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u}vJty "CU= xOW x�=Q= 1 pwOH QO =yl =N u}= |m}vmDw�S X=wN w C=}�RH

"CU= xOW xO=O u=Wv 2 pmW QO =yl =N u}= |Ov@xv=O |vLvt R= |}xvwtv

"QRN |=} QO ?wvH |rL=U \N QO `k=w xar=]t OQwt j]=vt "1 pmW

"xar=]t OQwt |=yl =N |Ov@xv=O |vLvt R= xvwtv l} "2 pmW

"xO=iDU= OQwt |=yl =N |m}vmDw�S X=wN "1 pwOH
OQ=Ov=DU= VwQ u=oQo |rRv= QOv@ CWQ l =N C=}YwYN

ASTM D422-63 CL-ML SP CL |Ov@xv=O
ASTM D422-63 98 5 1 5 83 200 |xQ=tW lr= R= |Qw@a OYQO

ASTM D854 2 7 2 68 2 72 xS} w |r=oJ
ASTM D4318 25 �� 48 ��� |v=wQ OL
ASTM D4318 20 NP 26 ��� |Q}tN OL
ASTM D4318 5 �� 22 ��� |Q}tN |xv=Wv
ASTM D1556 1 63 2 08 1 89 �g/cm3� pLt QO ?w]Qt |r=oJ
ASTM D2216 18 14 30 ��� pLt C@ w]Q
ASTM D698 1 7 1 85 1 58 �g/cm3� xv}W}@ lWN |r=oJ
ASTM D698 14 7 5 22 ��� xv}y@ C@ w]Q

98



"""w
|tq

U=
p[

ir=w@
='|

k}OY
=}wB |xvt=O xH}Dv QO w V}=Ri= u=t}U OYQO uDiQq=@ =@ |Q}tN OL "CU= xDi=} Vy=m

"CU= xDi=} Vy=m TBU w V}=Ri= =OD@= R}v |Q}tN

6|Q}PB sm =QD C=}YwYN "2"4
OQm xOy=Wt u=wD|t "CU= xOW xYqN 4 pmW QO sm =QD |=yV}=tR; |rm G}=Dv
u=oQo Tr l =N w |rRv= |xU=t |xv}y@ C@ w]Q OYQO 'u=t}U Q=Okt V}=Ri= =@ xm
QO |tm C=Q}}eD Ea=@ u=t}U V}=Ri= CWQ TQ OQwt QO =t= 'CU= xDi=} V}=Ri=
u=t}U xm OW=@ p}rO u}= x@ Ov=wD|t Cr=L u}= xm &CU= xOW xv}y@ C@ w]Q OYQO
p}t w CU= xDN=U |FvN =Q TQ l =N |r=DU} Qm w |}=}t}W X=wN |OwOL =D
|xv}W}@ lWN |r=oJ u}vJty "�hr=4 pmW� OyO|t Vy=m ?; =@ =Q u; |@}mQD
Tr w CWQ TQ |=yl =N OQwt QO =t= &CU= xOw@ x=Qty V}=Ri= =@ |rRv= |xU=t

"=yxvwtv nQ@ QD= OwOL C=Q}}eD "3 pmW

"u=t}U uOwRi= Q}F-=D "4 pmW

TB '=yxvwtv `=@W=Q}e uwtR; |=Q@ "OvOW xO=O Q=Qk ?; pN=O QO ,qt=m V}=tR;
|wQ Q@ w OvW=@v =wy ZQat QO =D 'OvOW xO}J}B l}DUqB pN=O QO CN=U R=
25 =D 22 OwOL QO R}v \}Lt |=tO "OW xO=O Q=Qk ?w]Qt ,=t�=O |xJQ=B =yu;
pQDvm VwQ =@ w ASTM D2166 |xt=vu}}; T=U=Q@ uwtR; u}= "CU= xOw@ xHQO
p=ta= xk}kO Qy QO �1 VvQm nvy; =@ |QwLt Q=@ [14]"CU= xOW s=Hv= VvQm

"OW
u}}aD |xv=Wv |xrRvtx@ |}xOQDUo Qw]x@ xOWvOwOLt |Q=Wi Ctw=kt xmv; =@
Q=Wi =@ =yl =N Q=DiQ xm xDmv u}= x@ xHwD =@ =t= 'OwW|t xO=iDU= |R=Uy@ C}i}m
'=yxvwtv |WQ@ Ctw=kt Q=DiQ C=}�RH |UQQ@ Qw_vt x@ 'OwW|t pQDvm xOvvmOwOLt
u=t}U uwO@ |=yxvwtv |wQ Q@ xOW|WmyR� xDi=}s}mLD |QwLtxU |=yV}=tR;
=D 50 R= xOvvmOwOLt Q=Wi "OW s=Hv= l =N ẁv 3 Qy QO Q=Ou=t}U |=yxvwtv w
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[15]"CU}v |v}@V}B p@=k hrDNt |=yl =N |=Q@ C=Q}}eD u}= CyH

7xOWvOwOLt |Q=Wi Ctw=kt "3"4
Qy |=Q@ CWQ TQ l =N |xOWvOwOLt VvQm� VvD Q=DiQ QO u=t}U uOwRi= Q}F-=D
QO xm xvwou=ty "CU= xOW xO=O u=Wv 5 pmW QO `=@W=Q}e w `=@W= Cr=L wO
w u=t}U uOwRi= QF= QO |QwLt VvD Gw= |x]kv 'OwW|t xOy=Wt hr=5 pmW
�3 5 OwOL R= u; =@?U=vDtVvQm =t= 'O@=}|tV}=Ri= |Q}otWJ Qw]x@ |Qw;pta
Q=DiQ =yxvwtv OwW|t Ea=@ u=t}U uOwRi= u}=Q@=v@ "CU= xDi=} Vy=m �1 5 x@
|=yxvwtv xm O}O u=wD|t "OvW=@ xDW=O u=t}U uwO@ Cr=L =@ xU}=kt QO 8|}xOvvmW
"OvwW|t|oDN}Uo Q=JO|v=yo =v Qw]x@ '|}=yvCtw=kt x@ uO}UQ R=TB Q=Ou=t}U
R= CaQU x@ ?; QO uDiQoQ=Qk =@ u=t}U uwO@ |UQ |xvwtv xm CU= QmP x@ sRq
|k=@ xJQ=Bm} ?; QO uDiQoQ=Qk R= TB u=t}U �2 5 =@ xvwtv "CU= xOW xO}W=B sy

"�?5 pmW� CW=O |tm Q=}U@ |xOWvOwOLt |Q=Wi Ctw=kt =t= 'Ov=t
TQ |=yxvwtv |v=UWm pwOt w xOWvOwOLt |Q=Wi Ctw=kt QO u=t}U Q}F-=D
xO=O u=Wv `=@W=Q}e w `=@W= Cr=L wO Qy |=Q@ '6 pmW QO Q=Ou=t}U w u=t}U uwO@
|Q=Wi Ctw=kt V}=Ri= x@ QHvt u=t}U =@ C}@FD xm OQm xOy=Wt u=wD|t "CU= xOW
|@r=H Qw]x@ "CU= xOW �4 R= QDnQR@ |=yu=t}U Q=Okt |=Q@ ,=YwYN xOWvOwOLt
|xOWvOwOLt |Q=Wi Ctw=kt '�7 R= QDnQR@ u=t}U Q=Okt =@ `=@W= |=yxvwtv

Q=Ou=t}U w u=t}U uwO@ |=yxvwtv |QwLtlDV}=tR;VvQm�VvD|vLvt "5 pmW
"CWQ TQ l =N
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k}OY
=}wB "=yxvwtv |v=UWm pwOt w xRwQ 7 |xOWvOwOLt |Q=Wi Ctw=kt Q}O=kt |xYqN "2 pwOH

�Mpa� |v=UWm pwOt �kPa� xOWvOwOLt |Q=Wi Ctw=kt u=t}U Q=Okt l =N ẁv`=@W= `=@W=Q}e `=@W= `=@W=Q}e ���
0 5 7 0 87 6 0

u=oQo Tr11 8 42 8 151 4 515 6 2 5
68 93 2 1166 1 1480 6 5

108 9 163 3 1816 4 2137 4 8
0 4 3 0 112 3 0

CWQ TQ0 15 55 367 8 2 5
40 3 76 1 1032 6 1299 7 5
75 2 99 3 1919 5 1730 8 8

0 0 0 5 0

|rRv= |xU=t5 1 9 78 1 103 4 2 5
50 5 63 5 715 2 909 3 5
87 7 102 1494 7 1603 6 8

"u=t}U OYQO 8 w 5 =@ w u=t}U uwO@ u=oQo Tr |=yxvwtv |wQ Q@ xOW|WmyR- xDi=}s}mLD |QwLtxU |=yV}=tR; G}=Dv "7 pmW
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Ct
w=kt

|=y
QDt=Q

=BQ@
u=t}

Uu
OwRi

=Q}F
- =Ds=Hv= R= xOt;CUOx@ |rN=O l =m]Y= |x} w=R w |oOv@UJ Q}O=kt "3 pwOH

"|QwLtxU |=yV}=tR;
�0 �deg� C0 �kPa� ��� u=t}U l =N ẁv

23 15 0
Tr37 157 5

38 244 8
28 25 0

TQ38 121 5
36 246 8
| | 0

xU=t43 76 5
43 198 8

"CU= Tr |=yxvwtv x@=Wt R}v |rRv= |xU=t w TQ |=yxvwtv C=Q}}eD OvwQ "OwW|t
R= pY=L �0 |rN=O l =m]Y= |x} w=R w C0 |oOv@UJ |=yQDt=Q=B '3 pwOH QO

"CU= xOW x�=Q= |QwLtxU |=yV}=tR;

Q=Ou=t}U |=yl =N |oDN}Uo Q=}at QO EL@ "5
|x@v=H xty |=yQ=Wi QO 'u=t}U =@ xOWC}@FD |=yl =N xm OvyO|t u=Wv C=k}kLD
|awv QDW}@ q=@ |r}N |x@v=Hxty |=yQ=Wi QO w 14xOvvmW w OQD |oDN}Uo 'sm
|oDN}Uo VwB Qo}O CQ=@ax@ "OvyO|t u=Wv 15l}DUqB w |Q}tN |oDN}Uo
G}=Dv [2]"CU= |vLvt CQwYx@ u=t}U =@ xOWC}@FD |=yl =N |=Q@ ?trwm� Qywt
l}v=mt sra |=yCiQW}B |x}=B xm �|k=RQD� ?trwm� Qywt Q=}at OvyO|t u=Wv
|=yQDt=Q=B R= xO=iDU= [16]"CU= Q@DatVvDK]U R= |OwOLt |xR=@ |=Q@ 'CU=l =N
|=Q@ (�f = C0 + � tan�0) |k=RQD QwyWt |x]@=Q �0 w C0 |WQ@ Ctw=kt
CUO Q=}U@ w hQ=aDtQ}e G}=Dv |NQ@ x@ QHvt CU= umtt Q=Ou=t}U |=yl =N
|Qw�D '16C}i} Qo CUmW |Qw�D xrtH R= |oDN}Uo |=yQ=}at [17]"OwW q=@
|=yxvwtv |oDN}Uo VwB u}}aD |=Q@ 17uwUv=H |Qw�D w C}i} Qo |xOWKqY=
=yv; OQwt QO |QYDNt xt=O= QO xm 'CU= xOW O=yvW}B Q=Ou=t}U w u=t}U uwO@

"OW Oy=wN xO=O KQW

xOWKqY= C}i} Qo w C}i} Qo |Qw�D "1"5
xm |}xOvvmW sUH |=Q@ |oDN}Uo ẁQW 'C}i} Qo CUmW |Qw�D u=}@ T=U=Q@
|x]@=Q CQwYx@ 'CU= R} Q Q=}U@ |=ylQD |=Q=O w xOW |Q=PoQ=@ |Oa@ wO CQwYx@

[18]%OwW|t h} QaD 1
(�1 � �2)2 = �8�1(�1 � �3) (1)

�t u; QO xm &�2 = �t x=ov; ' �1 + 3�2 < 0 Qo = w �1 + 3�3 > 0 |=Q@
=} '=yRQO 'R} Q |=ylQD pt=W |B wmUwQm}t RQO "CU= Kr=Yt |WWm Ctw=kt
w |WQ@ VvD ?ULQ@ u=wD|t =Q C}i} Qo CUmW |Qw�D [19]"CU=y 18xv=ORQt

%OQm h} QaD 2 |x]@=Q CQwYx@ p=tQv |=yVvD
� 2 + 4�t�n � 4�2

t = 0 (2)

hrDNt |=yOYQO T=U=Q@ Tr |=yxvwtv |=Q@ |oDN}Uo hrDNt Cq=L "8 pmW
"u=t}U

"�?8 pmW� OvOW xDN}Uo 12|}xLiY Cr=L x@ sy w |}xwo CQwYx@ sy =yxvwtv
w CU= xOw@ �1 5 OwOL QO |oDN}Uo VvQm 'u=t}U �8 =@ |=yxvwtv |=Q@
OvOW |oDN}Uo Q=JO 13uOWs}vwO pmW x@ sy w |}xLiY CQwYx@ sy =yxvwtv
OwW|t xOy=Wt R}v |QwLtVvQm� |tHLVvQm |=y|vLvt OQwt QO "�G8 pmW�
|oOQWi =OD@= "CU= xDi=}s}mLD V}B |=yxvwtv x@=Wt Q=Ou=t}U |=yxvwtv Q=DiQ xm
xOy=Wt xvwtv \=U@v= u; R= TB w |oDN}Uo |x]kv OwOL x@ uO}UQ =D Z=@kv= w
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=}wB Qywt |oDN}Uo VwB sUQ R= xOt;CUOx@ |=yQDt=Q=B Q}O=kt |xU}=kt "4 pwOH

"xOWKqY= C}i} Qo w ?trwm�
tan�1 � �0 2�t C0 u=t}U ẁv
�deg� �deg� �kPa� �kPa� ��� l =N
22 23 13 15 0

Tr29 37 146 157 5
30 38 227 244 8
26 28 22 25 0

TQ28 38 129 121 5
29 36 240 246 8
30 43 90 76 5 xU=t33 43 187 198 8

C}i} Qo w C}i} Qo '?trwm- Qywt |oDN}Uo Q=}at OQ@ Q=m "3"5
|oDN}Uo VwB u}}aD QO� xOWKqY=

|QwLtxU |=yV}=tR; R= pY=L |WQ@ VvD w p=tQv VvD |xOW|Q}oxR=Ov= Q}O=kt
"CU= xOW xO=O u=Wv 9pmW QO u=t}U OYQO 8 w 5 =@ w u=t}U uwO@ |=yxvwtv |=Q@
QO Qywt |=yxQ}=O sUQ R= pY=L� ?trwm� Qywt |oDN}Uo VwB \w]N u}vJty
�5 |x]@=Q� xOWKqY= C}i} Qo w �2 |x]@=Q� C}i} Qo '�|QwLtxU |=yV}=tR;
XNWt 22�MSE� =y=]NC=a@ Qt ẁtHtu}ov=}t |Qw�D |x}=B Q@ "CU= xOW sUQ
xOW|v}@V}B |WQ@ Ctw=kt Q}O=kt Q=Ou=t}U w u=t}U uwO@ |=yxvwtv |=Q@ xm OW
|Q=oR=U?trwm� Qywt w C}i} Qo |Qw�D =@ xU}=kt QO C}i} Qo |xOWKqY= |Qw�D =@
R}v |Q=oR=U 'OW=@ QDtm MSE Q=Okt QOkJ Qy "CU= xDW=O =yV}=tR;G}=Dv =@ |QDW}@
"CU= xOWXNWt =yQ=Owtv |wQ Q@ 5|x]@=Q QO xO=iDU= OQwt� Q}O=kt "CU= QDW}@
VwB w xOWKqY= C}i} Qo |oDN}Uo VwB |rm G}=Dv |xU}=kt '4 pwOH QO
C0 |oOv@UJ Q}O=kt 'OwW|t xOy=Wt xm xvwou=ty "CU= xOW x�=Q= ?trwm� Qywt
x@ l}ORv ,=@} QkD w Ov@=}|t V}=Ri= |}xS} w Qw] x@ u=t}U OYQO V}=Ri= =@ 2�tw
=} w C@=F TBU 'V}=Ri= =OD@= QO �0 |rN=O l =m]Y= |x} w=R Q}O=kt "OvDUy sy
O=} R u=t}U V}=Ri= =@ � Q}O=kt 'xOWKqY= C}i} Qo |x]@=Q QO =t= 'Ov=xDi=} Vy=m
=t= 'OvQ=O Qo}Om} =@ |@ wN |Q=oR=U Q}O=kt u}= u=t}U uwO@ |=yxvwtv |=Q@ "OwW|t

"OwW|t xOy=Wt Q}O=kt QO O=} R Q=}U@ hqDN= u=t}U V}=Ri= =@

|oDN}Uo VwB u}}aD QO uwUv=H |oDN}Uo Q=}at OQ@ Q=m "4"5
=@ xm |oDN}Uo |x]kv QO �1 w �3 |rY= |=yVvD� p=tQv |=yVvD |=yQ=Owtv
u}tND |=yVvD w xOW |Q}oxR=Ov= '� ��c Ov=xOW p=tQv xOWvOwOLt |Q=WiCtw=kt
5 =@ w u=t}U uwO@ |=yxvwtv |=Q@ �6 |x]@=Q� uwUv=H |oDN}Uo Q=}at =@ xOWxOR
w B Q}O=kt "CU= xOW xO=O u=Wv 10 pmW QO l =N ẁv 3 Qy u=t}U OYQO 8 w
CUOx@ 13 =D 9 |O=yvW}B |=yx]@=Q R= xO=iDU= =@ x]@=Q u}= QO xO=iDU= OQwt M

MSE =y=]N C=a@ Qt ẁtHt u}ov=}t |Qw�D R= xO=iDU= =@ S Q}O=kt "CU= xOt;
|Qw�D xm OwW|t xOy=Wt "OvOW u}}aD MSE Q=Okt u} QDtm x@ |@=}DUO Qw_vtx@
|oDN}Uo VwB sUQ |=Q@ Ov=wD|t w OQ=O G}=Dv =@ |@ wN Q=}U@ |Q=oR=U R}v uwUv=H

"OwQ Q=mx@ Q=Ou=t}U |=yl =N

"OyO|tv 19xDU@ |=ylQD QO l =m]Y= |=Q@ |L}[wD C}i} Qo |rY= |x]@=Q
|Qw�D 1962 QO Vr=w w lwDv}rm lt 'nvU w uD@ R= pY=L C=aq]= T=U=Q@
|xrO=at "OvOQm KqY= xDU@ |=ylQD QO l =m]Y= K}[wD |=Q@ =QC}i} QoCUmW
|rN=O l =m]Y= ?} Q[ � u; QO xm '|rY= |=yVvD ?ULQ@ =Q KqY= u}= 3
|=yVvD w VQ@ ?UL Q@ C}i} Qo xOWKqY= |Qw�D [20]"Ovm|t K} QWD CU=

"CU= xOW u=}@ 5 w 4 |=yxrO=at QO p=tQv
�1[(�2 + 1)

12 � �]� �3[(�2 + 1)
12 + �] = 4�t (3)

� 2 + 4�t�n � 4�2
t = 0 for �n < 0 (4)

� = 2�t + ��n for �n > 0 (5)

w �8 ?}DQD x@ =Q Su
�t

C@Uv 'xOWKqY= C}i} Qo w C}i} Qo |oDN}Uo |=yQ=}at
"CU= |QwLtlD |WQ@ Ctw=kt Su [21]"Ov=xOQm ZQi �10

uwUv=H CUmW Q=}at "2"5
Q=}at x@ GDvt uQw@rt |@ wUQ |=ynvU |wQ Q@ �1984� uwUv=H `}Uw C=ar=]t
CQwYx@ |oDN}Uo Q=}at u}= "OW 20sQv |=ynvU |=Q@ |O}OH |oDN}Uo

%CU= 6 |xrO=at
�01N = (M

B
�03N + S)B (6)

|QwLtlD |Q=WiCtw=kt QF= QO xOWp=tQv |rY= |=yVvD �1N w �3N u; QO xm
|=Q@ |QDt=Q=B S "21sr=U w xOQwNvCUO Kr=Yt |=yC@=F B w M "(�1;3

�c
) OvDUy

"S = 1 sr=U Kr=Yt |=Q@ "l =N w nvU |=y|oDUw}B=v Ctw=kt KQW
ZQi w �01 = 0 Qo = w xOWvOwOLt |Q=Wi Ctw=kt �01 x=ov; '�02N = 0 Qo =
|xOWvOwOLt |Q=Wi Ctw=kt C@Uv x=ov; &�|WWm VvD �0t� �02 = �0t OwW

%OW=@ 7 |x]@=Q CQwYx@ Ov=wD|t |QwLt |WWm Ctw=kt x@ �c
�c
�0t

= �M
B

(7)

4 w 3 |=yxrO=at '=ynvU w =yTQ |=Q@ =yxO=O R= |a}Uw |xOwOLt |x}=B Q@
[22]%�9 w 8 |=yx]@=Q� OvwW xO=iDU= B w M u}}aD |=Q@ ?}DQD x@ Ovv=wD|t

B = 1� 0 0172(log �c)2 (8)

M = 2 065 + 0 276(log �c)2 (9)

"OwW|t x@U=Lt p=mU=B wr}m x@ xOWvOwOLt |Q=Wi Ctw=kt \@=wQ u}= QO xm
=D 10 |=yxrO=at 'hrDNt |=ynvU |=Q@ M uOQmXNWt Qw_vt x@ uwUv=H
x�=Q= C}v=Qo w |}xU=t nvU '|@ wUQ nvU 'ly; nvU |=Q@ ?}DQDx@ =Q 13

"OQm
M = 2 065 + 0 170(log �c)2 (10)

M = 2 065 + 0 231(log �c)2 (11)

M = 2 065 + 0 270(log �c)2 (12)

M = 2 065 + 0 659(log �c)2 (13)
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"u=t}U hrDNt |=yOYQO =@ xU=t w
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V}=Ri= Ea=@ u=t}U uOwRi= 'xOWvOwOLt |Q=Wi Ctw=kt |=yV}=tR; QO �
Qy QO =yxvwtv |v=UWm pwOt w xOWvOwOLt |Q=Wi Ctw=kt QO xHwD p@=k
l =N X=wN Ow@y@ u=}t u}= QO w CU= xOW `=@W=Q}e w `=@W= Cr=L wO
xOy=Wt =yxvwtv |oDN}Uo VvQm Vy=m u}vJty "CU= xOw@ QDQ}otWJ Tr

"OwW|t
xmv; =@ OyO|t u=Wv xOW|WmyR� xDi=}s}mLD |QwLtxU |=yV}=tR; G}=Dv �
R= =yxvwtv |oDN}Uo 'OwW|t |WQ@ Ctw=kt V}=Ri= x@ QHvt u=t}U uOwRi=
5 =@ |=yxvwtv w u=t}U uwO@ |=yxvwtv "O@=}|t Q}}eD xOvvmW x@ sQv Q=DiQ
xDN}Uo uOWs}v wO w |}xLiY 'sQv CQwYx@ ?}DQDx@ u=t}U OYQO 8 w

"OvOW
|=yOYQO R= xO=iDU= s=ovy 'Q=Ou=t}U |=yxvwtv |oDN}Uo |xwLv x@ xHwD =@ �
?=NDv= =Q R=Ht Q=@ Q=Okt |QDW}@ \=}DL= =@ O}=@ |rta |=yQ=m QO u=t}U |q=@

"OQm
"OyO|t V}=Ri= |}xS} w Qw]x@ =Q |oOv@UJ QDt=Q=B u=t}U uOwRi= u}vJty �

|=yVwB sUQ R= xOt;CUOx@G}=Dv x@ xHwD =@?trwm� Qywt|oDN}Uo VwBG}=Dv �
"CUq=@ CUO 'uwUv=H w xOWKqY= C}i} Qo |oDN}Uo

C=a@ Qt ẁtHt u}ov=}t R}r=v; |x}=B Q@ uwUv=H w xOWKqY= C}i} Qo |=y|Qw�D �
|=Q@ w OvDW=O |QwLtxU |=yV}=tR; G}=Dv =@ |@ wN Q=}U@ |Q=oR=U '=y=]N

"OvDUy ?U=vt Q=Ou=t}U |=yl =N |oDN}Uo VwB u}}aD

|Q}oxH}Dv "6
Q=Oxr�Ut l =N ẁv 3|WQ@Ctw=kt |=yQDt=Q=B QO u=t}U uOwRi= Q}F-=D j}kLD u}= QO
hrDNt|y=oW}=tR; |=yuwtR; R= xO=iDU= =@ QRN |=} QO ?wvH|rL=U\N QO `k=w
|Q=Wi Ctw=kt 'sm =QD 'nQ@ QD= |=yV}=tR; pt=W G}=Dv "CiQo Q=Qk |@=} RQ= OQwt
|oDN}Uo VwBu}vJty "CU= xOW|WmyR� xDi=}s}mLD |QwLtxU w 'xOWvOwOLt
R= |oDN}Uo hrDNt |=yQ=}at R= xO=iDU= =@ Q=Ou=t}U w u=t}U uwO@ |=yxvwtv
G}=Dv "OW |UQQ@ uwUv=H w xOWKqY= C}i} Qo 'C}i} Qo '?trwm� Qywt xrtH

%CU= KQW u}= x@ xOt;CUOx@
V}=Ri= =@ =t= 'xDi=} V}=Ri= =OD@= QO u=t}U sm Q}O=kt uOwRi= =@ |Q}tN |xvt=O �
Ea=@ u=t}U uOQmxi=[= u}=Q@=v@ "O@=}|t Vy=m |Q}tN |xvt=O u=t}U OYQO

"CU= xOW =yl =N |}=Q=m V}=Ri=
C=Q}}eD |xvt=O 'CWQ TQ w u=oQo Tr l =N |wQ Q@ sm =QD |=yV}=tR; QO �
w Vy=m =OD@= u=t}U Q=Okt V}=Ri= =@ w xOw@ lJwm lWN |xv}W}@ |r=oJ
lWN |r=oJ V}=Ri= Ea=@ u=t}U uOwRi= =t= 'CU= xDW=O V}=Ri= TBU
OYQO V}=Ri= Ea=@ u=t}U uOwRi= u}vJty "CU= xOW |rRv= |xU=t |xv}W}@
|=Q@ =t= 'CU= xOW |rRv= |xU=t w u=oQo Tr |=yl =N QO xv}y@ C@ w]Q
xv}y@ C@ w]Q OYQO QO |tm C=Q}}eD 'u=t}U OYQO V}=Ri= =@ CWQ TQ l =N

"OW xOy=Wt

=yCWwv=B
1. Loess
2. workability
3. soil cement or cement treated soils
4. soaked
5. unsoaked
6. compaction
7. uncon�ned compressive strength
8. brittle behaviour
9. consolidated-drained triaxial
10. ductile behaviour
11. bulging
12. planar failure
13. split failure
14. brittle failure type
15. plastic failure type
16. Gri�th
17. Johnston
18. grain boundaries
19. closed cracks
20. soft rocks
21. intact material
22. mean squared error (MSE)
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Abstract
Many attempts have been made by civil engineers to
improve and optimize the use of existing soils. The dis-
tribution and extent of problem soil pose many di�cul-
ties for construction projects. All improvement tech-
niques seek a solution for an increase in density and
shear strength, providing stable conditions and reduc-
tion of soil compressibility, in order to control ground
water 
ow and accelerate the rate of consolidation. Ex-
perience shows that the use of additives, such as cement,
lime, 
y-ash, bitumen and polymer stabilizers, leads to
an improvement in the engineering properties of natural
soil deposits. The choice and e�ectiveness of an addi-
tive depends on the type of soil and its �eld conditions.
Nevertheless, knowledge of the mechanical behavior of
treated soil is as important as selecting the appropriate
stabilizer.
This study has made a comprehensive examination
of the e�ectiveness of cement treatment on the shear
strength parameters of soil encountered in the southern
coastline of the Caspian Sea, including Gorgan Loess,
Rasht Clay and Anzali Sand. Cement was added in per-
centages of 2.5, 5, and 8 by dry weight of the soil. A
series of laboratory tests comprised of Atterberg lim-
its, standard proctor, uncon�ned compressive strength

and consolidated-drained triaxial tests were performed
on non-treated soil as well as on cement treated sam-
ples.
The addition of cement was found to improve the work-
ability and compaction characteristics of the soil. More-
over, signi�cant improvements in uncon�ned compres-
sive strength and modulus of elasticity were observed.
The improvement is dependent on the type of soil. Tri-
axial test results indicated that while cement treatment
improved shear strength remarkably, the type of failure
varied greatly from ductile to brittle behavior. Non-
treated, 5%, and 8% cement treated soil displayed duc-
tile, planar, and splitting types of failure, respectively.
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Therefore, while increased strength is achieved by ce-
ment treatment, high percentages of cement should be
used with caution in �eld applications. In addition,
results showed that cohesion increased signi�cantly by
variation of cement content, but internal friction angle
increased initially and remained constant at higher per-
centages. Eventually, it is found that the failure enve-
lope trend of cement treated samples is non-linear, and
the use of Mohr-coulomb criteria has led to a number of
anomalies. Some failure criteria, such as the modi�ed
Gri�th theory (1962), and the criterion suggested by
Johnston (1985), based on mean squared error (MSE)
analysis, can satisfactorily describe the soil-cement be-
havior.

Key Words: soil-cement, di�cult soils, coastlines of
Caspian Sea, uncon�ned compressive strength, consolidated-
drained triaxial.


