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Mo.va.on:		
Ø  cemenRRous	materials	are	hierarchically	organized	
Ø  (sub)micron-sized	hydrate	needles	govern	creep	and	strength	of	

cemenRRous	materials		

ChaYerji	and	Jeffrey,	Nature,	209,	1966	 hYp://www.^wa.dot.gov	hYp://www.^wa.dot.gov	

TriYhart	&	Häußler,	CCR,		2003	
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Outline	
	

Creep	
1.  Hourly-repeated,	3	min	creep	tesRng	at	early	ages	
2.  IdenRficaRon	of	hydrate	creep	funcRon	+	validaRon	

	
Strength	

1.  ElasRc	limit	model	for	cement	pastes	
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Early-age	tes.ng	dilemma:	coupling	between	creep	and	hydra.on	
Ø  duraRon	of	creep	tests			>>			characterisRc	Rme	of	hydraRon	
Ø  Microstructural	development	(“aging”)	during	creep	test	

	

Aim:	decouple	creep	and	hydra.on	
Ø  Characterize	creep	of	specific	(“non-aging”)	microstructures	

	

Solu.on:	new	test	protocol		
Ø  3	minute	creep	tests	

…	referring	to	specific	microstructures	
Ø  hourly	repeated		

…	successive	creep	tests	refer	to	different	microstructures	

	Lit.:	[Irfan-ul-Hassan	et	al.,	Cement	&	Concrete	Research,	82:	36-49,	2016]	
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Materials:	OPC	cement	pastes		 	Test	setup:	
Raw	materials	
•  CEM	I	42.5	N	
•  disRlled	water	

ComposiRons	
•  w/c	=	0.42	/	0.45	/	0.50	

Cylindrical	specimens	
•  diameter	=	7	cm	
•  height	=	30	cm	

Curing	condiRons	
•  ambient	air	temp	=	20	oC	
•  sealed	(no	drying)	

	

aluminum	
rings	

holding	
LVDTs	

boYlenecked	
steel	cylinder	

5	LVDTs	
equally	
spaced	
around	
specimen	

compressive	
loading	

specimen	

Lit.:	[Irfan-ul-Hassan	et	al.,	Cement	&	Concrete	Research,	82:	36-49,	2016]	
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Loading	history:	
•  loading:	….		2	MPa/s	
•  unloading:		1	MPa/s	

permanent		
load	level	
=	0.2	kN	

fo
rc
e	

Rme	3	min	

[Pichler	Hellmich,	CemConRes,	41,	2011]	

sample	age	[h]	
ap
pl
ie
d	
fo
rc
e	
[k
N
]	

w/c	=	0.50	

Hourly	repeated:	
•  From	21	hours	ater	producRon	up	to	8	days	

170	creep	tests	per	specimen:		
	force	level	=	max.	15	%	of	strength	at		
	Rme	of	tesRng,	determined	by		
•  calorimetry	
•  validated	strength	model		

Lit.:	[Irfan-ul-Hassan	et	al.,	Cement	&	Concrete	Research,	82:	36-49,	2016]	
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LVDT	readings:	
•  small	difference	of		

5	individual	LVDT	readings	
Ø  very	small	eccentricity	
Ø  mean	value	meaningful	

un
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Rme	[sec]	3	min	

LV
DT

		
sh
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	[μ

m
]	

age	of	material	[h]	

Quan.fica.on	of	unloading	modulus:	
	
	
	

mean	out	of	5	readings	

	w/c	=	0.50		

st
re
ss
	[M

Pa
]	

strain	[10-6]	

r2	=	99.7	%	

Data	from	1	test		 Data	from	170	tests		

Lit.:	[Irfan-ul-Hassan	et	al.,	Cement	&	Concrete	Research,	82:	36-49,	2016]	



Institute for Mechanics of Materials and Structures 
TU Wien – Vienna University of Technology, Austria 

Gilles	Chanvillard	Memorial	Symposium,	ENPC,	July	5,	2016	
	

9	/	25	

Quan.fica.on	of	elas+c	modulus:	
Ø  QuanRfy	creep	strains	

Ø  IdenRfy	elasRc	modulus	by		
avoiding	tensile	creep	strains	 El

as
Rc
	m

od
ul
us
	[G

Pa
]	

age	of	material	[h]	

	w/c	=	0.50		

data	from	340	tests	

Lit.:	[Irfan-ul-Hassan	et	al.,	Cement	&	Concrete	Research,	82:	36-49,	2016]	
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Creep	strain	evolu.on:	
Ø  fiyng	based	on	power	law	

po
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Rme	[sec]	3	min	

cr
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age	of	material	[h]	

Evolu.ons	of	creep	modulus								and	of	power-law	exponent					:	

	measurements			

w/c	=	0.50	

modeled	

w/c	=	0.50	

age	of	material	[h]	

cr
ee
p	
m
od

ul
us
		

			
		[
GP

a]
	

data	from	2	samples	

data	from	2	samples	

Lit.:	[Irfan-ul-Hassan	et	al.,	Cement	&	Concrete	Research,	82:	36-49,	2016]	
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Hydra.on	degree	rather	than		
material	age	
Ø  calorimetry	at	20oC	

age	of	material	[h]	hy
dr
aR

on
	d
eg
re
e	
[-]

	

hydraRon	degree	[-]	

Evolu.on	of	elas.c	modulus					:	
Ø  ElasRc	modulus		

increases	linearly	with		
hydraRon	degree	

	measurements			

w/c	=	0.50	

modeled	

data	from	2	samples	

	w/c	=	0.50		

20oC	

el
as
Rc
	m

od
ul
us
		

			
		[
GP

a]
	

Lit.:	[Irfan-ul-Hassan	et	al.,	Cement	&	Concrete	Research,	82:	36-49,	2016]	
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Evolu.ons	of	creep	modulus								and	of	power-law	exponent					:	

w/c	=	0.50	

hydraRon	degree	[-]	
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data	from	2	tests	

	data	from		
	2	samples	

hydraRon	degree	[-]	

	data	from		
	2	samples	

w/c	=	0.50	 w/c	=	0.50	

	
Ø  Creep	modulus		

increases	overlinearly	with		
hydraRon	degree	

	
Ø  Power-law	exponent	

decreases	linearly	with		
hydraRon	degree	

Lit.:	[Irfan-ul-Hassan	et	al.,	Cement	&	Concrete	Research,	82:	36-49,	2016]	
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Summary	of	tes.ng	ac.vi.es:		
Ø  500	non-aging	creep	funcRons	of	cement	pastes	with	

	w/c	=	{	0.42	,	0.45	,	0.50	}	
		

	

hydraRon	degree	[-]	 hydraRon	degree	[-]	 hydraRon	degree	[-]	El
as
Rc
	m

od
ul
us
	[G

Pa
]		

Cr
ee
p	
m
od

ul
us
	[G

Pa
]		

Cr
ee
p	
ex
po

ne
nt
	[-
]	

Lit.:	[Irfan-ul-Hassan	et	al.,	Cement	&	Concrete	Research,	82:	36-49,	2016]	
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Karte	et	al.	(2014)			
ultrasound	

Quasi-sta.c	Young’s	moduli			vs.			dynamic	Young’s	moduli	

hydraRon	degree	[-]	

w/c	=	0.42	
w/c	=	0.50	
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hydraRon	degree	[-]	
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	[G

Pa
]	

w/c	=	0.42	

w/c	=	0.50	

present	study		
quasi	staRc	

Conclusion:				Quasi-staRc	Young’s	moduli			=			dynamic	Young’s	moduli	

Lit.:	[Irfan-ul-Hassan	et	al.,	Cement	&	Concrete	Research,	82:	36-49,	2016]	
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Outline	
	

Creep	
1.  Hourly-repeated,	3	min	creep	tesRng	at	early	ages	
2.  IdenRficaRon	of	hydrate	creep	funcRon	+	validaRon	

	
Strength	

1.  ElasRc	limit	model	for	cement	pastes	
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Mul.scale	exploita.on	of	creep	test	data	
1.  IdenRfy	creep	of	micron-sized	hydrate	needles		

	
	

Creep	homogeniza.on:	Correspondence	principle	
a.  Laplace-Carson	transformaRon	of	Rme-dependent	problem	

b.  Quasi-elasRc	upscaling	using	conRnuum	micromechanics,	
i.e.	Eshelby-based	homogenizaRon	schemes	

c.  Back-transformaRon	to	Rme	space	

	

hYp://www.^wa.dot.gov	

cement	paste	

ChaYerji	&	Jeffrey,	Nature,	209,	1966	

hydrate	foam	

1	

hydrate	needle	

Literature:	[Königsberger	et	al.,	Journal	of	Engineering	Mechanics,	accepted]	
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1.	Iden.fica.on	of	creep	of	hydrate	needles	
Ø  Phase	volume	fracRons:	Powers-Acker	hydraRon	model 

Powers,	Brownyard,	Res.Lab.Port.Cem.Ass.Bull,	22	101-992,	1948							

Acker	et	al.	in	Concrete	at	Early	Ages,	ACI,	33-48,	1986	

Literature:	[Königsberger	et	al.,	Journal	of	Engineering	Mechanics,	accepted]	
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1.   Iden.fica.on	of	creep	of	hydrate	needles	
	
	

	

	
Ø  Ansatz:	isochoric	creep	of	needle-shaped	hydrates	

Ø  ElasRc	properRes:	
Ø  Creep	properRes:																					?																																						?																					

cement	paste	 hydrate	foam	

Literature:	[Königsberger	et	al.,	Journal	of	Engineering	Mechanics,	accepted]	

hydrate	needle	
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Experimental	data	vs.	homogeniza.on	results:	creep	of	cement	paste	

Iden.fied	constants:	

Literature:	[Königsberger	et	al.,	Journal	of	Engineering	Mechanics,	accepted]	
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Is	hydrate	creep	with	constant	Poisson’s	ra.o	more	realis.c	?	
Ø  AlternaRve	ansatz	for	hydrate	creep	funcRon	

	
Ø  IdenRficaRon	results:	isochoric	creep	vs.	constant	Poisson’s	raRo	

	
	
	

Ø  Isochoric	creep	and	creep	with	constant	Poisson’s	raRo	deliver		
the	same	creep	modulus	and	the	same	creep	exponent	

	
	

Literature:	[Königsberger	et	al.,	Journal	of	Engineering	Mechanics,	accepted]	

hydrate	needle	
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Model	valida.on	based	on	tests	by	Tamtsia	and	Beaudoin	(2000)	
Ø  ComposiRon	of	cement	paste:	w/c	=	0.50	
Ø  Curing:	30	years	under	water	->	hydraRon	degree	=	87	%	
Ø  Creep	test	duraRon:	30	days	

Cr
ee
p	
fu
nc
Ro

n	
	

[1
0-

6 /
M
Pa
]	

Creep	test	duraRon	[days] 

experiments	

model	predic.ons	

Literature:	[Königsberger	et	al.,	Journal	of	Engineering	Mechanics,	accepted]	
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Outline	
	

Creep	
1.  Hourly-repeated,	3	min	creep	tesRng	at	early	ages	
2.  IdenRficaRon	of	hydrate	creep	funcRon	+	validaRon	

	
Strength	

1.  ElasRc	limit	model	for	cement	pastes	
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Mul.scale	modeling:	con.nuum	micromechanics	 

ChaYerji	and	Jeffrey,	Nature,	209,	1966	 hYp://www.^wa.dot.gov	hYp://www.^wa.dot.gov	

Material	phases	in	scale-separated	hierarchical	organiza.on	

Strength	modeling	idea:	
•  CemenRRous	materials	are	intact,	if	deviatoric		

stress	peaks	in	hydrates	<	hydrate	strength	

RVE of shotcrete RVE of cement paste RVE of hydrate foam    RVE of concrete   

Lit.:	[Pichler	&	Hellmich,	Cement	and	Concrete	Research,	2011]	
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Mul.scale	modeling	of	strength	of	cement	paste	

•  Cement	paste	is	intact,	if	deviatoric		
stress	peaks	in	hydrates	<	hydrate	strength	

•  Microscopic	hydrate	failure	=	macroscopic	material	strength	
	

Scale	transi.on	to	stress	peaks:	
via	2nd	order	stress	averages	
	

Iden.fica.on	of	hydrate	strength	
Ø NanoindentaRon	tesRng	on	low-density	C-S-H:	

•  cohesion	c	=	50	MPa	
•  angle	of	internal	fricRon		φ	=	12o	

Ø  This	implies:		
•  Uniaxial	compressive	strength	of	hydrates		fcu,hyd	=	123.5	MPa	
•  von	Mises-type	deviatoric	strength															=	71.3	MPa	

ConstanRnides	and	Ulm,	MIT	Report	(2006)	
Sarris	and	ConstanRnides,	CCC	(2013)	

Pichler	et	al.	Concreep,	(2013)	

macroscopic	stress	

Lit.:	[Pichler	&	Hellmich,	Cement	and	Concrete	Research,	2011]	
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Model	valida.on	 Pichler	et	al.,	Concreep,	(2013)	

Model	vs.	tests	performed	in	Vienna	

...	at	LCR	

...	at	EMPA	

Pichler	et	al.,	CCR	(2013)	

Pichler	et	al.,	CCR	(2013)	

Same	model	
performance	for	
hydrate	failure	

according	to	Mohr-
Coulomb	criterion			

Wyrzykowski	et	al.	COST	acRon	TU	1404	
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Literature:	[Hlobil	et	al.,	Manuscript	in	preparaRon,	2016]						
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