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ABSTRACT

Concrete is one of the most widely used construction materials, and
aggregates play an important role in its strength and durability. The quality
of aggregates affects the compressive strength and permeability of
concrete. This research has investigated the effect of aggregate grading,
metakaolin, and air entrace on the compressive strength and durability of
concrete. Concrete samples were prepared with two types of aggregate
grading, including single fine gravel and a fine-coarse gravel combination,
with different sand-to-gravel ratios, and their compressive strength was
tested at 7 and 28 days of age. It is worth noting that these aggregates
originate from the sand and gravel mines in Darband, Semnan. In addition,
the samples were subjected to 300 freeze-thaw cycles to assess the
durability of the concrete under cold conditions. The results indicated that
the use of 12.5% metakaolin helped to increase strength and reduce
permeability, but the application 5% air entrace reduced the minor strength
amount but increased the durability subjected to freezing and thawing
cycles. Overall, the highest strength and internal density were observed in
samples with fine gravel (5-10 mm) aggregate only, a gravel-to-sand ratio
of 60:40, and 12.5% metakaolin. The simultaneous use of metakaolin and
air entrace creates a good balance between the strength and durability of
concrete, and a reduction of cement by about 18-23%.
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Introduction

Concrete, as the most widely used
construction material, plays a key role in
infrastructure  development due to its
characteristics such as ease of production,
reasonable cost, and adequate strength.
However, its durability under environmental
conditions- particularly in cold climates with
repeated freeze-thaw cycles- is considered one
of the fundamental challenges. This
phenomenon causes internal pressure, cracking,
spalling, and a reduction in the service life of
structures. One approach to improving concrete
durability is modifying the mix design through
optimizing aggregate gradation, replacing a
portion of cement with pozzolanic materials,
and using air-entraining admixtures. Since high
cement  consumption  has  significant
environmental and economic  impacts,
replacing a portion of it with metakaolin can, in
addition to improving concrete properties, help
reduce long-term maintenance and repair costs.
The importance of this issue is twofold in
Semnan Province, where the Darband sand and
gravel quarries serve as the primary source of

aggregate supply.
Experimental Work

In this study, the simultaneous effect of
three factors, aggregate gradation, the addition
of metakaolin (shown in Figure 1) as a mineral
admixture, and air-entraining  chemical
admixtures along with cement, on the strength
and durability of concrete was investigated. The
cement  replacement  percentages  with
metakaolin were 0, 10, and 15. XRF analysis
was performed on the metakaolin.

Fig. 1. Metakaolin

High-quality crushed fine and coarse
aggregates were extracted from the Darband
quarries in Mahdishahr, and their gradation was
determined in accordance with ASTM C136
(shown in Fig. 2.). Two selected gradation
types were used: pea gravel gradation (4.75 to

9.5 mm) and a combined pea-almond gradation
(4.75t0 19 mm). The mixes GF60S40 (60% pea
gravel and 40% sand) and GG30S70 (30%
almond gravel and 70% sand) exhibited the
highest compressive strength.
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Fig. 2. Aggregate Gradiné. a) Gravel, b) Mountain
Crushed sand

In the first phase, 10 concrete mix designs
without admixtures were prepared with an
equal cement content. Based on the best
compressive strength results, the optimal
aggregate combination was selected in the
second phase, and the cement content was
reduced incrementally. The compressive and
tensile strengths of the concrete specimens
were obtained at various ages. In the third
phase, durability testing against freeze-thaw
cycles was conducted to evaluate concrete
resistance to deterioration caused by repeated
temperature changes and the transition of water
between liquid and solid states.

Results

The compressive strength results of
cylindrical concrete specimens from the
baseline mix designs without admixtures at 7
and 28 days are presented in Table. 1. The
results showed that aggregate gradation and the
gravel-to-sand ratio had a significant effect on
both the early 7-day and final 28-day strength
development. The results indicated that by
reducing the cement content by up to 28% in
concrete containing 60% pea gravel, the target
compressive strength of approximately 30 MPa
was achieved, demonstrating the effectiveness
of these aggregates. With the addition of
metakaolin to each of these mix design types,



compressive strength increased by
approximately 10%. The highest strength was
recorded in the GF60S40 specimen containing
an 18% cement reduction and metakaolin
(39.46 MPa).

Table. 1. Compressive strength results of
cylindrical concrete specimens without admixtures

MPa)

Name 28 Day 7-Day
GG60 S40 314 29.2
GF60 S40 36.50 28.27
GG70 S30 28.05 26.2
GF70 S30 30.545 27.755
GG50 S50 30.625 27.99
GF50 S50 29.61 30.2
GG30 S70 37.50 31.05
GF30 S70 36.35 25.58
GG40 S60 31.17 26.7
GF40 S60 33.985 32.05

The compressive strength results of the
concrete specimens after 95 days of curing are
presented. The results showed that all baseline
specimens with pea gravel aggregate
(GF60S40), at cement reductions of 18, 23, and
28%, were able to meet the target strength of 30
MPa- although the specimen with an 18%
cement reduction exhibited approximately 30%
higher strength than the required value. The
freeze-thaw cycle results are presented in
Table. 2. and were compared with the results of
specimens that were not subjected to freeze-
thaw cycles. The results in Tables 1 and 2
demonstrate the direct influence of aggregate
composition, cement content reduction, and the
use of admixtures on the durability and
mechanical performance of concrete.

Conclusion

The use of 12.5% metakaolin as a partial
cement replacement led to increased
compressive strength and improved concrete
durability. In the GF60S40 mix, the specimen
containing metakaolin showed approximately
12% higher strength compared to the control
specimen, while in the GG30S70 mix, the
strength increase was only about 4%.
Furthermore, the addition of metakaolin was
able to compensate for the negative effect of
cement reduction, whereby at a 23% cement
reduction, the strength increase observed in
GF60S40 was approximately 38%, and in
GG30S70 it ranged between 9 and 19%.

Table. 2. Compressive strength results of
cylindrical concrete specimens subjected to
freezing and thawing cycles (MPa)
After Before | Reduce
Cycles Cycles (%)
GF60 S40 C1 32.25 35.43 9.9
GF60 S40 C2 25.67 31.19 215
GF60 S40 C3 22.96 28.35 235
GF60 S40 C1M 34.33 39.46 14.9

Name

GF60 S40 C2M 36.58 37.34 2.1
GF60 S40 C3M 29.31 33.01 12.6
GF60 S40 C1A 31.27 29.34 -6.2
GF60 S40 C2A 25.33 26.54 4.8
GF60 S40 C3A 22.77 2481 9.0

GG30S70C1 29.93 36.80 23.0
GG30 S70 C2 25.52 31.69 242
GG30 S70 C3 21.51 27 255
GG30 S70 C1M 30.27 37.61 242
GG30 S70 C2M 29.31 32.71 11.6
GG30 S70 C3M 24.90 28.56 14.7

GG30 S70 C1A 29.17 28.34 -2.8
GG30 S70 C2A 25.15 25.23 0.3
GG30 S70 C3A 20.82 22.83 9.7
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Sree glacslo p; slaiagh



YAO

GLDULO )| oolazul \55....:‘50 bl.?u‘ éwwy 9 ¥y
5 Ol & Ol Ces 2l Gl 5 ) Gl
“5....»1»....4 0393 ¢ u...]gjlst.o asle @ijy 6Lm(5..>5)3|
e sbols e o oS |y bas > cpl &l 3
ol blul b Hlad g 00 )5 Jee Jb slad e
w&.‘o) Lo swl...a 6)51}05 JHSGA u‘)_o ‘) o\))cu
9 o515 Gl 5 Goemlilione JeaSS a4y 5 Lo ]S
als g o3 olae [V 9 VA] S o <SS (s Canglie
sladlaSan ol glaShy Jdo 4 glew an)e
5 Shd Gl VoS mb Ol abex Sl sy
40 oolaiwl glp slogdll cud b dadils o arwSs
Ol el alSls slaasls yls jlugcsle Cas
wg@jowuwwbémuwssbbuj&w‘
Sy banje Ghald ol a8 @ 5 plemw Bpae
Ceoglin ainSll awle a5 w2 o0 lis zllas g4 90 (ol
Gheecen; Sl g S Olew Grae GV
SHYL Sy o anle a5 Jb o o)l o
e slasly bailso,, ol cblo g AS oo &l
[r¥] Sl dhsrecun

as aileols flad Gldlas oy plgs a0
Rlr 0 G Caslie dg g oST5 GRlEl (JSS
5 oolaiul [YY 9 VY] 09 0 093 g (SO500 sloas >
st iRl b oSl aile N olse
6[&@09)3‘ ‘UT » 05>LC [ﬁ 9 Yf] MOGA wlj_al ‘) k)’“"
Gl czge (o o I9e )y sbecle sbal L ol
o Caslie Gialidl 5 (Fasgar I 5L (Fop95S
[v7 5 Y0] wsbi o 2343985 5 Sose i

cmlie (gundils (oS 5 aS wilools lis ba iwghs

O oSkes (lejee g0 4 ol Slge 5 (dgilSlle

OF0) ) o,leds prajlgn Jlu

Bl 5 cui s gl b

R 93 «dygel Sl g ) LS b gl
Sds 9 Yoim STy b eJsl oS oo Wl i 50 et
Il Ty i ples 5 (5lid Cuaglie C-S-H 456 J3
Sl mxe Gl g (SauSy Sl L pgs s
amd o 1alS 1) o (sl 5 (6000985 inge
5 Sobrer (malS el paizmen ol Gog3l [VY]
sloas >l 5o o 6 lmb g oad Saeaddy o 355
Loy ol Qi Jo .05 oo ol | 0gd 5 (So55
h Las gl boausSlg 598 5l colaiwl 5, ol)d
alox 5l o Yg3e 5l eolizal [VF] cusl 6500 o
G plys 5SS le Ssr 2 ogdle (gl
Su)ib- Syl i ey § Sl oS o cege
S35l 00 5748 po carge L Ysie b Glow 5l (o250
L plegon 5 05800 CO2 Lol 2alS 5SS wdgs
Sl drwgs 4 oSl pens 285 g 05l dide yoe I
ol a8 Wilesls lis Sldllas [V0] wiS o S5
Saglie (galliope jo &S lie g Jodsw el L
s 2l 35k plp 5o Caglie e sl «sled
[v#] a3 o Gl G Ged g Soik sleas >
0 ol Cans dlos 5l ilies Jolge 3l cou o plgs
B Ll g laailaSiw (losws g9 9SS e lons
5 55 Sl czge plope 4 ol Cod (1alS 0 0
Sgazme ;O g lagygs 398 yane g 09 o0 Sz Sl
5 O3Sy mujei b bailaSin caslie ganails .08 o
o Cwglie 5 o515 wl)d o JB slad (05
5 IS ams oo 2l 1) (T (5280358 5 ams o0 il
NS 51 o plss 5 (St (2l 2 5o AlaSins (i
9 s e @b o faes boo)S ol el
[IV] oS o slol (6 i
Jolse (e 5l (S (SOE 5 29d sleas >
0% & pls il e sy bl ;5 (0 oS
5 aboe il oo A LoLE o] ez il yo O
GBS 5 gt alss (Sl a8 WS e sbml LSl Lad

Ses seslon; sl e



ool 5 095 laes 2 5o SlIle (o plys § Cuaglie 1SS slaailaSin 5T VA

G)Lad Cuoglie Wilgi oo (Jlos (230l wo)o Ve alile
Iy o plgo g ools zals | Ol Gas weanisy sS4 1,
oealS 392 b 5 ol 0938l 3 oolatuwl ams il sl
ca S gl ) i 0ySles Ser cge sl Coglie
Sloied oS 5 nl pogdle ad dales (Sosg 5l (AL
o Sl g Bl caslin (goiails i Jole aw
plas o 8 5hi0 solitul 4 Cond s pCate 2liBlen ]
A S b golaidl b5l ol LMasl 7 b g ails
SR D)go & D deleS 48 pody g e i slo
Srhdeis oS L gililie oS 098 o (e 5
D 35 1 5 pled Glow e S (I
taied AalS ) Cuglia g 2 Cdl Glie I lacl>
g 05,5 [‘,5 l Oleww @ ;‘)T Cnnd dwwgy (gdilo
Aily ol gL (6,135 51 g 60, YU 1) (Sl Cunglio
wolgh 50 bl Glepw 4 Ol Cud g Lges e &
o gl 4 e joSde Jelo a5l Glejea eslinul
salys (o slaojle 65l laanza fals 5 wde

Seind 59l Y

GlSlon, oSles 5 atndS Olides az )8

2l ol gl wile (G933l slge (y0938l
ol Geiod Baa Lol isd 3 et Gleww b oS 5
slalain sonal il goladl 5 aBisle;] o)y
5 Ol Gog3l olemay ol pl )0 adlie Sy P>
59 VL YA g)lad Cwglin p lojen ks lge Sl
ol (ol g 5057 sleas iz ) o plsd (izee 5
Obeipd Sl oy p pol> Gaion (Lol dlius (nlple
s 938l 9 el olie balaSn (ganails
bal s po o golatdl azrgi 5 plys wglie ol
ol dihie S sl s nl @ el s
Sl oSy ololis 4 Wlg g0 Hliows oliwl o

ool plss 5 dshe yas Lial3El s odle 45 35 jzeie

5- Zhong

OF-0) Y o,leds cpaoslgs Jlu

R e g (Jaene PR Gpddek (el g pled
5 Gl Sldlae [YV-YA] sas o iol38l |, o1 5045
o o) Sen g Sllalw sl ioghy alox 5l Madlp
5 gl 5l eolaw! (ganails gjlwaigy cusal
O pled 5 (Sle o Shoe 350 0 ok sla 50938l
oS wasoe olas bamsl ol [re] wles wST
Lg o‘).o.a AL dwlo 09y ‘LSL”M CJLAA )‘ L5)'.5°)'¢H.
oj)l.c ““‘9’&5‘ ‘wLJ.A 6Lﬁb‘5vbsjﬁl 9 LS’L"M Joi‘o 0‘5.41
Gpae SIS Ll ok Coglho 5 CukS il
bl ;o Jlal dnng g cole laan jo halS (logws
3, las pgar o ol Kan 5 cwgad 00,5 ke
Slides olglilie ol slagn g bSlen,
Sl olKes 5 Taeme [YV] wols plowl slos s
b slacr ) e lae plpieas Il (0,5 a3L2
Ssl slon 6 2 e oLSes 5 OS3gy [YY]
Pl Sliios 3Lk sailaSis 5 gl

[Y‘Yl] .\3»5)51 Cewdds
Lol 5l st ssSilr o)l (r s JB soladl
SRl 4 o oly> Ssmte 2 opdle lgica Ll SlSTie
Sl S S5 (6,105 poxd Sowaids slhas e
Aigy0 dwle g oyl yolae a5 ¢y lons Ql.‘;.,.ul O Eyoge Q.ﬂ
3 ookl 5,90 LalSin el Lol aie lgreas
g wollhe coa S L olee ol el Hlaszgs i8S
drwgd g aije als o e idl YU plBd aoee
Coglae iolidl cel balaun diugy gaualy oS
ool s o3 eas szl o o plss 5 s,led

Slags oo U pdflilne 10938l (puizmen 090 oo

4- Mohamed

See sesle n; sl iagh



YAY

Lyo9~=519 Zga*u L ijbLi
A eolawl

05 2 &refessle YV

9 Vb cdld b (Vg0 coslitl 590 (gilSLie

P (35l 5l a5 0390 055 @ e i )
Cewddy ol 5 il az 0 A o=V dgu slos jo el
5 YU iy e il Loesle ol ewl owl
Oloww oz JLSLo iy 8500 crge b (6 3 25Ty
Olows (03l 203 D9d oo (1 (SN 3sds A8 4
olpea) it zolaw 3 Godod Gl 5o gl L
ROV PRV SUSWISRY G PUURRIESPIR WS I PRV Sy | C9Y
oo slabglxs 7 b o oolatul 550 eSSl aigal
XRF 5067 gl a5 asl oo olonds jog ole <8 15 5

el ol oals Hlis Y Jgaz 4o ]

Bld) 5 i o Gl b

@e,Sal; g ools el ) 6,055 g 212! slaas ;e
ngbﬁ e g d;oLLo o }L»jiL:;L» W% SOV LS[ﬁ LSLQQ

.0)5]

s byl aoliy -V

Lulpd )5 o CksS 5 plss Coradl 4 4z L
‘H‘jé 9 Ls?b}ég LsLmd:;);T BT SOWD dﬂoL;a 9 Oy LS‘*AB‘
uéojjé‘ 0‘}@ }‘ obLﬁl*u| 9 gfu»LLa ia)tl$| Z:)ls HAE&JJ
o,flas o loaiS o i glend § (Gone
Plgieei ol jo ol s sleojle Gae SYeb
Ol gilile (404938 dadsilaSn gandils Jole aw ylojer
B (orp 9590 O plgs g Cunglia p lge Dl ol

Al 5 s oils yy ylows 5 dbgad ags (5l 28,5

(1) olomds 138 Sl 85 oolol lgilSlie XRF 56T -\ g

FEQOs Ti02 Cao K>0 303 PzOs SiOz A|203 MgO Na,O CI’203
YIYF +/AQ VoY Y/-q </ ¥ -/f¥ YE/NY VE/YY VIY - < IV# o/-A
SrO PbO BaO Zr02 Zn0O CuO MnO LOI Etc SUM
N\Y ofee oo Y oo ol ofeY AN N Yoofoo

Lals plas 1) g lad Cuglie o i GG30 S70
o ools L ¥ S o beaslaSin gamasls s
gégLLZA 9 LE)Q*L gsjugraLLT E:ﬁ }‘ Ly HJ]
[Yo] as esliz ASTM C1602 o lasteu!
e Sl gg 5l hole el
39 e Ceeglie il jglaie 4 ASTM C494 ilhas
LSl 25k 4 (S 5l (oAb Sy Jled plp
Srd Vo olivy juSe b laaiges [YF] wo 3 aslsl
S bele Joli LYzl ol g wols oolel
ools 9 gg] A}bﬁjé‘ ‘d)ﬁjajurth 9 k}Loﬁad daasla
9 Lsibls g LSiLQs Ly 9 OUSS- ¢;¢>‘)l¢u‘ J}ggLy>
ASTM 3 ASTM C143 g, L ojb yu Glea oo
s lp LS slag b [YA 5 YY] as s C231
Slodsys ol ¥ o ¥ Jolar @lhas o caSeo ke

el e ol 2Rl dbailafin il

OF0) ) o,leds prajlgn Jlu

L u..‘ PN oolarul uJ}:\lSL.A )l 6‘439-“;
Dgd oo oddlie VS o

(s oIS i =) S

Obos ays olee 5l iy g 3, sbbaslaSw

ASTM C136s,lailiw! Gillas oyl sosmails gzl 5l
amails Jals Coviie (sanails g4 g0 [YF] 0l s
ool —(63555 S 5 5 (e e A0 B FIVD) (s095%
5 gamaly Sledbl a5 Wog (i o VA L F/VD)
3 GF60 S40 sladiges g cowl ool ool ¥ Jgo

Ses seslon; sl e



b0l 5 o055 leas 2 o gl o plss o Cuaglie  a1uSs slaalaSin L5k

569955 b 18+ g amwle 1F L b sasaslas S40
O LY g awle LY+ b diges saums ylas GG30 S70

Al e (olol g (60958 oS 5

GFB0 Lo claldlisl o ,b iy oo 33 55 oyloms

YAA

039 2253 B) [hioka osle 5 (Oleww (39 oy VYIB)

Jade zals b ssods eolel ladiges g (o>l (loss

clizee slaganails SleMbl -V Jgux

WA KR AR EW A SR (1) oy (5 y9u8 X0y (1) awle (5,508 Qo )y (iondoe) Sl o510l
Voo Voo (T Voo Yo
YA ¥ q- Voo 0
AD \id I Voo Yo
Y- av Y. RYA AR
Y. ) I\ AD fIvH
7 Y& Jr 70 Y
O YA Jr fo \
' \- Jr Yo <10
Y. ¥ Jr \- AN
\e <IN\ Jr Y <[+YO
120 Mountain Sand - Gravel
0 ——UP limit 100 ——UP limit
;\3 80 ——Low limit § 80 ——Low limit
‘::; 60 Test Grading °§° 60 Test Grading
§ 40 ﬁ 40
:\E 20 20
0 0 o
10
Size (mm) 10 Size (mm)
(<) (b
Regular sand
100 -
80 ——UP limit /
9 ——Low limit /,,'\'
- 60 Test Grading/ /
S ,___//_./l
. A
1 Size (mm) 10
(%)

SplS ao 0 YA e a0V Jaaz 50 eads oaly oyl
M (plpls g 0,56lS TV ol 5wl ool
¥ Jsiz e dlas 5o, VA G28l5 L sl 56 il
oy pes 5B )0 g am Jolie p0 g Wws S (b
adsl lows Hlaie ¢ gl 51 (g Lid Canglie linle;] plxl

S5 ¥ Jaaz Gillas 0o )0 YA o VY )50 4 oS OV -

Saere dwls (7) g Sl 255 dwle () o8 (AN (ganails gl gmwis =Y S

OF-0) Y o,leds cpaoslgs Jlu

oz 0 o 2, b bl g 56 3

Oloww Slado (gldilzog, awlo g b 5l oolaw! B3 L 4
Joles 059, YA (5)Lad Coglio 4y liiws gl 5L30 90
i aSagin 33 0,55 OV iy JISaliSa Y-
a5 8 Jdows (Jl pl b cnl ouls

Lo glagyb o olap ko anllas ol o annSs

Sree glacslo p; slaiagh



VAR Bl 5 cui s gl b

Slga b Igililie (6,05 ,5ar chise A g M sla ial w4 G35 C2 Ll slans e cal 4 28l
il e ol YA 5 YY DA plosw rals lls slacsn sasmoglis
e pSelS FVe g FFe PV slie b oy

GBS 3590 (59958 e Lo (sla diges LIS )b Y oo

(kp) it ole | (kQ) S o5 | (KQ) o | (KO) il o 0 g
OA- AN+ fv. Y¥a/ GG60 S40
OA- AN fv. Y¥a/0 GF60 S40
£F. VeV €Y. YYAIA GG70 S30
£F. Vey. fv. YEAIA GF70 S30
VY. YY. fv. YO+ /A GG50 S50
VY. VY. fv- YO+ /A GF50 S50
AVS N fV- YOV GG40 S60
AVS N fV- YOV GF40 S60
VoYY YA fv- YOY/O GG30 S70
VoYY YA fv. YOY/D GF30 S70

B85 3590 (oS 5 (Sladiged LIS )b -F Jgu

ol sl | olgililie | Glogw fal5 aops | St anle | SiS 4 Oloww RS RIVORE
(kg) (kg) (%) (kg) (kg) (kg) (kg)
- - YA OA- AA- fv. Y¥a/o GF60 S40 C1
- - Yy OA- AA- fv. Y¥a/ GF60 S40 C2
- - YA OA- AA- . Y¥a/ GF60 S40 C3
- 7 YA OA- AA- . Y¥a/ GF60 S40 C1M
- AN Yy OA- AA- YAD Y¥a/ GF60 S40 C2M
- O YA OA- AA- Yoa Y¥a/0 GF60 S40 C3M
<Iv¥ - A OA- AA- fv. Y¥a/ GF60 S40 C1A
<IYY - Yy OA- AA- fv. Y¥a/ GF60 S40 C2A
gAR! - A OA- AA- . Y¥a/ GF60 S40 C3A
- - YA VoYY YA fv- YOY/d GG30S70C1
- - Yy VoYY YA fy- YOY/d GG30 S70 C2
- - YA VoYY YA - YOY/H GG30 S70 C3
- 7 YA VoYY YA - YOY/H GG30 S70 C1M
- NN Y VoYY YA YA YOY/H GG30 S70 C2M
- O YA VoYY YA Yoa YOY/0 GG30 S70 C3M
<Iv¥ - A VoYY YA fy. YOY/H GG30 S70 C1A
LYY _ 2 VeYY FYA f¥- YOY/0 | GG30S70C2A
gAR - YA VoYY YA - YOY/H GG30 S70 C3A
VA §) ol 5 s dulo g 00 ol Gaz duo 0 a5 all o s WIC s oluly Sles 5 adyl oT lade
30 Sleww Hlade plpln .l sod a8 )3 s b vs o Sid ailaSn 0 oad wd> ol Hlade 8,5 a5 o

OF-0) ) o)leds uasslys Jlo Ses seslon; sl e



b0l 5 o055 leas 2 o gl o plss o Cuaglie  a1uSs slaalaSin L5k \q-

293 WelS i HESle )3 S92 ge sl B ol (5l
Lo Ol pss a5 o oulats glasgSa anld pl gl
baiged g ol (28l 50 s lolarzms bl (g 5luads
b Sy HLid b asiley (Bl (oms glodl > o
8¢ Jleel O slesl |

229 g 0% sz Sl bl Jsb 5o
5 bS5 ol wyp iz Rl TNl L
ot 6oLd Coglie et (izred 9 (el (S Ay
sl 5 baigas )39 LaalS o o)l a2 Yoo plast 5]
slas > 51 ol ol samslis ( b slaS 5
S o B (e (5lad Cuglie cl g 0g Sl
D)5 a1y

b oo oo 8l o Kighy 4 &%L")T ol sl
sxijle Jelse plo g 1o Ol aailain oS 5 3l
5 Sy sheme lulph o wllas Caglie 5 plos 2 (0
o demlie BB g 5.8 jsbarl; 05l 5 7 sloas

Ol 5 0od Gialej] plosil cga b Y S

Tl ol g 4 525 -F

sdiges g Lid caglio GiulejT gl (ow)yp —1-F
Lo
ol la e S o)l Canglio ool

Joos 55 o llsi 5 sl i (SuilSe 3 Shoe b3
)L Caaglie gl ams e ol 1) )l sla L

Slge g0y Lue LIS slaz b s slalsin! sladiges

OF-0) Y o,leds cpaoslgs Jlu

sl T 5 oSS BVl 5 ol (gl DS o b
e g anle 5 03 polie (Jg s o S5lS VY
Olides wlaly 425 08 jod 58 abgpe 2l
e Gl Sty LS i 5 838
Sialidl as sl slhaes gals 1) o SLIS el (S
0diS g oole gt Cwl 009 Budzs pl Blawl 5l Sl
| o0 solawl Lﬂbbjl.’;u C)‘b o
2 S sbaiges (5)Lad Cueglie 5 oIl sl
VO bl b (oo sladiges 5 (599381 3lge (90 5 ol
Ceaglie iolosl (5l diges 9o a5 o eolatal yio Lo
&1y YA 595 58 Gtalojl (gl digad s 5V 55, 50 (gLt
ol Cunglio talojl ot 4z 5 L5 o LS b 1a
slr,b el glpy ASTM C39 o lutisl &b
sl Cuglie lade a5 wo 8 sll i LM
) P .
oS Al Fpyy = "Xl" 1y 5 eoliiwl b it Ko
5 (N) oud Jozd (59,5 morSle i ias A g By oS
Cooglin b Foy 9 il ge (MM?) wiges alaiio xlan

Olisy 5 090 sl pln 5o plgs bl

Gaa LoV S 50 oads ool las o&iws illas)
55 Dl 5Bl w0 55 plp )3 i Seglie (b))
pom 3B 50 wSally g sl 4 o S 51Ol jge g Lo
9 o Bl yo Cagby dgzg Wil cal jo ad lxl
S sla i wilgs e 057 pBe O ez bl
Gl Caled )0 9 LS S5,y x5 IS sl 00,5 sbx
Ol 5o 08 G S o8, s s i
VA 5 lasbeal g sl dos 5| Gy wiiie gladiged 3ok
Bl a3z Yoo b plansy 5 ogd Galel cod o,
ol Al o g Jolss a5 > 208 5 1 B0l ¥ logus
ol,§ sl az 0 -VA sgu> sles U lediges laml g
30 39290 ol b aiods (6,105 Lo ol 5o g atdly rals
b oy soboar Lod upm il o JolS j5body Bilie

S slacsloy; slaiags,



V)

39 YA 2l 959, ¥ oadgl Cuglie 0l p 29 B

R L)

Bl 5 cui s gl b

Cul.u olodls oslo ul.m.u I\ Jsd} e )’5) YA 9 Y ‘Snbj)s‘

750 dle @ (0 o daailaSin (samails a5 sl plas

(MPa) sl 56 )0 50938l slge (900 slagsis 59, YA  V Lawgio (o )Lid Coaglin -0 Jou

39, YA 59,V ged pb
ARIA} Y4y GG60 S40
Y10 YAIYY GF60 S40
YA -0 Y#IY GG70 S30
Y100 YVIVO GF70 S30
Y2y Yv/aa GG50 S50
Y4/ Y.y GF50 S50
YV ARVARA GG30 S70
YYD YO/IOA GF30 S70
ARVARY YZIY GG40 S60
Yf YY/-0 GF40 S60

5 O Elen) ol o0 &5 g oglite 0
el oy gulilyoun dalsl

30 Caglie (i slyls GF40S60 wges ax 5
GF60S40 LS 5 w059, YA o j0 Lol wgs 039, ¥ (mo
oles 1y Jol 56 50 (o led cuglio o sy GG30ST0
Cogline 4y olows gl aS aas oo lis @ls ol aisls
GG30S70 3 GF60S40 (slaz )b wojs, YA o lastes!
Slge 5l esliul osy Jol 5B 50 (s camlie slaas ;S
Vg oo gt (53938

SLaiges 5,Lid Caoglio Jialojl gl (owyy —Y-F

095 olge g9l

e Al ganals g9 g (gl nl )

969978 oS 5 b 5 (59970 Al LS b i
2o pgd 350 3l dlge g8l 5l LS saloly
alS 0o )3 YA 5 VY DA o 5 s laboglies ;5 o
Slr o 03 2] g ()Led Cunglie 5 aidly
39 2,0 YYD plgs dgugy g Cueglio cdl ol
o L5 ladoglien 4 lgm ol oy [+ 5 (i

S sbaises s,led Cuglie w5l e 55, YO 5 g

OF0) ) o,leds prajlgn Jlu

Bged 4 bgpe Cuaglie (0 VL w0jg) ¥ (pw )3
samo L 45 o5 JKablEe ¥Y 350> L GF40SE0
L e e B I N T 1
Y- sy canglic L GG30S70 § GF50S50 clasies
GF70S30 slaciges 45 Jl> o caiils 15 ISl
5 JSublSe YASTY Lisgie ceeglie GFB0S40
L GG30S70, GGT0S30 4 bg: o acasglin ¢y yiaS
g JSalySe YF-YD sga
4 bgrye (5,Li8 Cunglie o ylicn 0jg) YA G )0
i 391 JSullEe FY 550> laie L GFB0SA0 aiges
JB glad LelS s g cemlin (sanails sdimolid
330> Cenglie b GG30S70 aiges ol el pm
Olojod jpa> 45 C85 )15 pgo s 5o JBLKe TA
5 Cemg JiB dgrge Sl (bl g 53558 slaail
GF70S30 siile basges plo Cowl suls J5lss yials
YY¥. Lagie cuglie GFA0SE0 , GF50S50
4 GGT0S30 4 bgs o lacenslio s 28 5 JSubiSe
aslie sy JKble ¥o 5l 25 GGB0SA0
b laS 5 dan a5 ols L o3, YA 5 V (slaceeslic

Qo0 (glylo a5 80 5 S (6 5Vl Cunglite Gy udS

Ses seslon; sl e



b0l 5 o055 leas 2 o gl o plss o Cuaglie  a1uSs slaalaSin L5k \ay

GF60S40 wges jo Canglin oy YL ol a8l 2058l
YAUFF) 0 s 5l e b 5 ylovens (2015 VA (g5l
(JEUL K.
ol yoray ylogw JualS LYA o> L sladiges o
A el Sl e Yol Bas Caeglie ol il
o098l 3l Gus 4 wes e plad 4ldS Sldass
Oles o] Lz 1 oy plgs 2alil boes «ylsilSTs
NN I PRENBPSER
wdl g o)l 0925 59, VA Sl ,led Cueglie (Al 38l

A 3l Lls e Cwglie 4o ol ials U]

oo 285 ams sl il cod
59, VO 6)lad Saglie .85 )18 (o) 2 8590 b S3938
57 Jolaz o lalgial diges Jolae 5 (oo sladiges
Gllae dlginl digad Cooglin jlade .l ouls ool Lis ¥
O ln oSe Wiges Ceeglie Jobao LT asliopsl
IYAL pals b as ols olas gols [¥A] ol JSub s
GLd Coglie (60955 170 (ol (x )0 (e ke
2l (6,105 56 a5 wd el KK Yo 390> b Bun
S ol gllie (509330 b ans o lis | laaslaSos

(MPa) g5 516 ;0 (35933l slge g (s yidn dopo b (i slacaS 5 L ladigad 59, YO (5 )Lad Coaglia —F Jgu>

Joleo (sl alg! xS bawgio diges pb
Yot TeIfY GF60 S40 C1
A/Y Y&y GF60 S40 C2
YAIYO YYIYo GF60 S40 C3
Yarfe \A7ARd GF60 S40 C1M
YYIvE fyiy GF60 S40 C2M
Y'Y/ YA/ GF60 S40 C3M
ARVARE ARTAR} GF60 S40 C1A
Y2IO0¥ ARV GF60 S40 C2A
Y¥/A Ya/A GF60 S40 C3A

(MPa) pgs 56 jo 50958l olge g duwle i aoyo b 0 ¢

oS 5 L ladiges 59, YO (5,Lid Caaglio -V Jgu

Joles (gl ailginl o Ve Bt o
Y£IA FA/A GG30 570 C1
YA Y5V GG30 S70 C2
Y/ YY/- GG30 570 C3
Yvis fY/5 GG30 S70 C1IM
YNV YVIY GG30 S70 C2M
YAID Y¥ios GG30 S70 C3M
YAITS \ATARS GG30 S70 C1A
YOITY \RIARY GG30 S70 C2A
YYIAY YYIAY GG30 S70 C3A

GloiiSly Cugli g g2 5 JIB 00,5y 5l B0 o
Cuaglie (neS Igo ol g5l laaised og (Vo)
ol yods (sloms 2lS VA L digas Canglio a5 aztils |,
Yo sga> caglie (GF60 S40 CIA) lsa ol

OF-0) Y o,leds cpaoslgs Jlu

VOBV il el oulglSlie 99380 el il
5 5 QM’ sz[> GLQA"}“" LQ)L"‘B WBLM 90 (G0
i dwle Gol> Gladiges 10 70 | eSSz il

Sae g a9, VA 5l adsl slaaiged 4 Cond

Sree glacslo p; slaiagh



Vay

OB b 3393l 5 plerw Glime ilaSiw gg3 Sl
9 0,00 i plas g Caglie a4 oliws o gloaisS s
6yL8 Cusglie (5550 jsbar Wlgige il (0558
Conglie 2l sl Igp ol oS > o wms bl |
3 oolaal (onlply 09d Cupae c8s b wl 5 05 o0
O ol jpam g b og Al
ool pgo 3B 0 YU Cuglie 4 Slws lp Sy
el Lol e o byl | Cesslin il ylasns jzalS
NaiS ) Caglie 2l Isa Sl g o)l Sl S
oo lesw (LB L plag b j0 0hng 4 S (oo

595 0 5l s sladiged (5,128 Cuaglie gl
Uil ax 5 wleas ooly las A Jgaz 4o (59l Jes
S 3929 59, VA 5l ae 6)Lad Caglite )3 azg LB
sgbar 059, A+ Cwglie (ol o9l L (s
i3 el IS (0538 5 28 ol a5
Sz 59 sl sladised (5 )Lad Cuglie sao ;0 YL
@ S fiion dule (g9l slaaiges H3 TVY alél
Dol dadgl sladiged

alaSn L Lo slodiged 4o a5 oy lis uls
sl ZYA g YV g VA 2als b (GF60S40) 55455
L 903 4 ST 0 a1y JISub e Yo o Canglite
4 o Cangliie ¥+ Sgam (bl e lowes 2alS LVA
O ol ogi8l Lol eols Gl a3Y Cglie
raiges 10 Casglie azg3 LB il Crgo Labogline
JSLKe FY/F 4 FO/F F55 (o5 5 4 C3M 5 C1M
CIM @ by po ol 38l oy yiis a5 wisls lis Ceoglio
A Cad il 3l ZFY L C2M 3 C1 & s 7Y L
ol gl lediges ¢ blio ;o .canl VA Hlawws rals
Ceaglio g oxiils | Cesglie o ieS (CLA-C3A) Isa
C2A )5 JISbSs YV/A 5 YA/F 4 CLA s YY/5 5l Ll
s ailaSin b lagy o il ials C3A
L 50 C3 5 C1 4yl clotiges (GG30S70) _sboly

a5 baasglio tiols LS (g yieS Canglin g _2alS

OF0) ) o,leds prajlgn Jlu

Bl 5 cui s gl b

Iy & o dgad 4y Cond 1) e 2l ax 5 el L K
R VA ¥ N B VIR PURIR VSRR S MR- L g FRRLIR
aS oy las zols oldl Bl 1Y U oo (g,led Cunglin
Lo oolol (60950 (0 1Y g awlo TV - (gol> o po
OdlS b as el asl alS as o YA g WY VY o
IYA SalS Jg 08,5 el oY Conglite oologus 7YY
00938l bcals o3 g lad cuglie Iy e
oga U oSl = )b eo cpl 51 S0 4 pdgilSle
Oy Glosms b alin diged 4y s (5L ol 1Y
Caoglie o YL el adly (al38l Gl e s
L g oo 2alS 7VA gol> GG30S70 aiges o
b sbbaiges o (JLbKe YV/FY) ol cud gl
).3‘).3 RV C.;UOBLQ& ‘u,a.ljleL.o o‘).o.bé.: uLo.».w Uw.fbls /YY‘
o Sl sgl> slodipes b el JKWLKe Yo
Sl TV L diged Cuoglie a5 aiiiilo 1) Caglie (o yeS
u.asl.fbo (GF60840 C].A) ‘9ﬁ UL\} ob,o.bcb ul.o.,....u
St P PUUWIR VSRt Y L g FIPRGI0 K| LW P L P o R+
oLl sl g,liad Cooglie ;0 LY B
O aS ol las by gasdils Yl g mls p auglie
Sl 4 S (6 5L gl (62955 (15 oS (g5l
shls ladisges ;o uils ool —(g0950 bglowe 0l
o, V2 OS] el gal> lows ralS VYA
Sodiges o as b jo b sanlin g lud Cuglie o
5 S, LY 4y rals WS (loss 2o yo YT oS L
TN Gals (g i Glosw LYA 2alS b sladiges o
Cuoglie dgugp el pdgilSle (S 0 ol cnaliv
plgs (Rl 9 6 piydeds (hals liSlug ) o515 ¢ Lad
gy by balaSiw SeSTie @i b ol Slas on
el lpo Ol )8 ol 1) <l ol (bl g0

&S sas e plas @S pl oy i Gl LRelS



b0l 5 o055 leas 2 o gl o plss o Cuaglie  a1uSs slaalaSin L5k Q¥

SalS 45 Wisgy JSulKe YAIS 5 YY/A VIV oS5

B oo ol ]y A YY B VY sg0s

(MPa) pgo 516 559381 dlge 5 dwle yiius auoyo b (i glocaS 5 b ladiged 55, 0 (g)Lad Conglio -A Jgo

£y 305 &1 o aliil ays | Jobes ol il | enSe Lagie aiges ol
_ Ya/ve TE/VYE GF60 S40 C1
- Y\ /g \ndid GF60 S40 C2
- Ya/A YA GF60 S40 C3
YA \tdld I\aVid GF60 S40 C1M
ff folr Ry GF60 S40 C2M
Y fy/f fvIf GF60 S40 C3M
-4 Yv/f Yvif GF60 S40 C1A
-y va/f ART7AT GF60 S40 C2A
-y YV/a Yv/a GF60 S40 C3A
- YvIvY Y GG30S70C1
- ARTAN Yvia GG30 S70 C2
- YAIF Y'Y/ GG30S70C3
\-. VA 2N GG30 S70 C1M
V0 YVIA fY/A GG30 S70 C2M
Yy AR7AN Ya/4 GG30 S70 C3M
-4 Y-/t Yo GG30S70 C1A
-\ YY/A YY/A GG30 S70 C2A
-\Y YOIY Yy GG30 S70 C3A

ol om0 O Ses (e el side gl Gl
F7/8 Cwglin L GF60 S40 ClMas by e ladiges
GG30 S70 &, Loy o 3,Skae (o fukenss 5 JSblSe
Wl 0 o JKWbEe YOI cwglis LC3A
Sl Ty ol S 5 42815 sl S 31 ST
Olyd (YL oST15 g g0958 (gamailsy a5 Jb 0 S
doa Gl g aoo oo (ialdl ) Vg5 eole pl o,
Lyl b jo o ples (6l s oo ralS |y Cglin ax )3T
Ll o ol Jaxe
SLeaS § (5)lid uoglin (ulol gl o)y -F-F

Ol 9 ©9d P Yoo Coxd (S

Yoo 5l om R @b Cuglia gl g aslllas

o3lo (Las A Jguzr 59 pgms 5 50 plainsu 9 0gd S

OF-0) Y o,leds cpaoslgs Jlu

Caaglie Ll cge CadsilSlie 5l onliul
FVA Cunglin o 5 45 C3M b CIM gladiges sis
o 5l aalidl a8 aumals L Ke YA 5 YY/A
o2 595 90,0V g WA i 5l ladises
ladiges 3,5 el 1) JKWbKe Yo Gon Canglie
a1y o Sles o Fibend 095 (nl o0 ol (5l
a3 Sl Ee YOIV b Y 5l LT caglie
plod ;o (s0558 lagyn a4 w0 olis IS anglie
L —(6055 oS 5 4 S (6 5VL Cuglie Laly
Cuaglae iulidl ol Cade 31 o s S5 L g i lo
FeSlie 595 b alaaiges ;5 o g cunl anils (g ,Lad
Corglio lgp l> i GFB0 S40 wiile ailuSiw
CLA Gladigai 5 a5 (5,5b @ ad oo SRalS |, 5 ,Lad

Sl ($9938! l diz ol odaline YAY-VF Ly e el

Sree glacslo p; slaiagh



AR

el oS axals Lt 63956 b b ladiges plgs Lol
Sledigas a5 Jl> o aisls lad 7V sga lawgie
2y w0, s MM lwgte il gy
039 yioS (ool 5 (53955 (53l ladiges ;5 ()Pl le
o, Ve E8l oo gl (ol (sladiges ax ST ol
TYN o s Jgaiils Hlaw jrals doyo b el
Voo o JRLLBL Te o5 Cuoglie oo lowa 2alS
el 3B ISl ol bl o el S
O plss 5 03,8 Gl Iy Oloss (20l 51 (A6 Caglie

WSS dgape | lasy Lyl o

Bl 5 cui s gl b

& bfSow (Byme 0 &5 pladiges @G L g wilowd
s was awlie wd S 8 an ol 5 09
do s ialS WliKin oS 5 pitans 55U saimslis
Sl 3, hes g plgs o Lo G098l 5l osliul 5 locns
Gl ladigad (gog5u ailaSw 78 L 0 o cl o
Suaglie ;5 (5 e S8l log 20l L (S99381 g
5 VA L diges Conglie a5 (g bay axnils olad (o,led
Canglie Sl 0o)d YWIO 5 YY) Ve (o5 4 /YA 4 YY
o edole 18+ L baaiges 1o Caglite il yyl .ol ool

w5l oyt Pl 0938l g doys YO LYY

Cod diged (5,Lad Cwglio -1 Jgux

(1) a8 sy | IS Yoo slamy Jobee sl ailgnl | ooSe awgie | adsl Joleo (sl ailgnl Agai ol
474 AR1A YVIY Yo/t GF60 S40 C1
YV/0 Yol ARA YA GF60 S40 C2
Y0 Y YA YA/Y GF60 S40 C3
A AR7A ARYA Y4/ GF60 S40 C1M
A\ \kdid \R3l4 AR7A1 GF60 S40 C2M
\YI# ARAY \R7A) Yy GF60 S40 C3M
Al ARTA eIy ya/f GF60 S40 C1A
TIA YOI Yoy Y210 GF60 S40 C2A
! YY/A YVIA Y¥/A GF60 S40 C3A
Y Ya/4 YA Y&IA GG30S70C1
AR7AI YO/b AN ARTAS GG30S70 C2
Yo/ YA/ Y& AN GG30S70C3
AR7AI KA Yo Yvig GG30 S70 C1M
V& ARAY \R7A ARIAS GG30 S70 C2M
VEIY Y¥/A Ya/4 YAI# GG30 S70 C3M
-Y/A YaN AR7AS YA/Y GG30 S70 C1A
s AIVAS Y-y YOIY GG30 S70 C2A
a Y-/A YO/A YY/A GG30 S70 C3A

ol 1y oad ol 5 005 @ sladSes Rl ) ools

day Cuaglie Sl s s (los GEalS il b s s
plple cdl mldl sy Yo U S Yoo )

P Db alS g elgs il e lse ool

OF0) ) o,leds prajlgn Jlu

sl lse Sl oy O 5l slaaises 4z 51

aigas ;50 4y o Jlo g Ll 55 (65 0ml Conglie
<o 0% G GladSem jl sny Cuglie 24l Js wog,
SealS AL glate gunails b ladiges don jo yad
O YL Sl (52305185 05 00 )0 B 51 28 (Lo

Ses seslon; sl e



b0l 5 o055 leas 2 o gl o plss o Cuaglie  a1uSs slaalaSin L5k Vg

A e o (ilaSs g5 a5 ol lis lasy
50 b S0g33 5l osliw] § ol 28l cdle
U"” ra‘ﬁo 9 L;..:ls.o \))S-LA.C » 6‘0;.\...50.“.:4
AlaSiw b o baslaSiw glel ol jo .aiyls
(GFB0S40) F+ @ £+ Cos 9 s (g0950
S P O A G (§ i Cenglie olgen
(GG30S70) Y+ 4 V+ o g saloly — 53550
Ol (B lad pals g ganails YL (ST
oalS g (s oST5 Gaalidl aslaSoin 4 le

Dgdien R (6 deds

Olee 4 dgflile do 0 VY70 51 colaiul ()

BV Gl g plow 5l o250 0Kl
Gyl slodiges (5,lad Caglin o 3o, VO
Pl eSS S Gl g i
Slbdiges 4 o o awle 65[9- Lngus.o.S
b5, A0 Cwglie (Jg ol 59, YA 5l aey 4yl
IYY g s b g9l Gladiged j0 oy YV
& Sl pden dwle gyl slrdiged o

28l Gl sl sladises

(5l 85l (g9l aiges GFBOSA0 S 5 1o (0)

o, VY ogas dall diges 4y Cond Cuwglie
S5 e oS Jo e el e Ll
oyo F ogas L Cwglie iul58l GG30S70
e A il (e (3538 a5
VY pals b oaS aS gl | lases ialS
GF60S40 )0 cooglin iolidl «loww S0y
YA B4 50 GG30S70 ;o 5 ao,o YA 050>

A odslice dus o

9o Sl sl slaaiges (5)La8 Cuglie ax 5 ()

GFB0 wiges 1 loss 2alS YA 5 VY NA L
gl malS /Y. BV - e 4 S40 CLA

— 5535 55 IY e g ke LY+ col> sladigas

OF-0) Y o,leds cpaoslgs Jlu

Dged )0 5yl g Ngd g0 93 - S57 S 5o
Sl Llo 1y o Slae o e (lowm il ZYA L
2 Jole ke Gl &5 ol plis gl
C98 Gl cod i pled 5 (5)lid Cuglie il
L sladiges )5 oy 4 g lojen jsbay platsy s
Gals el Jg ol zals 1) (5 )Led Canglie lga Ll
LSLQQ-:-.' D ol (6 s ﬁ"-‘“ﬁl-a-“ §9959 LSL‘°Q3'?
g 5 SYL oS5 o as auils  lol - (g0950
srax b g lesw ol rals ol baailan X
WS e MelS 1) Cesglie il wilsas Lo S8l
S1972 59338 5 Glowmw cawlin oS 5 SLl ol
uaals L GF60 S40 C2M oS 5 o IS jgbas ool
2 o Slee op i Gl (0938 g ylans agie
2 ples o i Hloss al 2alS s g len Sl L
et 50 o Wl oo HlgilTle oS WS e ST mls
35 Ll (5550 A log (574850 50 o 5 Cueslie
ol Glaisy bl s o) ples s Gl oS Jl> o

.J.{béso
S5 Az -0

o938l daailafin sanals b @lie ol o
B A o i plgs g Sasglie p l9a ol g L
2 yled Cuglio slaiale;l s S v, p alSlos
5 adds) Caoglie 0, 5 plowl 55, A0 5 YO YA Y i
Gred A pasuie ped g Jol SB 0 ladiged ol
A pee 3B )0 o 5 0gd JSe Yo v o adiged
B 555 Glojyl s ulh 9 5t s 5 iz 5
1] Cawdds 00 RES Slaslesl wlalp 5
VA s 3 5 5 lad Conglie gl (o) 2 ()

5 298 JSem Yoo 5l (rizmen 535, A0 5

Sree glacslo p; slaiagh



Vay Bl 5 cui s gl b

daalaSn ganals @ axgi b oy cuS 5 G oalS a3 YA 5 WY DY Clp o el
lso b px> J5S 5 Saxe slagsgsdl plys Sialesl o Cunslio Sl 1y a8 g widly
Lalyt o1 o plgs g o)Lt Canglie wlys oo iols s 095 51 b 5l zaS
oo (plosaly g wloy fiSlas 4y Coen s oL plaindy g 098 IS Yoo 5l G @l (&)
yd po Bblis )3 Il g pglie i adg sl SOl g 2w plepw (RelS as
S oal 2 ol b 0gd o o 6yl Gl 5 Ceaglie
9 oS b anle 5 wlaSew wlie 51 (510 2o e (@) L 5l nl el gililie (0938l (1
Ol o8 sleacs podle ccanlin g yws Corw dl il jo |y i Ceglie g 00,5 ol
ool 3 1y sladhate Jlly axwg g solazil Gl oS 5 (S ek S Lais e
S (o0 Ol (Pl I Sl g gl (lorus
dsge pyime Fowyy 5 p e poe 5l i l0 08 bl yo o slp g 05,5 sbml plgs 5 Casglie
Ol Slos ;o el s ke plojle) 3dgs jlan (yolas sl A s oo
ol lisles] sl o (5,8 § colos ol (liows VYD 95580 b oo yo YY sg0 b legws 205 ()
20,8 (o0 (19,03 BoiS S 6ysb a4 el pd Bl gl ws o

b ogboe Lad> (2 plgs 5 (5,Lad Cuoglia
References

[1] Ahmad S, Al-Amoudi OS, Khan SM, Maslehuddin M. Effect of silica fume inclusion on the strength,
shrinkage and durability characteristics of natural pozzolan-based cement concrete. Case Studies in
Construction Materials. 2022 Dec 1; 17: e01255. doi: 10.1016/j.cscm.2022.01255

[2] Antoni M, Rossen J, Martirena F, Scrivener K. Cement substitution by a combination of metakaolin and
limestone. Cement and Concrete Research. 2012; 95: 36-45. doi: 10.1016/j.cemconres.2012.09.006

[3] Mermerdas K, Gesoglu M, Giineyisi E, Ozturan T. Strength development of concretes incorporated with
metakaolin and different types of calcined kaolins. Construction and Building Materials. 2012 Dec 1; 37: 766-
774. doi: 10.1016/j.conbuildmat.2012.07.077

[4] Jagan S, Kiruthiga N, Ramya R, Hariharan SS, Jagadeesh S. Investigation of metakaolin utilization as a
supplement to cement in sustainable high-performance concrete production. Journal of Environmental
Nanotechnology. 2025 Mar 30; 14(1): 433-443. doi: 10.13074/jent.2025.03.2441152

[5] Siddique R, Klaus J. Influence of metakaolin on the properties of mortar and concrete: A review. Applied Clay
Science. 2009 Mar 1; 43(3-4): 392-400. doi: 10.1016/j.clay.2008.11.007

[6] Monteiro P. Concrete: microstructure, properties, and materials. McGraw-Hill Publishing; 2006.

[7] Rashad AM. Metakaolin as cementitious material: History, scours, production and composition-A
comprehensive overview. Construction and building materials. 2013 Apr 1; 41: 303-318. doi:
10.1016/j.conbuildmat.2012.12.001

[8] Alharbi YR, Abadel AA, Mayhoub OA, Kohail M. Effect of using available metakaoline and nano materials
on the behavior of reactive powder concrete. Construction and Building Materials. 2021 Feb 1; 269: 121344.
doi: 10.1016/j.conbuildmat.2020.121344

[9] Sabir BB, Wild S, Bai J. Metakaolin and calcined clays as pozzolans for concrete: a review. Cement and
concrete composites. 2001 Dec 1; 23(6): 441-454. doi: 10.1016/S0958-9465(00)00092-5

[10] Homayoonmehr R, Ramezanianpour AA, Mirdarsoltany M. Influence of metakaolin on fresh properties,
mechanical properties and corrosion resistance of concrete and its sustainability issues: A review. Journal of
Building Engineering. 2021 Dec 1; 44: 103011. doi: 10.1016/j.jobe.2021.103011

[11] El Inaty F, Nasreddine H, Djerbi A, Gautron L, Marchetti M, Quiertant M, Metalssi OO. Mechanical and
durability performance of metakaolin and fly ash-based geopolymers compared to cement systems. Results
Eng. 2025; 27: 105788. doi: 10.1016/j.rineng.2025.105788

OF-0) ) o)leds uasslys Jlo Ses seslon; sl e


https://doi.org/10.1016/j.cemconres.2012.09.006
https://doi.org/10.1016/j.jobe.2021.103011
https://doi.org/10.1016/j.rineng.2025.105788

il g o @leas x50 gl o elss 5 Cusglin  a1uSs glaailaSin L5k VaA

[12] Mohamed AM, Tayeh BA. Metakaolin in ultra-high-performance concrete: a critical review of its
effectiveness as a green and sustainable admixture, Case Stud. Constr. Mater. 2024; 21: e03967. doi:
10.1016/j.cscm.2024.e03967

[13] Zhang J, Guo Zh, Zhang G, Zhang T, Song X. The effect of metakaolin on the properties of MSWI fly ash-
slag binder: Compressive strength and chloride ion immobilization, J. Environ. Manage. 2026; 403: 129267.

[14] Siddique R, Klaus J. Influence of metakaolin on the properties of mortar and concrete: A review, Appl. Clay
Sci. 2009; 43: 392-400. doi: 10.1016/j.clay.2008.11.007

[15] Rong Z, Jiang G, Sun W. Effects of metakaolin on mechanical and microstructural properties of ultra-high
performance cement-based composites. Journal of Sustainable Cement-Based Materials. 2018; 7(5): 296-310.
doi: 10.1080/21650373.2018.1496860

[16] Al-Hashem MN, Amin MN, Ajwad A, Afzal M, Khan K, Faraz MI, Qadir MG, Khan H. Mechanical and
Durability Evaluation of Metakaolin as Cement Replacement Material in Concrete. Materials. 2022; 15: 7868.
doi: 10.3390/mal15227868

[17] Neville AM. Properties of Concrete. 5th Edition. Pearson Education. 2016; ISBN: 8177585878,
9788177585872.

[18] Powers TC. Structure and Physical Properties of Hardened Portland Cement Paste. Journal of the American
Concrete Institute. 1968; 41(1): 1-6. doi: 10.1111/j.1151-2916.1958.th13494.x

[19] Mindess S, Young F, Darwin D. Concrete 2nd editio. Technical Documents. 2003 Jan 1; 585.

[20] Parastegari N, Mostofinejad D. Influence of bacteria on performance of air entrained concrete. Amirkabir
Journal Civil Engineering. 2019 Feb 20; 50(6): 1103-1112. doi: 10.22060/ceej.2018.12371.5188 [In Persian]

[21] Abbasi Dezfouli A. Experimental investigation into the metakaolin used in concrete. Journal of Civil
Engineering and Materials Application. 2021 Jun 1; 5(2): 67-80. doi: 10.22034/jcema.2020.253922.1041 [In
Persian]

[22] Afshar M, Ghanbari A. Comparison of Compressive and Tensile Strength of High-Strength Self-Compacting
Concrete with High-Strength Normal Concrete. 2nd International Conference on Civil Engineering,
Architecture and Urban Development Management in Iran, Tehran. 2019. [In Persian]

[23] Mehta PK, Monteiro PJM. Concrete: Microstructure, Properties, and Materials. 3rd ed. McGraw-Hill. 2006;
ISBN: 0-07-158919-8.

[24] Badogiannis E, Tsivilis S, Papadakis V. The effect of metakaolin on concrete properties, Innovations and
Developments in Concrete Materials and Construction. 2002; 81-89.

[25] Du L, Folliard KJ. Mechanisms of air entrainment in concrete, Cem. Concr. Res. 2005; 35: 1463-1471. doi:
10.1016/j.cemconres.2004.07.026

[26] Kamel A, Lezgi M, Tayebinia M. Investigation of the Effect of Air-Entraining Admixture on the Permeability
and Durability of Concrete Materials Made of Portland Cement Type 1-525. Journal of Concrete Research.
2023; 16(3): 93-104. doi: 10.22124/jcr.2023.23698.1609 [In Persian]

[27] Malhotra VM, Zhang MH, Read PH, et al. Long-term mechanical properties and durability characteristics of
high-strength high-performance concrete incorporating supplementary cementing materials under outdoor
exposure conditions. ACI Mater J. 2000; 97(5): 518-525.

[28] Hemmati MD. Evaluation of Mechanical Properties, Impact Resistance, and Freeze—Thaw Durability of
Concrete Containing Metakaolin and Polypropylene Fibers Made with Municipal Wastewater. Master of
Science Thesis, Semnan University, Semnan. 2025. [In Persian]

[29] Shariatipour, S, Sharbatdar, MK. Improving the durability under freeze-thaw cycles and compressive strength
of self-compacting concretes by replacing cement with metakaolin. 15th National Concrete Conference,
Tehran, Iran, 2023. [In Persian]

[30] Soltani H. Investigation of the Effect of Nano-Bubbles on Cellular Lightweight Concrete (Foam Concrete).
Master's Thesis, Shahrood University of Technology, 2017. [In Persian]

[31] Ghoddousi P, Adelzade Saadabadi L. The effect of the pores physical microstructure on water transport and
compressive strength in self-compacting concretes containing silica fume and metakaolin. Concrete Research.
2021 Mar 21; 14(1): 5-19. doi: 10.22124/jcr.2021.17493.1453

[32] Mohamed AM, Tayeh BA. Metakaolin in ultra-high-performance concrete: A critical review of its
effectiveness as a green and sustainable admixture. Case Studies in Construction Materials. 2024 Dec 1; 21:
€03967. doi: 10.1016/j.cscm.2024.e03967

[33] Zhong C, Zhang L, Mao W, Xing S, Chen J, Zhou J. An investigation on mechanical properties and durability
of metakaolin reinforced modified recycled concrete. Case Studies in Construction Materials. 2024 Jul 1; 20:
€02978. doi: 10.1016/j.cscm.2024.e02978

[34] ASTM C494/C494M-19. Standard Specification for Chemical Admixtures for Concrete. ASTM
International. 2019.

OF-0)) o)led easslys Jlu Ses gosle ) sl ingh


https://doi.org/10.1016/j.cscm.2024.e03967
https://doi.org/10.1016/j.cscm.2024.e03967
https://www.sciencedirect.com/author/6701385641/rafat-siddique
https://doi.org/10.1016/j.clay.2008.11.007
https://doi.org/10.3390/ma15227868
https://doi.org/10.1111/j.1151-2916.1958.tb13494.x
https://doi.org/10.22060/ceej.2018.12371.5188
https://doi.org/10.1016/j.cemconres.2004.07.026
https://doi.org/10.1016/j.cemconres.2004.07.026
https://doi.org/10.22124/jcr.2021.17493.1453
https://doi.org/10.1016/j.cscm.2024.e03967
https://doi.org/10.1016/j.cscm.2024.e02978



