chERE: HARRE

2026 Ff FE 56 % 6 HE: 1599 ~ 1613

ChERE ) Atk

SCIENTIA SINICA Technologica

it X

techcn.scichina.com SCIENCE CHINA PRESS

CrossMark

& click for updates

IRPEFERA BN ) AR PERE RO T VA 5 i

% sy ael 2
I, 35k, REH

L HREREEARTRER, PARTEZESWART BEALEE, b5 100084

2. Pl REZ AR TREZERL, T/ 519082

* E-mail: yawei@tsinghua.edu.cn

ks H 99: 2025-11-11; $:52 H#A: 2026-01-06; W48 ke &k 3 H#: 2026-03-17

XK AR RH L 4 8 p 000 H (S 52438008) %t 1)

HE  AREMBBAGEEROEARMERINES R ETNAER G R 4B ERNARERT EFE
MARE. THEEERBEESFRR, ASUHRRE — 02 T80 48R e 77 ik, 72T AE 85 E 490 4%

BTHAAREM BN BEEEE, GEE. REBRE. AXHFENE T HORERPUAERBENXEE,
FEUR DM 7%, AT RAAM T EFRERNEZR. EREHA, SNHURL A D S BN 7 %6
B, AR BRI R R EREAE0IS~0T0M N - ERE LT E N EARGRR R, A6 RELHEL,
Mo BT RALAHGR EAT A RS K BRI TSR BT BRI R BR LR, EATREKHR
THEE. Wi, £ TC-S-HMAERK AT T &8 R TR JUE 5 E MR R8N R Z A, T8
RT BRI T A 48 77 05 A AR M AR SRR T 31 F B, A AR ER A W R A

X8R MEEERR, KUAEREC-S-H), JKER, B#F, MARERE, R+

1 5%

TR AR S T S N R BT 1) AR AL KL,
HK IR ) e g Atk B EEE L. R
FE VR B AR AT R —. RE SR
TR AR AR IR AE T H = BORM = Y),  B7KAGEERR
i (calcium-silicate-hydrate, C-S-H)&EBRIZHTME:. W
FC-S-HA O ARAZRFAE, 5 7 B O 381 72 W1 %
JUOEETIIASE Y, 2 Vet AR} 2 (1) 2B 9 ) R

HAT, KRR e IR 2 i 0 Ak K U 5 A
FIC-S-HE R WOMAR A 1) R EFB(E). ZEATTE

R R ¥ PR 5 B — 0 A 2 A D A 4 A
i % RRE T A A TR VR U6 1 K AT
% ROV 7 1 2 AR B V2 (A R T
BT, R AR e SRR AT 7 15 (IMori-
Tanakaik:. EVAVESS). RN, AkH2 8] i S aost,
R R R ST I X (ITZ) S0, b 7 7 2 N P A
T rf1 2% g

TR U B UL AR A T 43 g 0 R 39T A B B
SRR 2 A 2R, TR R, R
JRAE, IR BRI 4L 1 230 178 T R HOR JE; IS 3R\
KA B, 7E B (] A7 2, KRR I B

SIS 2L, 23R, RN JKIIEAT RO A A R (O MR 7 v 5 L. rh B RLS: SR BESE, 2026, 56: 1599-1613
Wei Y, Guo W Q, Liang S M. Micro-scale testing methods and comparative analysis of mechanical and creep properties in cement-based materials (in
Chinese). Sci Sin Tech, 2026, 56: 15991613, doi: 10.1360/SST-2025-0335

©2026 (HEMFE) FiEH

www.scichina.com


https://doi.org/10.1360/SST-2025-0335
http://www.scichina.com
http://techcn.scichina.com
http://crossmark.crossref.org/dialog/?doi=10.1360/SST-2025-0335&amp;domain=pdf&amp;date_stamp=2026-02-14

BTSSRV HER B ) A AR AL VR RE 05 ¥ 5 Tl

nEr=E HERESNRGE
§ BEL e i
g

FENTTE

ENRE

ENEEERIENE (CSM) Fi&

T= I
\_‘D

ESER

K
5= D. % ;
% = 5—1 Bl
H
2tz || Fo)=F.e”

©@ PARERNDME: FRFE=-]LEm, REE—HEGEMEERE

PR ; iy
i K\!ﬁ) ...... h E 2 itk /
il S
d i %
W2 S et

0.1 100

110
Time (s)

© RERERMDT: EREE > N+tum, RESSUENERGEIES

WHE 2 N h
el
WETE)

DiE < _Dewgo

B 1 (s ORI 6 77 i T /K e AR ROWARAZ 14 REBIE 7T

Figure 1 (Color online) Indentation methods for investigating the microscale creep properties of cement-based materials.

2R, B MR AR B, R AR (8] (o) I e
M S AR AR S I BRSO R BT FT R, 2T
JE RS B % A R T VR U6 K R A e )
FHER I, I LR B e, 38 B AR
AR BT it (R AR [ 28 /0 D JUR; Tl R i,
DN T4 75 LA B AT 3K 21 B B

R IR N BT VA BE 8 DU R A KR AR i
EWRAAE—ERR. H—, ZEKTI PR g,
FEIX — A A T B IR BE R I ] SRAS K AR AR i i
{EE AN REFRAS R ARHE.  Vandamme™ Ay, FEIR
A 0O 21 1 C-S-HUX H R A AR T b 4 K 2

s AR AR KR

1445 (10-MPa!)

0 T T T 1
0.1 1 10 100 1000

BFTE] (d) [XF BAFR]

Bl 2 (R )i e 0 s A A e i s R ik 5 R
Figure 2 (Color online) Typical results of a macroscopic compressive
creep test for concrete.
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Figure 3 (Color online) Schematic of nanoindentation test.
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Figure 4 (Color online) Loading protocol for nanoindentation creep
test.
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Figure 5 (Color online) Schematic of micropillar compression test.
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Figure 7 (Color online) Loading protocols for C-S-H micropillar creep tests.
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Table 1 IDs, testing protocols, and investigated properties of C-S-H micropillars with two sizes
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Figure 8 (Color online) Dimensions and mesh of the finite element model.
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Figure 9 (Color online) Von Mises stress contours of micropillars with different sizes and taper angles.
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Figure 10 (Color online) Percentage contributions of micropillar, substrate, and indenter deformations to the total deformation.
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Table 2 Summary of mechanical and creep parameters obtained from micropillar tests

N o - spppEr  ORARRBGERO) MM A LR SRR B R (X (19) L 4 PRI,
WAL S WA B —
(GPa) 4 (MPa™") B R C, (GPa) 7 (s) R (MPa)
Cl-5um 2.70 0.50 0.9979 80.48 15.52 0.4913 324
C2-5um 11.51 037 0.9963 40.05 19.50 0.9181 239
C3-5um ’m”(‘fgf)l 5.16 0.35 0.9805 90.11 10.24 0.6855 294
C4-5um 2.14 0.50 0.9979 104.11 6.20 0.4974 315
C5-5um 1.48 0.52 0.9998 187.40 333 0.5060 437
C6-5um - 5.54 0.53 0.9998 27.06 21.56 0.4232 273
C7-5um 2.58 0.49 0.9993 119.90 5.85 0.4897 317
C8-5um imﬂ(fg;i-z 2.95 0.43 0.9996 114.10 10.01 0.5690 384
C9-5um 4.12 0.39 0.9986 179.10 3.07 0.8461 375
C10-5um 3.62 0.39 0.9997 177.71 4.52 0.6462 456
Cl1-5um 16.53 635 0.43 0.9965 65.40 9.38 0.5254 238
C12-5um 24.95 3.17 0.46 0.9855 95.15 8.35 0.5432 265
CI3-5um gkl 1743 7.02 0.54 0.9984 69.60 7.40 0.5091 277
Cl14-5um (Hl7(c)) 25.65 2.51 0.40 0.9984 107.57 6.4 0.5091 302
C15-5um 27.23 3.17 0.46 0.9984 158.40 3.66 0.5091 407
C16-5um 25.45 3.02 0.44 0.9996 152.74 4.14 0.5510 396
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C3-0.5um 19.18 4.04 0.39 0.9884 146.78 422 0.7159 785
C4-0.5um 30.65 2.02 0.40 0.9878 223.03 6.05 0.5522 722
C5-0.5um ka4 1635 3.45 0.43 0.9866 122.35 534 0.7774 1135
C6-0.5um (H7(d) 42.50 2.17 0.47 0.9954 335.55 2.04 0.5757 1336
C7-0.5um 28.45 1.46 0.50 0.9944 157.80 11.74 0.5765 1000
C8-0.5um 3021 1.65 0.53 0.9980 214.45 4.98 0.5747 1277
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Figure 11 (Color online) Nanoindentation test results.
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Figure 12 (Color online) Indenter load-displacement curves and specific creep functions obtained from micropillar tests.
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Figure 13 (Color online) Variation of micropillar specific creep with stress level obtained from stepwise loading.
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Figure 14 (Color online) Elastic modulus data measured by micro-
pillar and nanoindentation tests.



HRE RS HARE: 2026 4 5B S6 & AR 6

PER R A — S

(2) BEEAHEFLASCER[25] M Sl B, R WAE
Dyop=0.5~5 pm T YU A, e e 45 1) EF 34 B8
JUSF I3 RIS A TR, TR R AT A2 Bl A o 1 )R SF 3
K, THREA & LA BT, BB4h, D, =0.5 umfkEENR
PRUEZE R, XML 2D, =0.5 pum o 32 e it
)2 C-S-HELAH I F7 220 B, T A4 i RSP B OKR, T BE
% b S R B AH ) 725 B, BOROR ST AN 2 B
TRAREAR = I EAA.

432 HEEE

TAE M P] B R RL LR SRR, X Rk
FEIRAS L IR AL

TUORE B R B0 () B BB R b vl 229 s T 1 1S,
WHAEY T R2. WLLES]: D,=0.5 umfH:RILN
(1041£214) MPa, Dy,,=5 pmfdkEfH(331£69) MPa.
C-S-HAE PR 58 B B A B2 RS RN, vl ik
NIRRTkt (89 A 3 5 25 1R 00 L B e s

FHASE TP 0 o P 52 T ) R85 32 38 1 RS 2
N7, AR B P RO RN AE X AN B R, TR ERT AT g 2
C-S-HEEK 150 FE A s VAR & AN RIBLR 6] — 07
T, AIOULIR e ot 55 FE () SE M AL A2, 4% & IR T
S9Ab R R E AT, FLN R AN Bk B (5 e 5 5
B, DRI, R A RO RRE R TR B AR G vt 3 —
T3 THT, ASOU R e of 3 1 A B 1) DRI 2 S AL R 2, B
TER B A AR 7 B LI, 0T S A A5 B ) S M /)

433 1R MR AT

FEER4.2.27T 50T, 180 s AR AR AR M0 mT
RAEC-S-HIN M IR AL (AR Ot e B ), (EANBET
SE H IR A P RE (1R AC P DXt ). T Ak 9T
180 SIS AIANAK I IRAR AT AT RAL R IR AR (E 11
(c)), (EANBENIE A AR TERE. BEIUk, XA
JIETT IR E AR 25 4 oA A A oK e IR 145 & 16
R % T 4 1 Hh 55 42 7K 8 2 AR IR SOV £ 22 1k A
ZH.

434 JEK T H R BT

“ RN B HE (2 Sk R U7 5 A R
W72 AR AR, FOR/N E kUl i
KIENIRPE Ry R E . %) T-2% F Berkovich & 3k 1) IR

1500

o MRS (AR TT) o Wik a4s RO [25])
€ 1000 10419
i & 838
= $104 L o
& 500 & 465
- 331 @
0 . . . .
0.5 1 15 25 5

i H12 Dy, (um)
B 15 (2 IR B i il s 0 75 1) 52 B 254

Figure 15 (Color online) Strength data measured by micropillar tests.

B, HEm R4 Nan,,, (HRHE A R o5 5 Von
Misesii /737 5E). BRI, 76 8% FH IR N 3442 mN
(5F L Py #200~300 nm) 514, Berkovich IR -5k
PRI I 42292 pm.

ot SR FH TR Sk B BoRE TR 4 R0, 772 i [X 45k
BIREAARZ E+3E 2 P UURHE, 352 5250 1R
JELIEE T S Hy. LDy, =0.5 um, Hy=1 pmHIHE
N, FLERAR S SR B I AUCAI 2 Hy=2 pm, 5 Berko-
vich IR AE2 mNZ& T AR 3 Rl AH 24,

2R, Berkovich IR i /) 2§20 i [l - EEUR T
JE 3k A3 (RN, T A 03 P 5 e 1 ] 2 B B ke T AR
FERE L RSF IR,

435 mAETREE

JE IR RGO PR R B0 7 B SR R FE B A A
i % 5. Berkovich s Sk7EATEF A BRI Gl B3k 52
J138, I+ H OB IRAR 18] S5m0 R S ek foiE 52 1 ) 2 20
“FE B ) 52 -BE R R U0 R S, R FERE B AT
I AR5

MR 1K, & B T e R
Pk X (T3 B A7 50 ROARE B — 5, B X(4)(C-S-H
A P Y5 R 4E0.5~1.5 GPa, F11(b)); T fsioAE iR ae: i -
B e N Sk T B e, B SITRATIA 1 GPatE:
N PR = i m AR S Sb A TTE S AR &
BIME”.

gi b, REEWAARLE 1IN 77 F 388 B A T Lt i, (2
JE IR AR GR R L FE G B SR R 5 = A A R A, AT
ffC-S-HR AT RIZIMI &S M B HEF, T 2 25 46 5
FAE A AR B 75 B[R] T oA B e o %) 182 77

1611



B TR VR HEABHOW J1 A AR AR PR RE I 245 U

) AR AR, EERA R IIRAAT .

5 45ig

HAT, A0K SR 0T SO Ve S AT RHOM AR AR 1 3
L7k, EREAAEN LT MR RERR,
AU SERERALARAR [ BUT M. N, ASCRRE T —
Foft 32 AR R R 36 PR EL AN IR TT i, IR RGN L
T PR OTVE B R g ) B2 S 2 SR M T ik
FHEGRUT:

(1) FERER & L, UK IR E TR, xt
LR P LR v, PR 6 U 75 AR S e b 94Tk
HERRSARNT, HIFEE R 2%, (A SCIES S, W]

PR AR AR 46 E. i i b, R
HER 5 eI E AR T 1 R U8,

(2) ARSI I I 404N S AR S i, A
FEH IR — R TR AT B, A s
B, MRARRE R, PUETRE S ERE. 72 1-PUE SR
JE E6=0.15~0.705E Bl N, flokk a6 2 7 R SR AR AR,
& T RAEFINIRARAT N K S H R

(3) IRIL 45 BRI, YK R IRTE = FhsR L) oK 5 M /)
ER MR, B ERC-S-HIER 5 R, AR
1l FE T RAEST AR SO K ARSI A 35
A3, AR R B IR AE. PRIy VA
AR B AE_E HAT R LA, 45 A T N R
JE AR AR R AL AN B A T () AROU 2 B A H

225 30k

1

Liang S, Wei Y. Imperfect interface effect on creep property of hardened-cement pastes: Investigations from nano to micro scales. J Mater Civ

Eng, 2020, 32: 04020173

Liang S, Wei Y. Effects of water-to-cement ratio and curing age on microscopic creep and creep recovery of hardened cement pastes by
Vandamme M. Two models based on local microscopic relaxations to explain long-term basic creep of concrete. Proc R Soc A, 2018, 474:
Némecek J, Kralik V, Smilauer V, et al. Tensile strength of hydrated cement paste phases assessed by micro-bending tests and nanoindentation.
Gan Y, Vandamme M, Zhang H, et al. Micro-cantilever testing on the short-term creep behaviour of cement paste at micro-scale. Cement
Ulm F J, Vandamme M, Jennings H M, et al. Does microstructure matter for statistical nanoindentation techniques? Cement Concrete Compos,

Liang S, Wei Y. New insights into creep and creep recovery of hardened cement paste at micro scale. Construct Build Mater, 2020, 248: 118724

Donnelly E, Baker S P, Boskey A L, et al. Effects of surface roughness and maximum load on the mechanical properties of cancellous bone

Miller M, Bobko C, Vandamme M, et al. Surface roughness criteria for cement paste nanoindentation. Cement Concrete Res, 2008, 38: 467-476

Oliver W C, Pharr G M. An improved technique for determining hardness and elastic modulus using load and displacement sensing indentation
Vandamme M, Tweedie C A, Constantinides G, et al. Quantifying plasticity-independent creep compliance and relaxation of viscoelastoplastic
Némecek J, Manak J, Némecek J, et al. Effect of vacuum and Focused Ion Beam generated heat on fracture properties of hydrated cement paste.

Gan Y, Zhang H, Savija B, et al. Static and fatigue tests on cementitious cantilever beams using nanoindenter. Micromachines, 2018, 9: 630

Sneddon I N. The relation between load and penetration in the axisymmetric boussinesq problem for a punch of arbitrary profile. Int J Eng Sci,

2 Vandamme M, Ulm F J. Nanogranular origin of concrete creep. Proc Natl Acad Sci USA, 2009, 106: 10552—-10557
3
microindentation. Cement Concrete Compos, 2020, 113: 103619
4
20180477
5
Cement Concrete Compos, 2016, 73: 164-173
6
Concrete Res, 2020, 134: 106105
7
2010, 32: 92-99
8
9
measured by nanoindentation. J Biomed Mater Res, 2006, 77A: 426435
10
11
experiments. J Mater Res, 1992, 7: 1564—1583
12
materials under contact loading. J Mater Res, 2012, 27: 302-312
13
Cement Concrete Compos, 2019, 100: 139-149
14
15
1965, 3: 47-57
16

Fei H, Abraham A, Chawla N, et al. Evaluation of micro-pillar compression tests for accurate determination of elastic-plastic constitutive
relations. J Appl Mech, 2012, 79: 061011

1612


https://doi.org/10.1061/(ASCE)MT.1943-5533.0003238
https://doi.org/10.1061/(ASCE)MT.1943-5533.0003238
https://doi.org/10.1073/pnas.0901033106
https://doi.org/10.1016/j.cemconcomp.2020.103619
https://doi.org/10.1098/rspa.2018.0477
https://doi.org/10.1016/j.cemconcomp.2016.07.010
https://doi.org/10.1016/j.cemconres.2020.106105
https://doi.org/10.1016/j.cemconres.2020.106105
https://doi.org/10.1016/j.cemconcomp.2009.08.007
https://doi.org/10.1016/j.conbuildmat.2020.118724
https://doi.org/10.1002/jbm.a.30633
https://doi.org/10.1016/j.cemconres.2007.11.014
https://doi.org/10.1557/JMR.1992.1564
https://doi.org/10.1557/jmr.2011.302
https://doi.org/10.1016/j.cemconcomp.2019.03.027
https://doi.org/10.3390/mi9120630
https://doi.org/10.1016/0020-7225(65)90019-4
https://doi.org/10.1115/1.4006767

PEBE: FARRYE 2026 4 56 % 6

17 Bazant Z P, Prasannan S. Solidification theory for concrete creep. I: Formulation. J Eng Mech, 1989, 115: 1691-1703

18 Wei Y, Guo W, Liang S. Microprestress-solidification theory-based tensile creep modeling of early-age concrete: Considering temperature and
relative humidity effects. Construct Build Mater, 2016, 127: 618-626

19 Guo W Q, Wei Y. High-temperature tensile creep tests and simulations of early-age concrete based on microprestress-solidification theory (in
Chinese). Eng Mech, 2017, 34: 197-203 [2F 45, 887 5T 00w, g - [ 45 B i i L8 3 Vi st L e i A R0 S L. TR 7127, 2017,
34: 197-203]

20 Pichler C, Lackner R. Identification of logarithmic-type creep of calcium-silicate-hydrates by means of nanoindentation. Strain, 2009, 45: 17-25

21 WeiY, Liang S M, Gao X. Effect of strain rate on micromechanical properties and creep behavior of hardened cement paste (in Chinese). J Chin
Ceram Soc, 2017, 45: 1605-1612 [#43F, LM, mfll. RAS X REAY KV 1 MO 70 1 BE S ARARAT NI REm. RERR R 24, 2017, 45:
1605-1612]

22 Zhao S J, Sun W. Applications and research progress of nanoindentation in cement-based materials (in Chinese). J Chin Ceram Soc, 2011, 39:
164-176 [RXF fn, FME. GUOKHIRAKTESEREL A R S0 URERE. RERR#h 2A3), 2011, 39: 164-176]

23 Hu C, Li Z. Micromechanical investigation of Portland cement paste. Construct Build Mater, 2014, 71: 44-52

24 Jennings H M, Thomas J J, Gevrenov J S, et al. A multi-technique investigation of the nanoporosity of cement paste. Cement Concrete Res, 2007,
37: 329-336

25 Shahrin R, Bobko C P. Micropillar compression investigation of size effect on microscale strength and failure mechanism of Calcium-Silicate-

Hydrates (C-S-H) in cement paste. Cement Concrete Res, 2019, 125: 105863

Micro-scale testing methods and comparative analysis of mechanical
and creep properties in cement-based materials

WEI Ya', GUO WeiQiang' & LIANG SiMing’

! Key Laboratory of Civil Engineering Safety and Durability, Ministry of Education, Department of Civil Engineering, Tsinghua University, Beijing
100084, China
? School of Civil Engineering, Sun Yat-sen University, Guangzhou 519082, China

The accurate characterization of the micro-scale creep behavior of cement-based materials is key to developing multi-scale predictive
models. To address the limitations of the current mainstream nanoindentation method, such as stress concentration and the inability to
directly measure strength, this study introduces a complementary method based on micropillar compression, enabling measurement of
elastic modulus, creep behavior, and compressive strength under (quasi-)uniform compressive stress. We detail the testing principles,
loading protocols, and analysis procedures for both nanoindentation and micropillar tests, and compare the resulting material
parameters. Results show that measured microscale creep is strongly method-dependent: the creep compliance obtained from
micropillar tests exhibits linear creep characteristics and a power-law evolution within a stress-to-strength ratio of 0.15-0.70, making
it suitable for short-term creep characterization and parameter identification; by contrast, the contact-scale creep function derived
from nanoindentation follows a logarithmic law, which is advantageous for characterizing long-term creep response and modulus.
Additionally, the size effect of C-S-H micropillar samples was analyzed: compressive strength increases significantly as the
micropillar size decreases, while the size effect on elastic modulus is relatively weak. The micropillar compression method provides a
new approach for testing the micro-mechanical properties of cement-based materials and complements the nanoindentation method.

micropillar compression test, calcium-silicate-hydrate (C-S-H), nanoindentation, creep, microscale compressive
strength, size effect
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