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The cement paste properties as the matrix in concrete are of great importance in specifying its
properties. Recent advances in concrete industry have highlighted the need for accurate knowledge
about its nano-structure and components. To estimate the important mechanical properties such as
Young's modulus, bulk modulus and Poisson’s ratio of the hardened cement paste at the nanoscale, a
comprehensive set of crystalline structures that represent the main hardened cement paste constituents
(CSH, CH, Ettringite, Hydrogarnet and monosulphoaluminate) is developed for Molecular Dynamics
(MD) simulations. Five different force fields (COMPASS, COMPASS Il, INTERFACE, Universal and
Deriding) were used and compared with each other to be able to measure the mechanical properties of
these compounds. Also, the properties of two types of C-S-H with high and low density were
determined by using Mori-Tanaka method. Lastly, simulation results reported by the authors were
compared with existing computational and experimental values. The results show that using molecular
dynamics method was suitable in estimating mechanical properties of hardened cement paste. These
findings might be applied on larger scales and also multi-scale simulations.

SVgaze ;0 (Al b g S 4550 Ngdoo R 50 (Selite (Ll 590
Ol 09d o (Dl oleP et 4 peie WIS oo il i0ee lecss e
SVgams flin CHll olp wax slagldeSs g by, 5l eolinul
o2 50 gl (ol SVgame Sl oV dlias Glops e
ol S g 000 il Sl oS Jold Gl 0as S
ol S5 il Sliegll silsusise 5 i)lSg e (alSy ]
Ol Cajorels S uds 4 pzie ool S (lorms e ;0 DY gaze

Please cite this article using:

dode-1
oSOl o il eslil Lt o Glaisle dllas o fege
don o by (A5 0 Rl eejle ST Lol JE 8 il
b 4z 5o addllas g CSlll Conl £aog90 (pl 9 90,5 oo oolaiul o5l
oS ol ailaSis 5 o plowms 5 oS5 0 (1] WS e 5Tl 1) ]
GRSl onl g edd amible aSly 4 ymie O b plers ST
el Y gamme ol CoiS g e a5 WS e adgs | SV game gl

e edlitwl Jo3 &ybe il o ol @ gla )l gl

D. Tavakoli, A. Tarighat, Estimation of mechanical properties of hardened cement paste with molecular dynamics simulation method at nano scale, Modares Mechanical Engineering,

Vol. 16, No. 6, pp. 71-78, 2016 (in Persian)


https://dorl.net/dor/20.1001.1.10275940.1395.16.6.37.0
https://mme.modares.ac.ir/article-15-10500-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-09-21 ]

[ DOR: 20.1001.1.10275940.1395.16.6.37.0 ]

b puel 9 SAS95 Sl

956 ulaiio ) 03ub wadtw Ylowws jaed SSule Yolgd (reXs HS (HJ9ge Suolind Yoy jl o Slaiuwl

walys 513 iluand 3 50 (JoSge Salus () 4 51 3550 DY paze
gyl L] (Sl (oles atcia¥l Lalyy 5l oolitul b (s g 28,5
b sladnnd ;o iz (5955 (e 2led @S 50 955 laglee Cores
] 00l R \)‘9.0 U’" (5])‘.’ LQ,J C,éos AW oo).g)l.f@

4 ko 5 00,5 SaS oty SolSle olss 38,8l Jolge gy sl
23,5 o i3l ) aly 5l (B p Sene

ol S Oloww pod> oS Sl Y guasmo -2
Sl b 28Ty 0 o el o o5 pU 4 (2550l 232 2 hegea
Ol yoos S 5105100 9529 4 |y 00l St (o ped Cled o
Olowmsr e 5 50 @ly 531095 (0 (i el 392 & el ailaSan
o 0yl 1) TgslSal (18 laalaSn 5 WS e 53k ) P ile 8
ATy Sl e a3kl o @l Lol e el B ler
Plo> oS 305 (o0 SIS o e 0 (GYgame Gloww (genlilinnn
game ailie ol e analy G 25,5 x50 5 lers s 2l
Whows Sl el J5 1Jeld los e oaims SIS age
Holiagllgilgmgie 9 T gyun FalB sl FpendS wnS 0

0 lase Sl puadS” 5 (plosw 50 00l JuSLiS Jguama (o yhegen
S nonnndSG 5 g S ionndSo (slo 36 oS 5 51 5 ol il oo

Oloams jeod 51 00,070 1550 g0 ool (1l .09 oo ades ST L Lo
e 3 (l9d g (Seglie (oloS yiiey awd e ST ) eud S
peelS [LL] wloe Jpame ol & anly o 3lal )lwly (ol
5 0k slo Lo i sle 5 095 Bsal Sz & L 6 s A
S35 5373 b izan 5 el 43I s 9 ool cul S
JSET g Sl 5 Bo JSlu jei dlge alulid ate) po e
eSS olge doyo (4040 astive 4 d> g bl oauid adrive ol caims
Sl 3925 ol b 0gd g aldel HSC &jgo a4y Yaoso oole () ouims
e oole SG 4 el Y LSl G U5 cnl & )5k cnl Gl
ledl b GGk oo ezss Shls Cujgang 3)s Cojseng mul
L alin jbslo b calise ool 30 sgae ol o ooy s 58 paadS
o el oad slpaiy 5 olllid et @l Sl Lw eenlS
2 el g Jbsle aney o celil opyiie a5 el plad wladss
9 ol calize 48 Lz il Cujsengi o)l dezy Zujge e
ol g il CuypangisnlS g pg ST AL g ST 1L (g 2SS
Pyl AL Cojsepg 50 (SelSe ol atee o Calid oyt om
@ lass doaiss plu sl iy Cose megd 3l o8l [3] Cansl 00l cvmlie
S 5 5 00le (nl (e 0 LSl bty (i @ 4z g Lol o
ol il adlae cpl jo clonw peas Y game 40 35250 &liaue SISCLew
oy oolaiwl aijlae Gllaw plS (SSle ole> gy S oole

® Matrix

" Inclusion

8 Calcium hydroxide

® Ettringite
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 Molecular dynamics

2 Tobermorite

® Density Function Theory (DFT)
* Force Field

® Calcium silicate hydrate (C-S-H)
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® INTERFACE

4 Geometry optimization
® Smart

® Newton—Raphson

7 Steepest descent

8 Conjugate gradient
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Table 3 Mechanical properties of Tobermorite 14A

cpe oShidse (hp Jsse o> Jyka Ol
ol LGS JSLES el 9525
0.31 49.38 18.81 43.93 oeeelS
0.30 46.75 17.99 38.86 1 oelS
0.24 71.80 28.89 4653 e ]
0.35 4147 15.33 46.89 Jljseisy
0.34 6233 2313 68.09 AR
0.26°  80.00" 3165°,

031 004"  1000%100° 004244801 -
025-  5190%  2061%278- 0T oY ezl
0.26°  635%56.5, 508,225, Rl

0.34%,  49.82° 18.55¢ 386,5289,

a[21], b. [3], c. [22], d. [5], . [23], . [24], 0. [7]

Colatliy (SlSe ply4 Jgaor
Table 4 Mechanical properties of Portlandite

e po «Sib Jgde o Bp Jede ooz Jgde e
Orls Bl 55 LSS LSS 95
0.40 78.59 27.97 137.98 oS
0.26 50.86 20.15 35.66 1 aals
0.22 14.18 5.72 9.1 b sisy
0.22 14.03 5.72 8.55 KPRV
0317 35.2%, 514 13.4° b
023x 0% 209%  3119316% ..
0.00", 39.77- 03", 0.3°,31.54°,
0.305- 4425 48" 18.3% 39.65°
0.325° 3559 16.36°

a [3], b. [25], . [26], d. [27], &. [28]. T. [7], 9. [29]

75

ssn Sealins (53lotond ;3 0 4d 5 IS & Ll 22 Jgur
Table 2 Molecular dynamics simulation condition

aslllas ol o Laylys sl

NPT Jrod!

L Shige s

() sles) 298 (c2sl5) Lo

ZL}..,.\;)., Sl

0.0001 (5> ,L23) (Ul 85) jLsd

1 (4 5208) oloj pl5

100-300 (AlsSs) (iltnns o

Sallyl Se3besly pSIl g Qg ily (slog i moz b,

Cijiu = 9%y = > 74 @)
ey Ten Vo 0€;j0g Teyen

Sl A 5 4l IS8 i o s Jlie S 458w Vo abaly ool 5
5les sgela oliT 550

59 Ol dloes (gly 0,5 acils 3 1) oole Sea¥l plgm plu g5 oo
(5) b (2) Larlg, sl o oolitial Py 5 % oghy 5 (sl 5l jlade
ol 5 el 08,8 ol Ty osle KWl ply 5 it o yile Cons alai
oy s sy by, eass i G 4 Vg R slagmal Ly,
3] el o5 o yile sloasl s oams Las Sjj uizran 03l o0

1
Gy = 15 [Ciy + Cop + C33 + 3(Caq + Cs5 + Co5) — (Ciz + Ci3

+ Cp3)] @
Gr = 15[4(511 + S5 + S33 = S13 — Si3 — Sp3) + 3(Sas + Sss
-1
+ 566)] (3)
1
ky = 9 [Ciy + C33 +2(Cyp + Ci3 + C33)] 4
Kp = [S11 + Spp + Sa3 + 2(Sp5 + S13 + $p3)] 7! (5)

Iy SVl ol ol 9 Vb aiels Cug g (wes) Yie 4SSl 4 4> b
@lp P by e 90 opl ol alold @ 4z b g aiS e B)S
S e ol 0wl oals slpiian dae 90 cpl ke polie 51T
el 0sds 51 T e g gy ) agi 0ad ()55 oo sae

[3] wms oo L 1) oy 00l (7) 5 (6) Las,

Ky + K,

Kygru = v 2 2 (6)
Gy + Gy

Gyru = 2 (@)

n3lie wlge (o> Jodo g (Bp Jode 5xSke polis arule Sl an
5(8) Luly, 3l ooliaal L (1) (ygalyy o 5 (E) ommionl Jgoto (5 Kike
3] S oo anmloa (9)

E——QG 8
T 3+G/K ®
_3-2G/K
T6+2G/K ©)

Som g b -4

Cewdy @l 3 sy ;o ool [ daly, sl eolatl 5 (g3lwand plowl 51

 Nose

2 Berendsen
% Ewald

* Reuss

® Vogit

S Hill
"VRH

6 o lois16 055 1395 g piib e Suilke wise


https://dorl.net/dor/20.1001.1.10275940.1395.16.6.37.0
https://mme.modares.ac.ir/article-15-10500-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-09-21 ]

[ DOR: 20.1001.1.10275940.1395.16.6.37.0 ]

b puel 9 SAS95 Sl

956 ulaiio ) 03ub wadtw Ylowws jaed SSule Yolgd (reXs HS (HJ9ge Suolind Yoy jl o Slaiuwl

50 bl aijlase Gl pedS J5 a5 conl ools lis Slalllas L0680
20,0 35 bgas o] (oS15 o5 o lp ol (STe 5 o515 o5 &4
4,5 Ll o JESs ey 25 sgam o] woShie b glp g Ul
Sl olge g5l Xen sy saliee g3l Ken slo Jos [31,26] 558 o
3l oads iy 25 SLilSeg S ple jo e g Kor 8 Sl 5,
.09.9.3 O)L.:':‘ z)lf)'Lw QP uus) 9 1[5[.:[.: — Gy <5LQJM L U‘}’(SA 4\1&.}
99,0 ol S sla ol b o 50 095 53l (Fen Sz adlllas o
59 [32] el oo oolawl LU= 5 00 g,y 5l pSTye g @515 o5 >
5 ol Olgie 4 sl oole SVl (o5 (30551 sy (sl St 0!
Y R R I s e e
lp el oad osly (108 Bolal Span laplSl b ey jemls
5 (12) Laulyy 51 ylame Sl ol J5 25 o5 s sty

B9l g0 oslaiul (13)

4Gsolid(1 B Q))
K =Koldmm—————— 12
CSH solid SKsolidQ’ + 4Gsolid ( )
1 - 0)(8Gso1q + Ko
GCSH =G ( )( solid solld) (13)

solid 60(2Gsoiia + Ksotia) + 8Gsotia + 9Ksoria
olie Koolig 3 Gsolid § Gl 5565 duoyd oaims ol @ Lalg, cpl )0

@ by ol bl 0 a5 sl cus Al sl esle 4 by ye
Joe 5 chy oo polie aculowe Sl aidlge el o 9098
polie (9) 5 (8) Laly, Sl oolarnl b cailyone Sl puadS J5 (o>
oo jolie 5 05diee e (pulsy o pizen 5 L oo
@ axgi bad salys auslie aBaslesl polie b ool cunsy aiwzn!
00l oolarwl SQJ.:.:;.A.;{Iyl; 9y 5 2Rialesl la s 51 S o as
deolee (M) cpinon] Jgde (14) akal, 5l colazl b [35-33,26] <l
ooy 5lii 8 Jgaz ;0 bgy e guli 00,5 oo oolainl bawslis ;o 5 oad
el 00
E

M= .
@l b b Sloten gl 09l o0 canliv 8 Jyozr 5l &5 joblen
el YL s b g il wlioue Ol oS 5 dalii.{b)']
=l 25 4 gy slaglas den Lo 85l 0ol g SCEWY!
bl cald o iian Il ulS o cpl 5o (Jg &los,S 8l owlio
@Li.’.".ﬁl.o)"l 2 b gy phase ol B! 5 g osls &l L5_::>l§..';'..3,L;.)''l
el plad! L5

a0 Sl s ppandS ac¥l Jooe 8 Joue
Table 8 Modulus of elasticity of CSH
JSLLIGS oraanl Jaoe JSLbSS (S Jge 95 Ole

oS ke oS5 oS oSl oS5 S

32.22 25.72 29.61 23.75 oS
30.31 24.21 28.03 22.48 | oLy
45.44 36.44 43.04 34.52 O i)
27.54 21.95 24.90 19.98 Jlsysis
41.39 33.00 37.42 30.03 S0

31432.1°  234434% gl
29.4+2.4°  21.7+2.1°
31.16° 22.89°

28.3-30.7°, 17.1-20°,
31.0+4.0° 181+40°

a [33], b. [26], C [34], d [35]

! Mori-Tanaka Method (MT)
2 Self-Consistent (SC)
% Nanoindentation

6 o)leisd6 095 1395 D9 )i ()30 Suille wadie

ol 5l Sl olss 5 Jguer
Table 5 Mechanical properties of Ettringite

cord WSl Jsre sBndste (o> Jge Ol
Ol LSS JSWRS JSWSS 95
0.30 26.70 10.22 23.00 oS
0.32 27.13 10.23 26.01 ot |
0.24 24,04 9.67 15.62 U552
0.29 63.12 24.36 51.46 IRV
. . a a
0'290j002b34 18.61 ,2%5.0 6.70,.3{35 + 28.i40,.§b7.3 ey plo
a 3], b. [30]

) gy (Sl oles 6 Jgaor
Table 6 Mechanical properties of hydrogarnet

ceyo «Sbdsse ehndsne ez Jose Oldse
Ols JSh &S SRS JSeLSS 95
0.27 47.57 18.63 35.54 iy
0.29 36.75 14.17 30.14 H ealS
0.23 663.79 269.13 41220 Jloysss
0.33 45953 172.18 462.67 o
0.35° 555° 217 412 el ple
a. [3]

Slipagll gilsusgio SilSe olys 7 Jou
Table 7 Mechanical properties of monosulphoaluminate

cope oSk Jsde wstp dede ez Jae Oldee
Ol JSWL KBS JELLES JSLLES 95
0.33 41.88 15.65 43.10 oS
0.33 39.25 14.75 38.68 H jelS”
0.30 26.22 10.07 22.1 Omd i)
0.33 45.77 17.19 45.25 Jlsysis
0.33 65.24 24.40 66.68 S SRV
0.27° 29.1° 115° 228 gl plo
[3la

.Ia.u;y ij““‘ij 14 0 y90 g0 WY‘ Jj'-\“ 6‘).: 04l 4......:L>u ).:QLM
Sldlas o)l )13 JKWLIKS 72 U 41 o5L 0 alis (59, slagyloe
2l aws e sl |, JSKLLKS 80 b 49 o5l o gpolie 50 LB
GL_Q 03 fl.?g" slo,)ls o5l o Ly yd 5,0 ol 4o b ool Cawdo
L [21] gz pe 0 JE> b 4,k gy ool Caway polie ojls )8
Loy [5] g2 e I (b )85 iz 5 [7] 5 3] 2o 5o (JsSse
Sy e b 525 [23] az yo 5l odel sy aaiia¥] Jooe il il
o] ey ol b atnaiw¥! Jgoe s danglie bl ailie Sy o
930 Sbaghiee 2T L osle (nl &5 C85 amS Gl o Cajgens Sl
el sgfL.,.o C"L“" ‘_;‘)L)
J5 Pl o Sz pareSSl 14 Sy jpepg 4ol 4 azg L
bgyye gl b b zmls plply g8 go oolatwl aijlage GlSLaw puds
Slosle aijlae Sl melS J5 Wgd g3l ol Jpame cpl 4
o (3l 09y 14 Sy g0 g aSiyl 4y dzrgi b 5 ol S5l
A5 50 eole cpl diewm¥I Joae o (el ol b wib o Jdss w3
solaiul sole u.t| LS‘J'.‘ LS)L‘“L)i"'“’ LSL‘ELJ».\.A )1 )lf uﬂ L;I)J. (99 d.d)f

76


https://dorl.net/dor/20.1001.1.10275940.1395.16.6.37.0
https://mme.modares.ac.ir/article-15-10500-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-09-21 ]

[ DOR: 20.1001.1.10275940.1395.16.6.37.0 ]

b puel 9 SAS95 Sl

956 ulaiio ) 03ub g Ylowws jaed SSWle Yolgd (a5 HS (J9ge Suolind Yoy jl o Slaiuwl

peedS 5 ln el oud i 03be 2 sl clie 5958 (e
Jae 5 Glesw s Jyame (nege gloie @ Gl DGl
and ol ol 0 g oad a3 5 15 4 b aie) jo (SilSeg S
gy oS ol plad s coled je il sul mie Bl mls 4
Sl Pl a5 cul 2B pbe Dpgo 4 (JsSlse Sielus

WS e |y alaee Glesw e O gase

e S 4ad -6
Hgala ol5T (55,1 cols A
SVl e Ciju
Sk Jyoe E
shr Jae G
o> Joe K
Criean] Jgde M
Jbn 5 S o> v
g w2l
EICSIRWIN 7
5] A
gy slaySiles afy
oS €
Ol pd v
S 4
b msin)
(Hil) J»  H
(Reuss) o5, R
(Vogit) g5V
&lm-l

[1] A. Heidari, D. Tavakoli, A study of the mechanical properties of
ground ceramic powder concrete incorporating nano-SiO; particles,
Construction and Building Materials, Vol. 38, No. 1, pp. 55-264,
2013.

[2] A. Tarighat, B. Zehtab, D. Tavakoli, An introductory review of
simulation methods for the structure of cementitious material
hydrates at different length scales, Pertanika Journal of Science &
Technology (JST), Vol. 24, No. 1, pp. 27-39, 2016.

[3] H. Manzano Moro, Atomistic simulation studies of the cement paste
components, PhD Thesis, Department of Chemical Physics,
University of the Basque Country, Basque, 2014.

[4] S. J. Murray, V. Jankiram Subramani, R. P. Selvam, K. D. Hall,
Molecular dynamics to understand the mechanical behavior of
cement paste, Transportation Research Record 2142, pp. 75-82,
2010.

[5] R. Shahsavari, R. J. M. Pelleng, F. J. Ulm, Empirical force fields s
for complex hydrated calcio-silicate layered materials, Physical
Chemistry Chemical Physics, Vol. 13, No. 3, pp. 1002-1011, 2011.

[6] W. Weidong, A. Al-Ostaz, A. H-D. Cheng, C. R. Song,
Computation of elastic properties of Portland cement using
molecular  dynamics, Journal of Nanomechanics and
Micromechanics, Vol. 1, No. 2, pp. 84-90, 2011.

[71 W. Weidong, A. Al-Ostaz, A. H-D. Cheng, C. R. Song, A molecular
dynamics and microporomechanics study on the mechanical
properties of major constituents of hydrated cement, Composites
Part B: Engineering, Vol. 41, No. 7, pp. 543-549, 2010.

[8] J. W. Bullard, Virtual cement and concrete testing laboratory
(VCCTL) user guide: Materials and construction research division
national institute of standards and technology gaithersburg,
Maryland, USA, 2011.

[9] SH. Bishnoi, Vector modelling of hydrating cement microstructure

77

Al sad ol DY gams 4y SV sams )l has Coz oo gile o
Syge & dlue Ol pedS J5 DS Ygaze Gl sl

el 0ad 03,51 S 0uSg e 4 bgyye =l 4 Jeoo o
o o o8 Olool b anslie ;0 09d so odalin bl 5l a5 b olas
b gy Olowe opl 5l el sy o col Jod LB ulS 4y by o
sy Y] Jgae sl alin [7] 4 [25] gobio 5o (alBinle,l molis
BL 290 5 s il lagi (g, 0l 50 (J9¥se Senlias (g 3l ol
5 g0 ;0 dalllas 90 ol Loy ool Cewds s b a5 coul JKLLES
Lhug ool 5155 saweiw¥l Jgde odgaze oyl S wo
Gl 0091 JRKWLIKS 52 U 35 o (i Slallae jo calisee sla g,
Wl 18 eogazme (pl 40 5 pol addllae 4o o] Cowdy azis a5

Olaws 1 e oS culools Lis 5 Jouz jo gl <ol il 550 o
Ol ds el 00,5 (5155 oozl zoln bl &S Kuay;e g0
Soye SERELT I @ alie 5 po 4 S5 @l ewle Bl 655
59 Acin¥l Jode ly oo &1l gl sles )5 &3l ) [30] ais jo 433 )5
s boalie ds &5 cwl oo JRWLKKS 27 U 24 coguxe
[8] e po Js¥se Salizn g, 51 20 b bl oo alKiylos]
C_)LA.) A dA>gf L ol )...45 axllas U"| 5o odal Cewds GL"’ )l ‘;..b‘
ol 48 3 ol g3 4 alizee slog sl

Slawe a5 sms oo HLiS B Jgoz 40 ol Caway wls o )8s 0 sl p
plmil Josge Seolins (gilwand b bt Loy (ol eolS (598
Jbo 9058 95 Hlos 99 4y bogy o gl sl 00 g0d @311 [B] i o 4285
ol giluans a4 0B 9,5 Hlaw 9o pl aS wes e plad Sua e
.Jd‘oé}:.i sslo U"l

L amlie )3 1) am (p e eyl 45 wes (o0 (LS T Jgoa
odel ety aliacta¥l g sl 03903 81| Sliogllgil gugin gly LB
o 099 JlS.u:Llij 26.22 l) ).")J oole k)"‘ 6‘;:

L 9 Conlio @ub.’ Lu).m MIS ob|53l_$ AW )5.5 o)ly dod ;O
uy}.am LS‘)'.’ o0 4§|)| CJLu e Ll co; u,.;)l)f Sl sl
shlise Gledis, b as L8 sla)l5 b aolie 10 odd Cirw Glagws jees
U:JB) L: kS’P L UYW 4...15 g 0093 039 O A.'\QB..\ OMT Cewds
ot g3l J5Slsa Sl

(S 5 4w -5
Ologs yed SV gams (SilSe ol (o) 4 Sliios anlllas ol 5o
Glhod leww e Jol Jaaxe 5,5 cul gl ol aisls o
5, g 00 ol 5T pandS dnS g0 il e SIS el Jolt
B Sloands 0j50 J9¥se Sealins by, bawg Olieglsilgmgio 5
o e 5 5l ool U dlga ol (gl 428, plowl (g jlodands 25
Sl ol el Lalg, 51 0oliul b pes 5 o0 plol Ciiie
tglie 435 ool L3 lallle U Culys o 5 ab 2l dlge oly
oS & oy ST EVpame ly oael Cesdy gl .S
ol 0 Cpmmed ol 009y duoyd 10 5 B! polie 5 el
9 B I3 pwyp d9e BB 59y Slaglae Sy9e a0 asllls

6 o lois16 055 1395 g piib e Suilke wise


https://dorl.net/dor/20.1001.1.10275940.1395.16.6.37.0
https://mme.modares.ac.ir/article-15-10500-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-09-21 ]

[ DOR: 20.1001.1.10275940.1395.16.6.37.0 ]

b puel 9 SAS95 Sl

956 ulaiio ) 03ub wadtw Ylowws jaed SSule Yolgd (reXs HS (HJ9ge Suolind Yoy jl o Slaiuwl

determination of bulk modulus of 14A tobermorite using high
pressure synchrotron X-ray diffraction, Cement and Concrete
Research, VVol. 42, No. 2, pp. 397-403, 2012.

[23] R.M. Pelleng, N. Lequeux, H. Van Damme, Engineering the
bonding scheme in C-S-H: The iono-covalent framework, Cement
and Concrete Research, Vol. 38, No. 2, pp. 159-174, 2008.

[24] I. G. Richardson, G. W. Groves, Models for the composition and
structure of calcium silicate hydrate (C-S-H) gel in hardened
tricalcium silicate pastes, Cement and Concrete Research, Vol. 22.
No. 6, pp. 1001-1010, 1992.

[25] S. Speziale, H. J. Reichmann, F. R. Schilling, H. R. Wenk, P. J. M.

Monteiro, Determination of the elastic constants of portlandite by
Brillouin spectroscopy, Cement and Concrete Research, Vol. 38,
No. 10, pp. 1148-1153, 2008.

[26] G. Constantinides, F. J. Ulm, The nanogranular nature of C-S-
H, Journal of the Mechanics and Physics of Solids, Vol. 55, No. 1,
pp. 64-90, 2007.

[27]J. L. Laugesen, Density functional calculations of elastic properties
of portlandite, Ca (OH),, Cement and Concrete Research, Vol. 35,
No. 2, pp. 199-202, 2005.

[28] P. J. Monteiro, C. T. Chang, The elastic moduli of calcium
hydroxide, Cement and Concrete Research, Vol. 25, No. 8, pp.
1605-1609, 1995.

[29] J. J. Beaudoin, Comparison of mechanical properties of compacted
calcium hydroxide and Portland cement paste systems, Cement and
Concrete Research, Vol. 13, No. 3, pp. 319-324, 1983.

[30] S. Speziale, F. Jiang, Zh. Mao, P. J. M. Monteiro, H-R. Wenk, T. S.

Duffy, F. R. Schilling, Single-crystal elastic constants of natural
ettringite, Cement and Concrete Research, Vol. 38, No. 7, pp. 885-
889, 2008.

[31] M. Vandamme, F. J. UIm, P. Fonollosa, Nanogranular packing of
C-S-H at substochiometric conditions, Cement and Concrete
Research, Vol. 40, No. 1, pp. 14-26, 2010.

[32] T. Mori, K. Tanaka, Average stress in matrix and average elastic
energy of materials with misfitting inclusions, Acta metallurgica,
Vol. 21, No. 5, pp. 571-574, 1973.

[33] W. Zhu, J. J. Hughes, N. Bicanic, C. J. Pearce, Nanoindentation
mapping of mechanical properties of cement paste and natural
rocks, Materials Characterization, Vol. 58, No. 11, pp. 1189-1198,
2007.

[34] P. Mondal, S. P. Shah, L. Marks, A reliable technique to determine
the local mechanical properties at the nanoscale for cementitious
materials, Cement and Concrete Research, Vol. 37, No. 10, pp.
1440-1444, 2007.

[35] H. M. Jennings, J. J. Thomas, J. S. Gevrenov, G. Constantinides, F.

J. Ulm, A multi-technique investigation of the nanoporosity of
cement paste. Cement and Concrete Research, Vol. 37, No. 3, 329-
336, 2007.

6 o)leisd6 095 1395 D9 )i ()30 Suille wadie

and kinetics, PhD Thesis, EPFL university, Switzerland, 2009.

[10] E. A. B. Koenders, E. Schlangen, K. van Breugel, Multi-scale
modeling: The Delft Code, International RILEM symposium on
concrete modeling- CONMOD’08, Delft, Netherlands, May 26-28,
2008.

[11] R. J. Pelleng, A. Kushima, R. Shahsavari, K. J. Van Vliet, M. J.
Buehler, S. Yip, F. J. Ulm, A realistic molecular model of cement
hydrates. Proceedings of the National Academy of Sciences, Vol.
106, No. 38, pp. 16102-16107, 2009.

[12] P. K. Mehta, P. J. M. Monteiro, Concrete: Microstructure,
Properties, and Materials, pp. 29, New York :McGraw-Hill, , 2006.

[13] A. E. Moore, H. F. W. Taylor, Crystal structure of ettringite, Acta
Crystallographica Section B: Structural Crystallography and
Crystal Chemistry, Vol. 26, No. 4, pp. 386-393, 1970.

[14] M. Sahebi, A. Azimian, Molecular dynamics investigation of the
mechanisms of thermal creep flow in nanotubes, Modares
Mechanical Engineering, Vol. 15, No. 10, pp. 225-232, 2015. (in
Persian .. s

[15] B. Damirchi, M. Rismanian, M. S. Saidi, B. Firoozabadi, Coarse
grain molecular dynamics simulation of drug carrier penetration
into cell membrane, Modares Mechanical Engineering, Vol. 14,
No. 15, pp. 316-322, 2015. (in Persian .. ,5)

[16] Y. Bakhshan, A. Shadloo Jahromi, Molecular dynamics simulation
of surface specifics effects on the nanoscale fluid flow, Modares
Mechanical Engineering, Vol. 15, No. 5, pp. 176-184, 2015. (in
Persian _..,s)

[17] H. Sun, COMPASS: an ab initio force-field optimized for
condensed-phase applications overview with details on alkane and
benzene compounds, The Journal of Physical Chemistry B, Vol.
102, No. 38, pp. 7338-7364, 1998.

[18] A. K. Rappé, C. J. Casewit, K. S. Colwell, W. A. Goddard lii, W.
M. Skiff, UFF, a full periodic table force field for molecular
mechanics and molecular dynamics simulations, Journal of the
American Chemical Society, Vol. 114, No. 25, pp. 10024-10035,
1992.

[19] S. L. Mayo, B. D. Olafson, W. A. Goddard, DREIDING: a generic
force field for molecular simulations, Journal of Physical
Chemistry, Vol. 94, No. 26, pp. 8897-8909, 1990.

[20] R. K. Mishra, R. J. Flatt, H. Heinz, Force field for tricalcium
silicate and insight into nanoscale properties: Cleavage, initial
hydration, and adsorption of organic molecules, Journal of Physics
and Chemistry, Vol. 117,No. 20, pp. 10417-10432, 2013.

[21] C. C. Dharmawardhana, A. Misra, S. Aryal, P. Rulis, W. Y. Ching,
Role of interatomic bonding in the mechanical anisotropy and
interlayer cohesion of CSH crystals, Cement and Concrete
Research, Vol. 52, No. 1, pp. 123-130, 2013.

[22] J. E. Oh, S. M. Clark, H. R. Wenk, P. J. Monteiro, Experimental

78


https://dorl.net/dor/20.1001.1.10275940.1395.16.6.37.0
https://mme.modares.ac.ir/article-15-10500-fa.html
http://www.tcpdf.org

