MESH SIZE : 50x 100mm 
MESH CONTENT: 66 m2/m3 

C 
PressurE 

(klrlrr') 

Deýºctor 
stress 

Ci 
Peci, Sate 

Cf 
the 
sotI 

clcýE 

NI) 

Deviator 
stress 

at 
Peck stete 

of 
the ( 

ccmpcsºte 
rr, oteriol 

(kNIm') 

Deviator 
stress 

at 
Res-, djal 
stete 
15% aYICI 

strain) 
of the 
soil alone 

CkNlrr) 

Deviator 
stress 

at 
Residual 
stete 
(15% axial 

strain) 
of the 
composite 
material 
(k N! rr') 

Performance 
Efficiency 

(. n) 

at 
Peak 
state 

(%) 

Pe-fxmcnce 
Efficiency y 

(Ti 

Ct 
Residual 

state 

(%) 

0 - 87 - 29 

10 62 252 37 193 306.4 421.6 

25 139 409 86 378 194.2 339.5 

50 273 569 193 452 108.4 134.2 

150 697 1070 566 914 53.5 61 5 

300 1221 1639 1030 1437 34.3 44.4 
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TABLE 5.14 
SOIL TYPE :- LEIGHTON BUZZARD SAND 
MESH TYPE :7, MESH SIZE : 50x 100 mm 
MESH CONTENT : 90 m2Jm3 

Cell 

Fressu re 

(kt. lrr') 

Deviator 
stress 

at 
Peak stttE 

Cf 
the 
soil 

alone 

CkNl ) 

Deviator 
stress 

at 
Peck state 

of 
the 

cr, R, posºte 
rr. oterial 

kNlm) 

Deviator 
stress 

at 
Res- dual 
stete " 
(15% a'icl 

-f 
strain) 

o the 
soil alone 

CkNlrr') 

Deviator 
stress 

at 
Residual 
stete 
(15% cxºal 

strain) 
of the 
composite 
rr, oterºal 
CkNIR') 

Performance 
Efficiency 

l ý) 

at 
peak 
state 

(%) 

Pe-formence 
Efficiency 

lf 

ct 
Residual 

state 

(%) 

0 - 164 - 101 

10 62 360 37 336 480.6 808.1 

25 139 514 86 460 270.0 435.0 

50 273 621 193 580 127.4 200.5 

150 697 1238 566 1164 77.6 105.6 

300 1221 1808 1030 1709. 48.1 66.0 
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TABLE 5.17 
TRIAXIAL TESTING PROGRAM., 

Roe 
Strom 

2)! m 1` 

Type 
of 

Soil 

Type of 
Mesh 
Elerrien 

Size of 
Mesh 
Element 

Mesh 
lement 

content 
%1ý ýº 

Mesh 
Elemen 
content 
(m'i m') 

Cell 
ressure 

(kN lm') 

Number 
of 

Testa 

0.05 , R. sand I Disc 0.18 66 0 2 

,. � � � to 10 2 

it to to of 25 2 

of to of it of of 0 2 

M 
to of of H H 

150 2 

105 . R. sand 13--Disc 0. I8 66 300 2 
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TABLE 5.18 
TRIAXIAL TESTING PROGRAM 

Rote 
Strom 

ýi (%,, min 

Type 
of 

Soil 

TYPE o 
Mesh 
E Ien en 

Size of 
Mesh 
Element 

Mesh Mesh 
lement Elemen 

content content 
(rrý 1 m) 

Cell 
re re 
kl l ) 

Number 
of 

Tests 

0.05 II. R. san NONE NONE NONE NONE 150 2 

0-5 N of of to 150 2 

2.0 M. R. san of it 150 2 

0.05 M. R. san Disc 0.18 66 150 2 

0. to 7 3 Disc 150 2 

nn tut ..., ý .7 T14 n TO 44 Tß, (1 2. 

0.005 

0.01 

0-05 

. R. san 

N 

7 0x100 
mm" 

� 1/ 

If If 

0.78 

N 

11 

66 

1/ 

,1 

150 

N 

H 

.3 

0-5 It It It 11 11 11 

2.0 M. R. san 0 100 0118 66 150 
mm 

0-25 L. B. san NONE NONE NONE NONE 150 2 

O5 If 11 It H 1, I 

2.0 N ,, ,1 II 11 ý1 2 

0.005 . B. sand 7 0x100 0.20 66 150 2 
nun 

0,05 .. ýt II n .. .. 2 

05 ., 1$ .. ..,. .. I 
2.0 L. B. sand 7 50x10 0.20 66 190 2 
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TABLE] 5.19 
MID-ROSS SAND + 155 mm DI AM. DISCS Type 7 

Cell 

Pressure 

(kwrr2) 

Devietor 
stress s 

at 
Peak s+cte 

Cf 
the 
soil 

CICne 

( kN rr } 

Deviator 
tress 

at 
Peak sate 

Cf 
the ( 

composite 
materidl 

( kt4Irt') 

Deviator 
stress 

at 
Res dual 
Stcte 
15% axicl ( 

strain) 
of the 
soil clone 

(ktýlm'1 

De. 'ictor 
stress 

at 

R 
eche al 

15% cxlal 
strain) 

of the 
composite 
material 
l ktýl m'} 

Performance 
Efficiency 

(ý) 

at 
Peck 
state 

(%) 

: ýe-formence 
Efficiency 

(TI ) 

ct 
Residual 

state 

(% ) 

0 - 215 - 220 - - 

10 69 254 41 252 266.1 514.6 

25 157 483 99- 432 207.6 336". 4- 

50 314 561 218 490 79.0 125.0 

150 873 1144 649 1010 31.0 56.0 

300 1446 1918 1104 1581 32.6 43.2 

0 
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TABLE 6.1 
MODEL FOOTING TEST DATA 

Soil and Type 
of mesh element 

mixture 
DIB 

Str, e 
at 

peak 
kN z 

Stress 
at 

resid. 
kN 2 

SIB 
at G 

pö k 

Improv. 
ratio 

pea k 

Improv 
ratio 

residual 

L. B. sand alone - 316 92 9.0 - - 

L. B. sand+Type 5340 0.5 400 217 10.6 1.26 2.36 

1 546.5 281 13.5 1.73 3.06 

" 2 732 485 15.0 2.31 5.26 

" -, 3. 626 574 15.5 1.98 6.24 

L. B. sand+Type 5340 4 710 680 17.0 2.25 7.39 

L. B. sand+Type 2 0.5 578 325 13.3 1.83 3.53 

1 677 430 13.1 2.14 4 67 

2 760 650 12.5 2.40 7.06 

". 3 680 530 11.0 2.15 5.80 

L. B. -sand+Type 2. 4 757 630 12.2 2.40 6.85 

L. B. sand+Type 4 0.5 475 293 14.0 1.50 3.16 

1 594 509 14.6 1.87 5.52 

2 650 557 14.3 2.05 6.05 

3 585 424 12.0 1.84 4.61 

L. B. sand+Type 4 4 590 450 14.3 1.86 4.90 
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TABLE 6.1(cont) 
MODEL FOOTING TEST DATA 

Soil and Type Stre S{ress SIB Improv. Improv 
at at ratio ratio 

of mesh element DIB peak resid. öQk at at 
1 

p%) peak residual mixture kN/m2kN m 

L. B. sand alone - 316 92 9.0 

L. B. sand+Type 5 0.5 448 172 9.6 1.42 1.87 

1 594 509 14.6 1.87 4.73. F 
of 2 650 557 14.3 2.05 6.74 

3 582 424 12.0 1.85 5.96 

L. B. sand+Type 5 .4 780 704 13.5 2.47 7.65 

L. B. sand+Type 6 0.5 472 278 9.56 1.49 3.02 

545 428 '11.38 

2 716 690 12.32 2 

3 580 520,11.60 

L. B. sand+Type 6 4.780 715 12.2- 2.47 7.77 

L. B. sand+Type 7 0.5 636 437 11.90 2.01 4.75 

"1 693 382 11.70 2.20 4.21 

2 963 (963) 20.0 3.05 10.46 

3 888 (888) 20.0 2.81 9.65 

L. B. sand +Type 74 853 (853) 20.0 2.70 9.27 
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TABLE 6.2 
MODEL FOOTING TEST DATA 

Soil and Type 
of mesh element 

mixture 
D/B 

Str 

peak 
kN 2 Im 

Sfress 
at 

resid 
kN Im 

S/B 
at 

(0/) (. o) 

Improv. 
ratio 

peak 

Improv. 
ratio 

ual residt 

Mid-Ross sand alone - 470 270 9.5 - - 

M. R. sand + Type 7 0.5 950 (950 20.0 2.02 3.52 

1 960 930 17.0 2.04 3.44 

2 1133. 1062.1 16.0 2.41 3.93 

ý 3 1221 (1221 20.0 2.60 4.52 

M. R. sand + Type 7 4 1164. 1104. 15.3 2.48 4.09 
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APPENDIX A 

PRINCIPLES OF LOAD-CELL DESIGN AND LOAD-CELL CALIBRATION 

BASIC EQUATION FOR DESIGNING A LOAD CELL 

The basic principle of strain gauging is that when a strain gauge is 

cemented to a deforming test piece, both the specimen and the strain 

gauge will suffer the same amount of strain. If the strain gauge is 

subjected to a strain All], its electrical resistance, R, will be slightly 

changed to a valueeR satisfying the following relationship: 

AR/R a &1 /1 

i. e. ARIR . (G. F. ) 61 /1 

where G. F. is a constant termed the gauge factor. 

-(A. 1) 

For test pieces made of elastic materials the relationship between the 

stresses and strains is linear and is given by the following equation: 
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E= stress / strain = ct 
(A2) 

where E is Young's modulus for the tested material. 

From equations(A. )(A. 2) the following expression can be derived 

&R 
-(A3) 

Hence, by measuring the change in the gauge resistance, the stresses 

imposed on the test piece can be calculated. 

Generally, the strains occurring in a piece of metal, within the elastic 

range, are very small. Accordingly, the change in the resistance will also 

be small. The measurement of such small resistance changes are made 

using a special circuit capable of measuring such small resistances. The 

Wheatstone bridge, which is composed of four resistances connected in the 

pattern shown in Figure Al, is one of the most convenient and accurate 

methods. As shown in the figure a D. C. current source with a constant 

input voltage, Vi, is applied across C. D. whereas a device to accurately 
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measure the output voltage, Vo, (e. g. high impedance voltmeter) is applied 

across AB. As the resistance of the voltmeter is extremely high compared 

to the resistance of any of the four arms forming the bridge the current 

passing through it is approximately equal to zero. Accordingly, the voltage 

across AD is given by (see Bransby, 1973): 

R1 
VAD I' Vi 

R fR4 
- (A. 4) 

and the voltage across BD is given by 

R2 
BBD i R2+R3 _ (A. 5 

The output voltage, Vo, between points A and B is calculated according to 

the following equation: 

V it V-VV 
R1R3 R2R4 

-( A. 6 
AB AD 8D i (R1+R4)(R2+R3) 
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If the resistance of each strain gauge changes slightly so that I71 

becomes Ri +A R I, R2 becomes R2 +A R2 and so on, and if ali strain gauges 

have the same initial resistances, i. e. R 1=R2=R3=R4=R, equation(A5) can be 

rewritten as follows: 

(R+ 8R1)(R+ ER3) - (R+ AR2)(R+ AR4) 
Vo Vi (Ri 6R1 + R+ AR4) (R+ AR2 +(R+ AR3 - (A7 

ignoring terms of second order, equation(A7)can be simplified to: 

ýi oRlýpR3 -pRA-pRA 

Accordingly, equation (A. 8) will be reduced to: 

tR 
vo . vi . -(A. 9 ) 

Equation(A8)also indicates that if the changes in the resistance of the 

four strain gauges are of equal magnitudes, i. e. ARI=A R2 =A R3 = AR4 - 

=AR, no change in the output voltage will be observed. Accordingly, it is 
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expected that any changes in the ambient temperature will not affect the 

load cell readings as the four gauges will be subjected to equal strains. 

(i) Design of load cells 

The load cells were designed to measure normal stresses only and no 

provisions were made to measure the shear stresses or the eccentricity of 

the normal stress. As the tests were performed with relatively smooth 

walls and the shear stresses acting on the wall were expected to be of 

relatively small magnitudes, it was considered sufficient to measure 

normal stresses only. Also, by using a large number of load cells the shape 

of the stress distribution could be accurately traced without the need for 

measuring the eccentricity in the normal force. 

In designing the load cells, the following considerations were taken 

into account: 

(1) The load cell reading should not be affected by any shear stresses 

acting on its face. 
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(2) The sresses in the load cell due to the maximum expected loads 

should not exceed the elastic limit of the load cell material. 

(3) The load cell should be sensitive to minor variations in stresses 

(4) The deflection of the load cell under the expected loads should be a 

minimum since a movement of about 0.001 of the wall height may 

reduce the stresses from those corresponding to the at rest 

conditions to the active conditions (Wu, 1975). 

(5) The load cell should be insensitive to ambient temperature changes. 

EXAMPLE OF LOAD CELL DESIGN 

From Figure A. 2: 

Dnominai Do + Di 
=2 -(AIO) 

where Do is the outer load cell diameter and Di is the inner load cell 

diameter. Cr - 
Normal orce -F_ (A. 1 1) 
Net Area Dnom. t 

where t is the wall thickness of the load cell. 

EU (A12) E 

where E is Young's modulus of the material, E is the axial strain and cfis 

the pressure capacity. 
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E for B. Copper = 1.24 x 108 kN/m2 - (A. 13 ) 

R =6 x Gauge resistance x Gauge Factor 

AR =E xR xX - (A14 ) 

where ; 

R 12052 

N=2.06 

Hence(A. 14jbecomes ; 

pR=Ex 120 x2.06 

specified by strain gauge 

manufacturers 

Substituting (A. 12) and (A. 13) into (A14) 

AR 
120 X2.06 199.3 
1.24x 108 108 - (A15) 
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Assume the maximum axial piston forces to be about 3 tons (or 29.43 kN). 

Then (A. 1 1) becomes: 

29.43 9_ 
IT Dnom. t Dnom. t - (A. 16) 

Substituting (A. 16) into (A. 15) becomes: 

1"ß6x 1Ö 5 
4R = Dnom. t -( A17 

Similarly from equation A9: 

V =. v" 4R- -(A. 18 out in 4R 

For one strain gauge longitudinal and one transverse (see Figure A. 3) 

equation (A. 18) becomes: 

Vaut = 2.6 V1 " 4R 4 -(A19) 

if the provided D. C. power soppy is assumed to be 10 volts then 
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Vout = 26 Vin- -(A. 20 4 

Substituting (A-17) into (A20) becomes, 

Vout 0.1007X10 5- 
(A. 21 

Gnom. t 

Assume t=5 mm, (see Figure A. 2) 

Then Dout = 17.78 and Din = 7.78 mm 

Thus Dnominal = 0.0 1278 m and t=0.005 m. 

Equation (A21) then becomes: 0.01638 Volts (or 16.38 mV say 16 mV 

increments). Thus the calibration factor will be; 

29.43/ 16 = 1.84 kN/mV 

APPLICATION OF STRAIN GAUGES 

The strain gauges used are 9.5 mm x 3.5 mm Showa foil strain gauges 
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with a guage factor of 2.06 and a nominal resistance of 120 ohms. These 

strain gauges are self-temperature compensated when used with 

aluminium alloys. A schematic diagram of a foil strain gauge is given in 

Figure A4. 

After the body of the load cell was manufactured according to the 

required shape, it was heat treated by placing it in boiling water for 20 

minutes to release the stresses induced in the manufacturing process. The 

load cell was left in the water to cool gradually. It was then removed and 

left in the air to dry. The strain gauges were glued to the surface of the 

load cell at the required positions using M-bond 200 adhesive according to 

the following procedure 

(i) Dry lapping was achieved by using a fine grade "'wet-or-dry" emery 

paper to smoothen the surface and to remove any rust, oxides or dirt 

that might have been present on the surface of the metal. 

(ii) Wet -lapping was then carried out by using the emery paper with a 

conditioner (M-Prep Conditioner A) to remove any grease on the 

*11-Line Accessories-Instruction OOulletin 0--127.2, March 1972. 
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surface. The conditoner was then removed by wiping with pieces of 

cotton wool untilthey were no longer discoloured indicating that the 

surface became clean. The conditioner was not allowed to dry by 

evaporation since this would leave a thin unwanted film between the 

adhesive, when applied, and the specimen surface. 

(iii) A neutralizer (M -Prep. Neutralizer D), which is a weak detergent was 

applied to the surface and again wiped using cotton wool 

(iv) Lay-out lines, to locate the positions of the strain gauges, were 

marked using a ball-point pen. 

(ý) The surface was scrubbed once more using the neutralizer and then 

wiped dry. 

(vi) The gauge was removed from its envelope with tweezers and placed 

on a chemically cleaned glass plate with the bond side of the gauge 

down. A piece of cellophane tape was then placed on the gauge. 

(vii) The gauge/tape assembly was placed in position over the layout 

lines. One end of the tape was then firmly pressed down to stick 

firmly to the specimen, while the other end was lifted slightly until 

the gauge was free from the specimen surface. 
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(viii) A very lithe amount of M-bond 200 catalyst was applied to the bond 

surface of the gauge to accelerate the hardening of the M-bond 200 

adhesive. 

(ix) One or two drops of the adhesive were applied on the surface of the 

specimen. 

(x) The gauge was brought down over the alignment marks on the 

specimen and pressed with ones finger for a least one minute. 

(xi) The cellophane tape was removed by peeling it slowly off the surface. 

(xii) The lead wires of the gauge, (see Fig. A4), were insulated by sleeves 

to prevent any opened electric circuits if they come in contact with 

the load cell body. The end of the wires were then soldered to a 

terminal which was cemented near the gauge. 

(Xiii) Insulated wires were used in connecting the gauges together to form 

the electric circuit shown in Plate Al. 

(xiv) All the gauges and terminals were covered with a water proof 

coating to protect them from any moisture in the air. 
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FIG. B. 1 
200mm x 155mm dia. TRIAXIAL TEST DATA 

SOIL TYPE MID-ROSS SAND 

MESH TYPE NONE 

MESH CONTENT 0.000 M 'M 3 0.000 % dry weight 

SLOPE - INTERCEPT RELATIONSHIP 

STRAIN % 0.5 1.0 2.0 3.0 4.0 

M (deg) 5B. 58 69.77 
I 

74.36 76.95 78.41 

N 109.1 74.35 161.0 174.1 165.4 

0 (deg) 13.98 27.48 34.24 38.58 41.27 

C (KN/MZ) 42.66 22.56 1 42.6 41.91 37.45 
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FIG. B. 2 
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200mm x 155mm dia. TRIAXIAL TEST DATA 

SOIL TYPE MID-ROSS SAND 

MESH TYPE NONE 

MESH CONTENT 0.000 M''M 3 0.000 % dry weight 

SLOPE - INTERCEPT RELATIONSHIP 

STRAIN X 5.0 6.0 7.0 8.0 9.0 

M (deg) 79.15 79.66 79.94 80.07 79.95 

N 152 115.5 70 18.91 -12.87 

e (deg) 42.72 43.74 44.3- 44.6 44.35 

C (KN; M2) 33.26 24.67 14.73 3.95 -2.71 

200 

150 

10C $ 
+ 

50 5.0% 

6.4 
so%nz 

0 50 100 150 200 250 300 

CELL PRESSURE (KN M2) 

272 



FIG. B. 3 
200mm x 155mm dia. TRIAXIAL TEST DATA 

SOIL TYPE MID-ROSS SAND 

MESH TYPE NONE 

MESH CONTENT 0.000 M2/M3 0.000 % dry weight 

SLOPE - INTERCEPT RELATIONSHIP 

STRAIN % 10. li. 12. 13. t 14. 

M (deg) 79.47 78.82 78.07 77.58 77.5 

N 1 -6.9 21.59 51.1 67.27 67.59 

0 (deg) 43.37 42.08 40.63 39.72 39.5B 

C (KN, M2) -1.49 4.79 11.74 15.78 15.9 
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FIG. R-4 
200mm x 155mm dia. TRIAXIAL TEST DATA 

SOIL TYPE MID-ROSS SAND 

MESH TYPE NONE 

MESH CONTENT 0.000 M2/M3 0.000 % dry weight 

SLOPE - INTERCEPT RELATIONSHIP 

STRAIN X 15. 

M (deg) 77.47 

N 66.29 
I1 

e (deg) 39.53 
1! 

C (KN/MZ) 15.62 

20 

N 
Z 

Z 
ýC 15 

U) 
En 
LSD 

U) 

0- 
U 
Z 

CELL PRESSURE (KN/M2) 

274 

0 50 100 150 200 250 300 



FIG. B. 5 
200mm x 155mm dia. TRIAXIAL TEST DATA 

SOIL TYPE MID-ROSS SAND 

MESH TYPE NONE 

MESH CONTENT 0.000 M2/M3 0.000 % dry weight 

SLOPE - INTERCEPT RELATIONSHIP 

STRAIN % PEAK RESID. 

M (deg) 79.6 77.47 

N 133.0 66.29 

0 (deg) 43.63 39.53 

C (KNIMZ) 28.49 15.62 

N 

Z 

U7 
U) 
W 
cc 
1- 
CD 

a H 

7- 
1-4 
Q 
a 

0 

z 

21 

CELL PRESSURE (KN/i2) 

275 

0 50 100 150 200 250 300 



FIfi. B. 6 

N 

ý/S 

V) 
'^ V1 

w 
'^ 

i- 

V 

J 
4 
CL 
H 
U 
Z 
H 
er_ 
a 

0 

200 

150 

10C 

Sc 

200mm x 155mm dia. TRIAXIAL TEST DATA 

SOIL TYPE MID-ROSS SAND 

MESH TYPE 7 

MESH CONTENT 33.00 M2/M3 0.090 % dry weight 

SLOPE - INTERCEPT RELATIONSHIP 

STRAIN % 0.5 1.0 2.0 3.0 4.0 

M (deg) 59.13 68.32 74.71 76.76 78.23 

N 124.3 165.4 241.4 296.7 318.5 

S (deg) 14.58 25.54 34.3 38.24 40.93 

I (KN M2) 48.05 52.13 1 63.11 71.97 72.68 
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SOIL TYPE MID-ROSS SAND 

MESH TYPE 7 

MESH CONTENT 33.00 M 2i/M 3 0.090 % dry weight 

SLOPE - INTERCEPT RELATIONSHIP 

STRAIN % 5.0 6.0 7.0 8.0 9.0 

M (deg) 78.96 79.69 80.25 80.35 80.11 

N 329.6 285.0 212.1 160.7 137.2 
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" ZOOmm x 155mm dia. TRIAXIAL TEST DATA 

SOIL TYPE MID-ROSS SAND 

MESH TYPE 7 

MESH CONTENT 33.00 M 21M 3 0.090 % dry weight 

SLOPE - INTERCEPT RELATIONSHIP 

STRAIN % 10. It. 12. 13. 14. 

M (deg) 79.52 78.9 76.31 77.86 77.58 

N 150.4 174.2 197.1 213.0 222.1 

S (deg) 43.45 42.22 41.03 40.24 39.73 

I (KN/M2) 32.34 38.57 44.32 49.38 52.09 
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FIG. B. 9 
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200mm x 155mm dia. TRIAXIAL TEST DATA 

SOIL TYPE MID-ROSS SAND 

MESH TYPE 7 

MESH CONTENT 33.00 M'M 3 0.090 % dry weight 
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STRAIN % 15. i 
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FIG. 8.10 
200mm x 155mm dia. TRIAXIAL TEST DATA 

SOIL TYPE MID-ROSS SAND 

MESH TYPE 7 

MESH CONTENT 33.00 M2/M3 0.090 % dry weight 

SLOPE - INTERCEPT RELATIONSHIP 

STRAIN % PEAK RESID. 

M (deg) 79.72 1 77.56 

N 300.1 221.1 

S (deg) 43.87 
t 

39.69 I I 

I (KNIMZ) 63.89 51.91 

20 

Cu 

Z 
ýC 15 

w w W 
cr- 
I -- 
w 

a H 
C-3 z H 
cr 

a 
CL 
O 

CELL PRESSURE (KN/ M2) 

2 60 

0 50 i00 150 200 250 300 



FI f- i- R. 11 
200mm x 155mm dia. TRIAXIAL TEST DATA 

SOIL TYPE MID-ROSS SAND 

MESH TYPE 7 

MESH CONTENT 66.00 M'M 3 0.180 % dry weight 

SLOPE - INTERCEPT RELATIONSHIP 

STRAIN % 0.5 1.0 2.0 3.0 4.0 

M (deg) 61.69 68.65 75.23 77.37 78.84 

N_ 118.9 176.4 241.0 301.1 318.0 

S (deg) 17.45 25.97 35.64 39.35 42.11 

I (KN/M2) 43.63 55.16 61.89 71.25 70.61 
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FIG. B. 12 
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200mm x 155mm dia. TRIAXIAL TEST DATA 

SOIL TYPE MID-ROSS SAND 

MESH TYPE 7 

MESH CONTENT 66.00 M 2i/M 3 0. i8o % dry weight 

SLOPE - INTERCEPT RELATIONSHIP 

STRAIN X 5.0 6.0 7.0 8.0 9.0 

M (deg) 79.75 80.5 60.91 81.02 80.88 

N 322.2 272.2 213.7 163.3 128.6 

S (deg) 43.93 45.52 48.4 46.66 46.35 

I (KN/MZ) 68.51 55.66 42.75 32.45 25.75 
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FIG. B. 13 
200mm x 155mm dia. TRIAXIAL TEST DATA 

SOIL TYPE MID-ROSS SAND 

MESH TYPE 7 

MESH CONTENT 66.00 M'M 3 0.180 % dry weight 

SLOPE - INTERCEPT RELATIONSHIP 

STRAIN % 10. It. 12. 13. 14. 

M (deg) 80.38 79.82 79.4 79.08 78.97 

N 141.1 161.7 176.3 188.8 191.8 

S (deg) 45.26 44.07 43.21 42.58 42.36 

I (KN/M)2 29.03 34.26 38.14 41.47 42.33 
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Fir,. ß. 1c1 
ZOOmm x 155mm dia. TRIAXIAL TEST DATA 

SOIL TYPE MID-ROSS SAND 

MESH TYPE 7 

MESH CONTENT 66.00 M'M 3 0.180 % dry weight 

SLOPE - INTERCEPT RELATIONSHIP 

STRAIN % 15. 

M (deg) 78.95 I 

Ni 190.8 

S (deg) 42.32 

I (KN/M*L) 42.15 

I 

200 

150 

4 

IOC 

5t 
+ 

+ 

0 50 100 150 200 250 300 

CELL PRESSURE (KN/M2) 

284 



FIG. 8.15 
200mm x 155mm dia. TRIAXIAL TEST DATA 

SOIL TYPE MID-ROSS SAND 

MESH TYPE 10 
MESH CONTENT 66.00 M2/M3 0.180 % dry weight 

SLOPE - INTERCEPT RELATIONSHIP 

STRAIN % PEAK RESID. 
1 

M (deg) 80.52 I 78.95 
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FIG. B. 16 

201 

200mm x 155mm dia. TRIAXIAL TEST DATA 

SOIL TYPE MID-ROSS SAND 

MESH TYPE 7 

MESH CONTENT go. 00 M 2'M 3 0.250 % dry weight 

SLOPE - INTERCEPT RELATIONSHIP 

STRAIN X 0.5 1.0 2.0 3.0 4.0 

M (deg) 63.09 68. i5 74.89 77.75 78.99 

N 116.7 234.8 320.1 376.1 423.5 

S (deg) 19.06 25.32 35.09 40.04 42.39 

I (KN/M2) 41.59 74.35 83.15 87.62 93.39 
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FIG. B. 17 
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200mm x 155mm dia. TRIAXIAL TEST DATA 

SOIL TYPE MID-ROSS SAND 

MESH TYPE 7 

MESH CONTENT 90.00 M2/M3 0.250 % dry weight 

SLOPE - INTERCEPT RELATIONSHIP 

STRAIN % 5.0 6.0 7.0 8.0 9.0 

M (deg) 79.82 80.49 e0.9 81.05 80.85 

N 430.7 390.5 327.7 274.3 252.8 

S (deg) 44.07 45.49 46.39 46.71 46.28 

I (KN/M2) 91.25 79.9 65.55 54.41 50.71 
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FIG. B. 18 
200mm x 155mm'dia. TRIAXIAL TEST DATA 

SOIL TYPE MID-ROSS SAND 

MESH TYPE 7 

MESH CONTENT 90.00 M2/M3 0.250 % dry weight 

SLOPE - INTERCEPT RELATIONSHIP 

STRAIN % 10. It. 12. 13. 14. 

M (deg) 80.47 80.22 80.05 80.02 79.95 

N 258.0 259.6 262.8 260.3 260.4 

S (deg) 45.45 44.92 44.55 44.48 44.35 

I (KN/M2) 52.84 53.87 55.02 54.6' 54.79 
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FIG. R. 19 
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FIG. B. -20 
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APPENDIX C 

PRINCIPLES 

of 
PULL- OUT TESTI NG 

TECHNIQE 

SOME EXPERIMENTAL 
RESULTS 

of 
TYPE 7, MESH 



PULL OUT TESTING a' 

( After Pradhan G. S. 1985 ) 

1. General 

In order to carry out pull-out (anchorage) tests on mesh, 

the apparatus described below was developed and used in 

this study, as shown in Plate C. 1. 

Plate CA G, ý:, tral view of the pull-out apparatus. 

2. Descricticn of the Pull-out Test Apparatus: 

Essentially the apparatus consists of the fcl lowing 

parts: - 

(i) Proving-ring with dial-gauge. 

(ii) Mesh (specimen) clamping block. 

(iii) Pull-out Box with its accessories. 
(iv) Horizontal screw-jack with cross-pieces for appl%ýinc 

Dull--out force. 

(i) The proving-ring is a standard steel ring with 
dial-gauge attached to it, Plate C. 2. Application of 
load on t:: e ring will change the shape of the ring. The 
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amount of change of shape of the ring wil 1 be recorded iy 

the dial-gauge. Thus the pul l-out force can be 

calculated. The dial-gauge can record up to 0.002 mm 

distortion of the ring. The calibration chart is as 

shown in Fig. C. 7. 

2700 1- 11 -1 

2400 

1ä0O 

07 
i 

'f2 00 

i 6oc 

FIG. C. 7 Prcv: ina-ring constant. 
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(ii) Mesh (specimen) clamping block is similar to 

Tensar-jaws block Plate C. 3. The base plate is rigidly 
fixed to the main frame. It has two rows of parallel 

grooves containing six to seven balls in each , rooý%e 
P1 ar: C. 4. 

4 

The grooves run longitudinal longitudinally to the main frame. : 'he 
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Plate C. 3 Clamping block (Tensar - jaws block) 

L. 
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ý: np . (g ... ýý-.. c 



Tensar-jaw block sits on the balls and the back of the 

The mesh is held inside the jaw by pressing two parallel 

thin plates with the help of three screws from the top of 

the block itself, Plate C. 5. 

(iii) The pull-out box is the main part of this 

apparatus. The inside dimensions of the box are 199 x 

100 x 60 mm and it is made of 12 mm thick steel plates. 

The base of the box and the lower part of the cover are 

corrugated. Plate C. 6. The cover exerts 1 kPa normal 

vertical pressure to the box and there are the provision 

for placing two hangers on top of the cover which wil 1 

exert load symmetrically to the pull-out box, Plate C. 7. 

4 
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Plate C. 5 Clamping block connected to the proving-ring. 



Plate C. 7 Prevision for hangers on top of cover . 

i 

To add additional weights, a wcoden block is placed 

centrally on tcp of the two parallel horizontal bars of 
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Plate C. 6 Pull-out Box with cover. 



the hangers. Weights are placed on tcp of the wocden 
,-,....., _ r- 1_a... 1-0 

weights. 

4 

a 

C. ý -. - cox s 

There are two metal plates attached tc the bcttom of the 

box and these come into contact with the balls. Of these 
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Plate C. 8 Pull-out box with hangers, woode:. I- _cck and 

The pull-out box sits on top of two rows of balls in a 

longitudinally tlacec 



two p1 ates, cne has a plane smooth f ace and the other has 

a grooved face. The grooved plate when it comes into 

contact with the balls gets locked laterally and thus it 

prevents the sideways movement of the box, but it is free 

to move 1cnc-t' dinally. Plate c. 10. 
_ 

Plate C. 11 Slit opening of the box. 

The height of the slit opening in the box and the jaw of 

the Tensar cl ampinQ block are kept at the same level. 
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Plate C. 1O Metal plates at the bottom of the box. 

There is a thin horizontal slit opening to the full width 

c` ý:. _ -x, Plate C. 1:. 



The mesh (speci; 'ei 

intc the box after 
block, Plate C. 12. 

of brushes from cu 

fixing the other end in the clamping 

The slit opening is lined with a pair 

tside just tc protect the spilling of 

Plate C. 12 Shows the seicht of slit opening and the 

clamping block. 

I 

4 

0 

sand through the openings, Plate C. 11. The other end of 

the box is hocked with a strong threaded rod which forms 

part cf the moving part of the screw-jack, Plate C. 13. 

P a±e C. 13 Strcr threaded rod ccnnected to the pull-out 
box. 
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.4 

(iv) The horizontal ly fixed screw jack is 'the main 

source of applying pul ling fcrce manually. There are 

four cross-pieces attached to it so that the screw jack 

can be operated by hand. The threaded rod passes through 

a rigid angle block attached to the main frame. The 

Pull-cut box can be pulled or pushed back by simply 

operating the crew-Jack, Plate C. 14. 

((a ) (b) (c) (CO 
Plate C. 15 Different geometrical shape of type 7 mesh: (a) 

Alternate cross and longitudinal ribs cut out 

(b) All cross ribs cut out (c) Al 1 cross-ribs 

cut out except for end rib (d) Full mesh. 
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Actual measurements were taken from the dial-gauge 

attached to the proving ring, Plate C. 2. One reading was 

taken for a certain . normal load applied-to the particular 

embedded length of the mesh. Readings were divided into 

different groups according to the normal loads applied 
and of course when there was a change of mesh or sand. 
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APPENDIX D 

CORRECTION STUDIES 
IN 

TRIAXIAL TESTING 



(a) VOLUME CHANGE CORRECTION 

All triaxial testing was carried out at fully drained and dry 

conditions. This whole work was a series of comparative tests 

between sand alone and sand mixed with mesh elements. In order to 

calculate the values of the deviator stresses at any particular axial 

strain, the piston force had to be divided by the cross sectional area 

of the triaxial sample at that strain. Thus referring to Figure D. 1, a 

triaxial specimen at an axial strain E1, having a cross sectional 

area A, and a piston force F1, has a deviator stress: 
F 

1 31 Al 

or 
(csý_cr3)ý - 

F1(+O-MI) 
- (0.1) 

where: 
(V. _&V 1) 

Lo : Is the original sample height , 

All : Is the change in height at strain El 
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Vo : Is the origInal sample volume , 

AV I: is the change in volume at strain Eý. 

Similarly at an axial strain E2, the deviator stress is : 

U3)2 . 
2( +o-Al) 

-(D. 2) (Vo_zV2) 

where 612 and AV2 are the changes in sample height and volume 

respectively, at an axial strain 62 due to the piston force F2. 

From equations D. 1 and D. 2 it can be observed that the cross 

sectional area of the sample is a direct function of Its original 

volume plus a change in volume ( AV). This change in volume takes 

place during initial consolidation of the sample and during subsequent 

dilation (or shearing). For dry sand however, it is very dirf icult to 

monitor both of these. Additionally, the shape of trlaxial specimens 

containing sand mixed with mesh elements (shown in Figure 5.71) and 

Plates 22 and 30) during testing, is irregular due to growths formed 

by sand/mesh agggregations that slip"sideways" during straining. 

Thus the analysis of the above equations that is based in pure 

geometry (from Figure D. 1) is not fully valid and the determination of 

the average cross sectional area 1s rather complex. Thus In the 
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calculations of deviator stresses In triaxial testing, the initial 

volume has been assumed to be constant. As the testing of this work 

was of comparative nature, the error between deviator stresses for 

soil alone and the composite material calculated with this constant 

volume assumption, should be very small. A number of triaxial tests 

however were carried out on 38 mm (1112 inch) fully saturated 

samples of sand alone and the change in volume AV during testing 

was assessed (see Figure D. W. From this figure it is apparent that a 

maximum error of about 5% is resulted between dry samples tested 

with constant volume assumption and triaxial samples tested 

measuring their volume change. Therefore the comparative error for 

the sand, or sand and mesh elements would be a fraction of this. 

(b) MEMBRANE CORRECT ION 

The assumed restraints imposed on the specimen by the rubber 

membrane enclosing it, were taken into account and a correction 

study to the measured stresses was also made. A method of 

calculating this correction was developed by Henkel and Gilbert 

(1952) based on the properties of the rubber membrane. This method 
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gave results in substantial agreement of the measured values and was 

based in the following assumptions: 

(1) that the membrane, when held against the sample by the cell 

pressure, was capable of taking compression; 

-12) that the sample deforms as a right cylinder in the case of 

plastic failure. In the case of failure on a single shear plane, the 

behaviour of the rubber membrane is more complex than in the case of 

plastic failure. No satisfactory analysis has so far been possible but 

previous experimental evidence suggest that the correction increases 

slightly with cell pressure and, at the same same strain, may be 

considerably larger than for plastic failure. 

Since the Poisson's ratio of rubber is almost exactly one-half, It 

follows that In undrained tests no hoop tension Is Induced In the 

membrane. The correction is therefore applied to the axial stress and 

not to the lateral pressure. 

I1( 01 - c73)m is the measured compression strength, then the actual 

compression strength(ccl -cr3)of the sample will be given by: 

(Uý - a3) = (01-c13)m- rt. DaM. E 
-(D. 3) 
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where a denotes the corrected area of the sample at an axial strain E1º 

D denotes the initial diameter of the sample and M denotes the 

compression modulus of the rubber membrane per unit width. 

The correction Ur 0 to the measured compression strength, due to 

the effect of the rubber membrane is therefore: 

rr. D. M. E rr. D. M. E (1- E) 
- (D. 4) Or _a ao 

where ao is the initial cross sectional area of the specimen. 

The compression modulus M cannot be measured directly on a thin 

membrane but its value may reasonably be assumed to be similar to 

that measured in extension. 

With the arrangement shown in figure D. 3, a circumferential strip 

I in (or 25.4 mm wide) was used to find the extension modulus M. 

(Chalk on the contact face between the glass rods and the rubber 

served to reduce friction). The circumferential rubber strip was 

loaded gradually and its extension was measured against the applied 

loading. The average membrane thickness was in the order of about 

0.028 mm. 
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The slope of the graph of load versus strain (%) gave an 

extension Modulus of almost 4.55 kN/m/strain. Thus (D. 4) becomes : 

car = 117.3 E(1-E) kNlm2 -(D. 5) 

For the use of 2 membranes (D. 5) becomes : 

5r = 234.6E (1-E) kNlm2 -iD. 6) 

Theoretically when E=0, Ur =0 

when E=3.0% 

then cfrN6.8 kN/m2 

when E=6.0% 

then cl rN 13.2 kwlm2 

and when E= 15% (assuming plastic failure) 

Cf rf%. -30.0 kN/m2 

The above calcualtions are based on the assumption that the failure is 

plastic. 
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It the failure however occurs at a single shear plane, then an 

actual correction of 4.15 kN/m2 (0.6lb/sq. in. ), or for 2 membranes, a 

total of 8.30 kN/m2 could be applied because failure on a single shear 

plane usually occurs as a comparatively small strain and the actual 

correction at failure is generally of the same order as the 4.15 kN/m2 

applied to plastic failures at 15% strain. (Bishop and Henkel, 1962). 

tc) 
-CORRECTION 

STUDY DUE TO SHORTAGE IN CIRCUMFERENTIAL 

A correction factor had to be studied for the case of membranes 

having shorter circumferential length than the actual circumferential 

length of the triaxial specimen itself. 

When rubber membranes were supplied new, their length was 

about 6 inches or 153 mm. Therefore they had to enclose a cylindrical 

soil sample which was exactly 155 mm according to the dimensions 

of the split mould. Thus the membrane length shortage applied a 

small radial pressure which was calculated (see Fiore D. 2) as 

follows: L= TO _(D. 7) 
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Where D is the rubber membrane's original diameter 

and L its circumferential length. 

Assume L1t to be the shortage in circumferential length and AD a 

shortage in diameter. 

Thus; 1T(D+AD)= L+At -( D-8) 

Hence, 1r. D *nMDa L +Ol 

and ' nzD -AI-(D. 9 ) 

Assuming the tensile strength of the rubber membrane (according to 

Figure D. 2) to be a 3, and the force induced due to shortage In length 

F, then; 

_F_ 
MAl! L 

_ 
M. Ml 

3DDD. n D 

Hence, 

cs =M"AD 3D - (D. 10) 

Where M Is the modulus of Elasticity of the rubber membrane, D Is Its 

original diameter and AD Is Its shortage in diameter. 

(For equation (D10) to be valid, an assumption has to be made that 

there will be no initial volume change in the specimen) 

Substituting the previous numerical values in ( D. 10) for M and D; 

_ 
M. rtA D 
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cri - 2.0 OD kNlm2 

If the shortening of the membrane is in the order of 1 to 2 mm, then 

03 becomes a max of 4.0 kN/m2, or 8.0 kN/m2for two membranes. 

When the membrane is used twice, the circumferential length 

shortage-factor is eliminated because of the stretching of the 

membrane due to wash. 

Thus an Initial pressure of 0 to 8 kN/m2 could be applied to the 

cell pressure as a correction factor, accordingly. 

I 
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APPENDIX E 

FULL-SCALE TRIALS OF MESH ELEMENTS 

1. INTRODUCTION 

Extensive laboratory tests on a well-graded sand of 

fluvio-glacial origin (called 'Mid-Ross Sand') mixed with 

randomly distributed polymeric mesh elements have shown that 

the inclusion of mesh elements can substantially improve the 

shear strength properties of the composite material without 

altering its ductility or permeability (see Fig. E. O. 

To take this work further, full-scale trials of the bearing 

capacity of fill containing mesh elements have been carried out 

at the Transport and Road Research Laboratory. 

2. METHOD 

The trials were carried out in one of the TRRL covered test 

bays, 17 m in length and 5m wide with concrete side walls and 

a floor formed by the naturally occurring deposit (Bagshot 

Beds). The bay was divided up into 8 sections, as shown in Fig. 
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E. 3, different materials being separted by plywood sheets. The 

materials used are described below. 

2.1 Mesh elements 

The mesh is manufactured from polypropylene using the Netlon 

extrusion process. It has a mass per unit are of about 52g/m2. 

The maximum tensile strength of the mesh when tested as 200 

mm x 100 mm specimens, at constant rate of strain of 29 per 

min and temperature of 200C was: - 

Type 7: Machine direction 

Cross machine direction 

Type 10: Machine direction 

Cross machine direction 

Dimensions of mesh are: - 

3.5kN/m 

3.8kN/m 

4.3kN/m 

3.8 kN/m 

Type 7: Filament thickness, machine direction 

0.5 mm 
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Filament thickness, cross machine direction 

0.48 mm 

Filament openings 

6.7 x 7.1 mm 

Type 10: Filament thickness, machine direction 

0.47 mm 

Filament thickness, cross machine direction 

0.45 mm 

Filament openings 

lox 10 mm 

2.2 Sand 

The 'Mid-Ross sand' was obtained from the same source as for 

previous laboratory work. It had sub-angular particles ranging 

in size from 0.05 to 7 mm diameter with a coefficient of 

uniformity of 5. A preliminary grading curve* Is given in Fig. 

E. 2. The sand was delivered at a moisture content of 6%. 

Untreated sand was placed directly in the test bay and spread 

in 100 mm layers. Water was sprayed on to bring the moisture 
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content up to the 9% used in the laboratory work, and the sand 

compacted with 6 passes of a vibrating plate compactor 

(Benford VPC50). Sand containing mesh elements was mixed in 

half ton batches in a rotating paddle mixer with the required 

quantity of 'Type 7" mesh elements to give 66 m2 of elements 

per m3 of sand. Water was also added to bring the moisture 

content up to 9%. The sand was then placed and compacted in 

the same manner as the untreated sand. 

Measurements with a Troxier nuclear gauge, using back-scatter 

mode gave : 

Untreated sand Sand with mesh elements 

Bulk density(Mg/m3) 1.88 1 1.81* 

Moisture, content(%) 1 6.8 1 7.6k 

The moisture content was confirmed with an oven drying test 

after completion of the trials (7.0%). 

*Readings may have been affected by the presence of hydrogen 

in the polymer of the mesh elements 
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A volume of sand with mesh elements was excavated from 

beneath the sites of several bearing capacity tests. The sand 

and mesh elements were weighed. From the density of the 

sand, the proportion of mesh elements was calculated to be 36, 

64 and 44 m2/m3. There is some uncertainty in this procedure 

because of the difficulty of counting elements at the edge of 

the hole. 

2.3 Aggregate 

The aggregate was a limestone aggregate from Somerset, 

intended as a 'Type 1' sub-base material (DTp Specification, 

Clause 803). This material had been used in previous trials 

with Tensar; a provisional grading is given in Fig. E. 2. Shearbox 

testing on Type 1 aggregate gave a shear strength parameter of 

ulk. 
4 w 450. The moisture content in thin cane was about 3%. 

The aggregate was treated similarly to the sand, except that 

each 'layer was compacted with 4 passes of a vibrating roller 

(Stothert and Pitt Vibroll D75), and an additional final 

compaction was given with four passes of a heavy vibrating 

plate (Whacker DPU 6760). One measurement only of the 

proportion of mesh element was made after the trials, which 

gave 83m21m3. 
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2.4 Clay 

The clay used was remoulded London Clay, of liquid limit 

78 % and plastic limit 249 Cohesion;, measured, with a Pilcon 

shear vane was 25.1 kN/m2 (40 tests, s. d. - 4.7 kN/m2) for the 

clay and 36.4 kN/m2 (8 tests, s. d. - 7.4 kN/m2) for clay with 

mesh elements. The moisture content of clay alone was 39.69 

(5 tests, s. d. 1.99) and for the clay with mesh elements was 

38.2% (5 test samples, s. d. 0.53%). 

The untreated clay was placed in 200 mm layers, and 

compacted with 4-6_ passes of a light roller (Vibrol D75 

without vibration). The formation was too weak to permit 

heavier plant. 

'Type 10' mesh elements were mixed into the clay with a 

rotavator, the clay being spread over an adjacent area. It was 

found necessary to reduce the proportion of elements to 38 

m2/m3, as this was the maximum that could be dealt with by 

the rotavator. 
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3. TEST PROCEDURE 

Kentledge for the bearing tests was applied through the 

moveable loading frame previously used for the Tensar trials; 

load was applied through a jack and load cell to either a 300 

mm or a 100 mm diameter circular footing. The load cell 

calibration was checked in the laboratory against a second cell 

of known accuracy. Footing penetration was measured from 

two dial gauges on an independently mounted beam. In a few 

tests with the 100 mm plate, a surcharge of 19 kN/m2 was 

applied through a loaded anulus of inner and outer diameters 

105 mm and 300 mm resting on the formation around the plate. 

For each test, an area was first levelled as far as possible 

without distrubing the mesh elements, and a thin layer of sand 

spread over it. The footing plate was then placed and carefully 

levelled. Care was also taken that the jack was mounted 

vertically. To carry out the test, a load increment was applied 

through the jack. The jack was then left 3 mans without any 

adjustment of load, and the penetration recorded (penetrations 

after i min were also recorded for some tests). After the trails 
had been completed, profiles across some of the tested areas 
were measured (Fig. E. 4). 
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4. RESULTS 

4.1 300 mm diameter plate on sand 

Fig. E. 5 shows peak pressures for the four sections with 

sand, and Fig. E. 7 shows pressure/penetration relations 

obtained for the sand alone and sand with elements. There is 

little difference in peak pressure, and the only marked 

difference in behaviour is the large 'rebound' effect during 

unloading of the sand with mesh elements. 

4.2 300 mm plate on aggregate 

Fig. E. 6 shows peak pressures for the four aggregate 

sections, and Fig. E. 8 shows pressure/penetration curves for 

four of the tests carried out. Peak pressures on aggregate over 

clay with mesh elements are appreciably higher. In aggregate 

with mesh elements, peak pressures tend to occur at higher 

penetrations, and'rebound' effects are more marked (Fig. E. 9). 

4.3 Comparison of 300 mm and 100 mm plates 

To examine the possibility of a 'scale factor' (i. e. ratio of 

size of element to size of bearing plate), a few tests were 

carried out with a 100 mm plate on sand. The results are 

shown in Fig. E. 10 and indicate that the mesh elements are no 
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more effective in improving bearing capacity for the smaller 

plate. 

4.4 Effect of surcharge 

The effect of a surcharge of 19 kN/m2 on the bearing 

capacity of a 100 mm plate on sand is shown in Fig. E. 11. There 

is an increase in bearing capacity both with and without 

elements, but the increase is far greater in sand with mesh 

elements (a four-fold increase). The pressure/penetration 

relation is also very different; with the elements, there is a 

further increase in pressure with penetration after the first 

peak is attained (Fig. E. 12). 

5. DISCUSSION 

1. Without the use of a surcharge, there was little benefit in 

using mesh elements to increase the bearing capacity of either 

the sand or aggregate. In the case of the aggregate, the 

aperture size of the elements may well have the inappropriate 

for such a coarse material. The elements may even have 

weakened the pavement of ter compaction. There may, however, 

be an improvement in performance at larger penetrations than 

those presently investigated. The 'rebound' effects suggest 
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that a more ductile material is formed. An additonal 

uncertainty is that the correct level of compaction for material 

containing mesh elements is not certain. 

2. The benefits of the mesh elements in the sand did not 

Improve with a smaller plate. This suggest that the size of the 

elements is not an important factor, at least in the range of 

100 mm-300 mm diameter footings. 

3. In the case of aggregate pavement on a clay subgrade, the 

use of mesh elements in the clay did appear to produce 

significant benefit. This requires further investigation; It 

must be confirmed that variability in moisture content or 

distribution of elements in the clay are not involved. The shear 

vane which was used is not an appropriate tool for clay 

containing mesh elements. It would be desirable to expose the 

subgrade for examination at a later date. 

4. The tests with surcharge indicated that this is a very 

important factor; the few results available indicated 
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substantial benefits both in peak pressure, and at larger 

penetrations. This agrees with laboratory findings, that 

maximum benefit is obtained at a suitable level of confinement. 

Further tests should be carried out to confirm and enlarge on 

this aspect. 
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THE USE Of MESH EIEtCNTS TO ALTER THE STRESS. STRAIN SENAVIOUR Of GRANULAR SOILS 

t"E1ß01 OE PETITS BOUTS OE NAILLE POUF IEX)IFIOR LA RESISTANCE A LA INACTION DES SOTS CRAºUTAIRES 

DIE KRt1EN IC VON KSH"ELE14ENIEN ZUR AENDERUNC PER STRECKENSPANNUNG EIGENSCWºTTEN IN KÖRNIGE BODEN 

4 
Ein interessante neue Entwicklung in Geotextil- 
Ingenieurwesen ist die Verwendung von unorierten 
Verstserkungen in kornige Boden zur Aenderung der 
Strecken-Spannung Eigenschaft des Bodens. Der Bericht 
beinhaltet die Verwendung von Mesh-Elementen. itire 
Anwendungen und Mischvgs-teckniken. Die Anwendburselt 
von L. borunterschungen ist sbenfulls diskutiert und 
Weitergabe der gewonnene Test deten als Hilfemittel Euer 
die Ingenieure. 

An exciting new development in the field of geotextile 
engineering is the use of randomly oriented tensile 
inclusions in granular soils in order to alter the 
stress-strain be . viour of the soils. The per describes 
the use of discrete mesh elements, their applications 
and mixing tee$miques. The applicability of laboratory 
testing is discussed and the means of presenting the 
test dots for the use of designers are suggested. 

1. INTRODUCTION 

A nsw development in the field of geotechnical 
engineering is the use of randomly oriented tensile 
inclusions in order to alter the stress-strain behaviour 
of granular soils. Various types of inclusions have been 
employed, such as textile fibres, metal or plastic rods C and swat recently mesh elements (Mercer at al, 1984 and 

Gown et s1,1985). The strengthening action of these 
mesh elements differs significantly from that of the other 
types of randomly oriented inclusions as the stress 
transfer mac anism between the soil particles and the 
mesh relies upon interlock and not simply surface friction, 
rig. 1. The interlock occurs at two levels, with the 

10 t ribs of individual mesh elements interlocking with groups 
of particles to form aggregations of particles and then 
adjacent aggregations interlocking to form a coherent 
matrix. 
In order to achieve the maximum Improvements using the 
minimum amount of mesh elements, ' the properties of the 
mesh most be carefully selected. Mercer at sl (1984) 
described the important properties of the mesh required to 
optimise the interlock mechanism and since then extensive laboratory testing has been undertaken to identify the 
most efficient mesh element type for use In sandy silty 
materials. So for these investigations suggest that the 
m h h l es e ements s ould have the, properties given in Table 1. 
Mercer et al (1984) and HcGown et sl (1984) have conducted laboratory C. S. R., trisxial and model footings tests to 
establish the Improvements obtained by mixing mesh 
elements into granular soil. They reported rapid Improvements in the measured strengths with the increase in the mesh element contents up to 0.4 to 0. S per cent (by weight of dry soil). These were achieved without 
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4 

seduction In the dry density of the moil or change in 
permeability of the Mass# the letter being a significant 
advantage over altarnative soil stsbilfsation techniques, 
wich as line, cement or bituminous stabilisation. 
In practice, the amount of sich elements "oploped could 
well be less then the sixlou. being dependent on the 
level of Improvement required In various applications 
and limited by the efficiency of on-site mixing 
techniques. So for field trials suggest that in a 
wide range of application mesh contents of between 0.1 
and 0.2 per cent will be required and Dot these can 
be efficiently shed on-site using a 's. er of 
different t"ehnipues. 
In this paper, s r'i .r of the sooliestions se for 
identified are presented and the suitability of " 
vsritty of on-site mixing techniques are considered. 
The applicability of various test methods is then 
discussed sind the mews of Presenting test dots for 
the use of designers are P. Weted. 

2. APPtICATI0NS FOR WSW ELEWNIS 

4 

C 

4r 

i 
ý, 

A wide variety of and uses are envisaged for mesh 
elements aimed in granular soils with or without the 
addition of other stabilising agents auch as lime, 
cement and bitumen. to date the field trials undertaken 
have been restricted to mesh element contents of 0.1 
to 0.2 per cent in silty and sandy soils with no 
other stabilising agents involved. ? he types of 
supplications are illustrated diagraastically In fig. 2. 

3. sEl"ws or MIXING 

the s+ethod of mixing adopted mat always ensure that the 
sesh elownts are randomly oriented and uniformly 
distributed within the soil arts. both the botching 
end in-situ mixing trials carried out so for, suggest 
that this csro e effectively and economically 
achieved by a variety of techniques. the selection 
of which technique to use on any particular site is 
dependent on the rate of production required. 
table 2 Indicates the production rates of a nu. ber 
of mixing techniques and some of the mixing trials 
are illustrated in rigs 3 to. 

"lhe soil to be mixed in-situ should be nest its 
optisxa moisture content for wtiiaa density. Soils 
wsttor then optima wy be treated but with the 
s+ddition of lime or tent. Soils drier then 
optic should have water added prior to mixing mesh 
elasents. 
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A. WINODS OF IES11NL M DATA P ESENTAMION 

4 

On site, st will be necessary to check that the wising 
technique has uniformly distributed the siesh elements 
within the soil. This can be simply achieved by 
taking sreoresentative site sample and determining the 
per cent of mesh elements (by d? y weight of soil) 
present in the sample. to measure the improvement in 
stress-strain properties attained by airing in the 
mesh elements, it is suggested that plate bearing tests 
will provide the most effective mans of in-situ testing 
in moony situations. for pavements and usher 
applications, however, the in-situ C. I. R. test sey prove 

to be suitable. 

4 

4( 

Normally for design purposes, laboratory testing will be 
undertaken. A requirement for this sangt be that the 
lsborstoty tost specimen-is representative of the in-situ 
soil-sash element mixture. Care asst therefore be taken 
to ensure that the nixing at laboratory Scale ensures 
randomly oriented and uniformly distributed sash 
elements. Also the test specimen sizes west be 
sufficiently large to allow the sash elements to strain 
in the Same manner as would occur in-situ. Further 
the . cid'e of stressing should be as similar as possible 
to that In-situ. 
Within the laboratory test programme at the University 
of Strathclyde, C. B. R., tristiial and model tooting tests 
have been conducted. of these the most useful has 
proven to be the tria. ial testing carried out with 
not tonic or repeated loading. In both cases, It 
became apparent that the level of Improvement was 
related to the strain levels induced within the soil. 
thus It Is suggested that measured isprova.. snts in the 
strength of soil by the inclusion of sash elements should 
always be reported at equal strain conditions (with and 
without mesh clamant. ). figure d ahoi the Mahr envelopes 
for $ tluvio-glscisl silty send with and without mesh 
elements at 1 and 15 per ant axial strains. Clearly 
the round Improvements very with strain level and are 
different to these to be deduced from Fig. 7, which shows 
the Mohr envelopes for the more conventional peak stress 
(unequal strain condition). it is therefore suggested 
that for design purposes It would be most useful if teat 
dote were to be presented in terms of equal strain data. 
1ro  Figs. A and 7 it is also apparent that the Ibhr 
envelope I. non-linear. particularly at confining stress 
levels less than 50 WS'. It is therefore r*ca. ended 
that this envelope be represented for design purposes es bi-linear envelope constructed In the manner aha in 
ºiq. L. the selection of SO kN/s' as the "break' 
confining stress is based on a wide range of data obtained 
with different soils and the mesh element type with the 
properties described in labte 1, but this may not always 
be appropriate. 
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S. CONCLUSIONS 

A wide variety of sovliestions have been identified for 
the use of rsndooly oriented sash glow! to mixed in 
granular soll. Mixing the mesh elements into granular 
soils can be effectively achieved using either bitch or 
in-situ mixing. However, it is important to snore that 
the mesh "lwnts are randomly oriented within the soil 
nass. 
As the level of improvement depends, among other factors, 
on the strain level induced in the soil, It is 
recowended that the measured strengths of the soil with 
and without mesh elements should be reported st equal 
strain conditions Mien wing trisxisl test data. Also 
due to the curvilinear nature of the Mohr's envelope s 
simplified bi-lincsr envelope is recommended to represent, 
for design purposes, the soil-assh behaviour. 
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1. Dle 1. Properties of the s+esh elements 

RibtWah Properties 

Rib 
Diaensions: 0.6 s 0.6 on 

4 

14sh Opening 
Sizes: 

Polymer: 

10 x 10 am 

Polypropylene 

[lewent Properties 

[le*ent 
Dimensios: 100 x 50 a+ 

Pb.. per 
(Mit Ares: 45 qh' 

0 
lensile" 
Propertiess 

Machine Direction 4.3 We 
Cross Machine Direction 3.1 We 

"Con. t. nt R. t* of Strain lost at 2% . train/sin 
at 20 C. 

Table 2. )Wthods of sizing 

4 

9 

! [TIC DESCRIPTION 

Ekt&% Killing 

gsrxae I 
tschrd"s 

sMll rotary 
drum (concrete) 
sind Pon sdsers 

Ibbile tr c* 
(concrete) 
ssluers 

Continuous 
(ºabdle/ºuq 
kill) mixers 

Production rote c2 ia'/hr, batch 
volume 0.1 to 0.3 a', rig. 3 

Production rate c2 a'/hr, batch 
volume c18 

Production rote 2 to 40 "'llir, 
batch volume I to 2 "', rig. 4 

Production rate > 40 "'/hr, suitable 
for large projects only 

In-situ mi' 

Ind controlled Production rate c2 "'/hr, "verel 
(horticultural) asset may be required with 

C 

e 

rotsvstors effective depth of 100 to 200 No 

tractor Production rate 2 to $0 u'/hr, 
(agricultural) several asses may be required with 
rotavator effective depty of 150 to 300 m 

forq *H 10D ºroduetion rote c $0 s'/hr, single Recptler pass only say be required to  ir to 
depths of 250 to 350 One fig. S. 
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rig. I. The interlock . wn. n: ss, For sesh eiearnts. 
(s) Interlock with groups of particles 
(b) ý Interlock of adjacent aggregstion.. 

04 

A. Permanent toads - subgrade 

C 

fig. 2. APPIICAIIONS 1OR HLSH £LCICNTS 
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C. uroov+d roads 
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J 
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E 
i 
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e 

E. Repairs to excavations in foods 

Fig. 2. (contd. ) APPLICATIONS r0A'[S++ tttKN1S 
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r. lakcru l to pipe tr. r trs 
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., P. ?"4': JI 

k 
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M. B. cktill to br dqs ebut. entt 

I 

10 ti 
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1. Slope failure repairs 

as Sari---a te 

Fig. 2. (c td. ) Atrl IC*t»4 r KSm [ttKwTs 
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J. Reinforcing embankment slopes 
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K. Crash and noise barriers 

rig. 2. (contd. ) APPLICATIONS 1Op ICSH EIEKLATS 
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(a) 

(b) 

rig. 4. Ibbile truck mixer 
(x) Site delivery (b) Mixed materials 

Ap, Ii 

rig. s. Use of BWC CCYCLCa 
(a) Principle of operation (b) P chine in use 

t 

LgYER OF SOIL THROWN ELEMENTS 

MESH FORw4RD OVER 
M%XE WITH 

ELEMENTS ELEMENTS SOIL 

(s) 

(b) 

6 3 64 

DineCTIoV OF TRAVEL 
CCVP'tTER TO ROTATION 

OF PULVERISEI? 
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Fig. 6. Mohr envelopes at equal strains 
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Fig. 7. Mohr envelopes at peak stress conditions 
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