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ABSTRACT

In order to effectively predict the mechanical properties of concrete and other cementitious
materials, it is useful to understand the properties and deformation mechanisms on the nano-
metric length scale. Through a combined analytical, experimental, and numerical approach,
insight has been gained into the nanoscale mechanical properties of calcium silicate hydrate.
Using an atomic force microscope, elastic and viscoelastic properties of calcium silicate hy-
drate were measured. In addition, a novel computational model was developed to predict the
evolution of apparent viscoelastic properties of hydrating cement paste. The results of the
experiments and modeling suggest that inherent viscoelastic deformation of calcium silicate
hydrate is not necessarily the sole (or primary) source of viscoelastic deformation of cementi-
tious materials. Time-dependent dissolution of load bearing phases is suggested as an addi-
tional, significant mechanism for the apparent viscoelasticity of cementitious materials.
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1. Introduction

In general, researchers have traditionally attributed the viscoelastic behavior of concrete to
the inherent viscoelastic behavior of the calcium silicate hydrate (C-S-H) phase [1]. This un-
derstanding of concrete viscoelasticity has led to the development of constitutive models for
concrete viscoelastic behavior such as the solidification theory [2, 3]. Other mechanisms for
the time-dependent deformation of cementitious materials have been proposed, however, in-
cluding poromechanical effects and dissolution of load bearing phases [4, 5]. Several papers
have documented the existence of poromechanical contributions to time-dependent defor-
mation of saturated cementitious materials (see e.g. [6-9]), and Grasley and Leung [10, 11]
have optimized the poromechanical viscoelastic effects in cementitious materials to enhance
mechanical damping properties of concrete under oscillatory loading. However, it is known
that the poromechanical components to viscoelastic deformation of cementitious materials are
only substantial when the material is fully saturated. Conversely, the dissolution of load
bearing phases has not been systematically investigated as a mechanism for viscoelastic de-
formation of cementitious materials.

The objective of the research reported herein is to evaluate the contribution of inherent C-S-H
viscoelastic deformation and load bearing phase dissolution on the overall viscoelastic behav-
ior of cementitious materials. Experimental measurements of the creep of C-S-H were per-
formed along with computational modeling that evaluated the influence of the dissolution of
load bearing phases.



2. Experimental study
2.1. Preparation of the samples for indentation tests

The specimens used in this study were cast from an ASTM C150 Type I/l cement with a wa-
ter-to-cement mass ratio (w/c) of 0.4. The cement and water were mixed according to ASTM
C305-99 and the resultant paste was placed into acrylic tubes with a square cross-section and
an inner dimension of 1 cm. On one end, an acrylic plate was affixed with a two-part epoxy.
The length of the tubes was approximately 10 cm. The fresh paste-filled molds were vibrated
and placed under vacuum to remove any entrapped air. The specimens were then sealed and
placed into a 98 % relative humidity (RH) room at a temperature of 23 °C for 24 h. Once the
initial curing had taken place, the specimens were carefully demolded and placed in saturated
lime water (2 g Ca(OH), per 1000 g water) for approximately 90 d.

The cured mini-beams were sliced perpendicular to the long axis of the beam into 3 mm thick
1 cm x 1 cm plates using an Isomet” precision wet saw. The slices were allowed to dry in the
laboratory environment and were then each affixed with cyanoacrylate glue to circular steel
discs measuring 15 mm in diameter. The exposed flat surface of the cement paste sample
was polished using techniques similar to those presented in [12], with the addition of final
polishing using diamond slurries in five steps with diamond particle sizes ranging from 6 pum
to 0.25 um. In these final steps, the diamond slurry was placed on a glass plate and the spec-
imen was manually oscillated against the glass. After each diamond-slurry polishing step, the
specimen was wiped dry with denatured alcohol to remove any residue from the slurry.

2.2. Testing procedures

Indentation creep tests were performed on the specimens described above using both a tradi-
tional nanoindenter and an atomic force microscope (AFM). In this study, a Hysitron Tri-
boindenter model TI1-900 was used for traditional creep nanoindentation tests, which were
conducted at room temperature (23 °C) and 50 % RH. The indenter was fitted with a typical
diamond Berkovich indenter tip. Full details of the nanoindentation experimental equipment
and procedure have been published elsewhere [13].

The AFM-based indentation experiments in this study were performed using a Veeco Dimen-
sion Icon AFM. For the AFM based experiments reported herein, the indentation depth var-
ied but was generally in the range of a few hundred nanometers. AFM indentation tests were
also performed at room temperature and relative humidity.

Unfortunately, the particular AFM used in this research could not reliably maintain feedback
control on the cantilever deflection (applied force) signal. This prohibited true “creep” (con-
stant stress state) experiments from being performed. On the other hand, the experiment
could not be performed as a true “relaxation” (constant strain state) test either owing to canti-
lever deflection as the method of load application in the AFM. Given these limitations, the
experiment was performed by applying a specified actuator rigid displacement step and then
maintaining this step for a specified period of time. Fortunately, the load loss measured dur-

“ Certain commercial equipment and/or materials are identified in this report in order to ade-
quately specify the experimental procedure. In no case does such identification imply rec-
ommendation or endorsement by the National Institute of Standards and Technology, nor
does it imply that the equipment and/or materials used are necessarily the best available for
the purpose.



ing the test was only about 1 % to 2 %, which was deemed small enough to merit approxi-
mating the test as a creep test.

In order to select locations on the specimen surface to indent with the AFM, the surface was
first imaged using the AFM. The morphology in the 5 micrometer square topographical im-
age indicated that the material comprising the region imaged was entirely amorphous, and
was thus assumed to be entirely C-S-H. A total of 125 indentations were performed of which
7 were discarded due to jumps in the displacement data indicating that the indentation was
occurring on the edge of a feature such that slippage occurred. The majority of the tests were
done in 3 x 3 grids in randomly selected locations in the imaged region.

2.2. Experimental results

The average measured uniaxial viscoelastic compliances (J ), normalized by the zero time
value, of cement paste measured using both nanoindenter and AFM are shown in Fig. 1 . The
curves show the many data points, while error bars are only displayed for three data points
for each curve to give an idea of the measurement uncertainty. Measurements with the
nanoindenter yield a higher creep rate than measurements performed with an AFM. Since the
peak stress magnitude in the AFM test is significantly higher than in the nanoindenter test,
this result is even more striking. A possible explanation for the higher creep rate exhibited in
the nanoindenter test is the presence of multiple creep processes, whereas only inherent vis-
coelasticity of the C-S-H phase is present in the AFM. The AFM probes a much smaller vol-
ume than the nanoindenter, and is thus more closely approaching an intrinsic measurement of
C-S-H properties. The nanoindenter, on the other hand, very likely probes multiple phases
(both hydrated and unhydrated) simultaneously [14, 15]. The suggestion of Fig. 1 is that,
since creep rate is higher when a larger volume of material, much of it presumably not C-S-
H, is interacted with, C-S-H viscoelasticity cannot be the sole mechanism behind bulk viscoe-
lastic response of cementitious materials.
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Fig. 1. Uniaxial viscoelastic compliance of C-S-H measured using a traditional nanoindenter and an

AFM; values are normalized by instantaneous uniaxial compliance. Vertical bars indicate one stand-
ard deviation.



3. Computational modeling
3.1. Model development

Previous work on predicting constitutive properties of cement paste as a function of the
evolving microstructure has included the prediction of the elastic moduli [16]. The prediction
of the elastic moduli involved utilizing a microstructure model (CEMHYD3D [17]) to predict
the evolution of the 100 um® microstructure resulting from hydration. At different ages, a 3D
snapshot of the microstructure was taken from the model. Each voxel was assigned a particu-
lar phase, and the entire microstructure was meshed such that each voxel became one finite
element. Elastic properties were assigned to each phase present based on literature values
[16], and the resulting composite elastic properties were predicted through finite element
analysis. The predicted properties agreed well with the measured elastic properties obtained
from specimens fabricated using the same cement utilized as an input in the microstructure
model.

The modeling undertaken in this work extends the previous prediction of elastic properties.
First, a next-generation model for hydration called THAMES [18] is utilized to predict the
evolution of the microstructure. Second, the finite element model is discretized in time in
order to account for time and history dependent mechanical properties. Since the microstruc-
ture is evolving with time, it is important to have a snapshot of the microstructure at each
time step in the finite element model. Furthermore, as hydration progresses, unhydrated
phases that are transmitting stress are dissolved and replaced by other phases. A key assump-
tion in the model is that if a certain voxel changes phase (e.g. from unhydrated C3S to C-S-
H), the stress transmitted through the original phase must be redistributed to surrounding
phases and the new phase must form in a stress-free state in the deformed configuration.
More specifically, at the first time step in the model a constant periodic strain boundary con-
dition is applied to the microstructure. At the next time step, the microstructure for the age
corresponding to the new time step is compared to the microstructure from the first time step.
Any voxels that have changed phase are noted and are assumed to be infinitely compliant
such that they cannot transmit stress. The new stress and strain fields (which yield a decrease
in average composite stress in comparison to the previous time step) are then calculated for
the microstructure based on this assumption and the same periodic strain boundary condition.
The voxels for which phases changed are then replaced with the new phase and the model
proceeds to the next time step.

As illustrated in Fig. 2, a redistribution of stress results in a time dependent elastic defor-
mation (or stress relaxation) that could contribute to the apparent macroscopic viscoelasticity
of cement paste. As it is easier to conceptually visualize, Fig. 2 describes how apparent vis-
coelastic deformation occurs under a constant applied macroscale stress. The new model dis-
cussed in this paper actually applies a constant periodic strain boundary condition, and thus
models the stress relaxation process rather than creep. Considering either creep or relaxation,
the effect of time-dependent dissolution of load-bearing phases is apparent viscoelasticity at
the macroscale.

The computational model also allows one to incorporate intrinsic viscoelasticity of any given
phase by defining a unique viscoelastic constitutive law for any given phase. Thus, one can
model the viscoelasticity of cement paste where intrinsic creep (e.g. of C-S-H) and apparent
creep (due to dissolution effects) are considered either individually or in tandem.
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Fig. 2. Conceptual diagram of computational model simulating apparent viscoelastic behavior of hy-
drating cement paste where o is a constant applied external macroscale stress and t is time elapsed.
(a) Just before application of load a certain amount of load-bearing unhydrated material exists. (b)
Just after the application of load, the body deforms elastically. (c) After some time under constant
load, some load-bearing unhydrated material dissolves, increasing the stress on surrounding solid
phases, which increases their elastic deformation (and thus the overall deformation of the composite
microstructure). Because the elastic deformation due to phase dissolution does not occur instantly
after application of the load, the result is an apparent viscoelastic deformation. (d) New phases form
in the deformed configuration in a stress-free state.

3.2. Model simulations

To demonstrate the utility of the computational model, THAMES was utilized to predict the
evolution of microstructure for 0.40 w/c and 0.45 w/c cement pastes for the same well-
characterized cement used in Ref. [18]. The microstructures at different ages were then uti-
lized in the finite element code to predict the evolution of apparent macroscopic viscoelastic
Young’s modulus. Fig. 3 shows the apparent viscoelastic Young’s modulus of the 0.40 w/c
paste with constant periodic strain boundary conditions applied at ages of 1 d and 7 d. In Fig.
3, the relaxation is due entirely to dissolution effects; that is, the phases were all considered to
be elastic (no inherent viscoelasticity) using elastic properties taken from [16]. One can see
in the figure that the apparent viscoelasticity due to dissolution effects is substantial. In fact,
the magnitude of relaxation is such that dissolution effects should be considered in any mech-
anistic model of cement paste or concrete viscoelasticity. Additionally, one can see that since
the rate of dissolution of phases slows as specimens age (since hydration rate slows with age)



the well-known aging effect of viscoelasticity reported in the literature [1] is also consistent
with this dissolution mechanism.
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Fig. 3. Model behavior of apparent viscoelastic Young’s modulus of 0.40 w/c cement paste when
constant periodic strain boundary conditions are applied at either 1 d age or 7 d age. In this graph,
viscoelasticity is considered to occur strictly due to dissolution of load bearing phases. The dissolu-
tion effect results in significant relaxation and is able to explain the aging effect of viscoelasticity.

While Fig. 3 demonstrates that dissolution effects are consistent with the apparent viscoelas-
tic behavior seen in cementitious materials, the relative importance of dissolution effects in
comparison to other potential mechanisms is not elucidated. Historically, the inherent visco-
elasticity of C-S-H has been considered a primary mechanism of viscoelasticity of cementi-
tious materials. In order to investigate whether or not either dissolution effects or inherent
viscoelasticity of C-S-H should be considered primary viscoelastic deformation mechanisms
of cementitious materials, a simulation was performed where dissolution effects were ignored
and the relaxation was entirely attributable to inherent C-S-H viscoelasticity. Since the in-
dentation experiments yielding the results reported in Fig. 1 last only 30 s (due to experi-
mental challenges), they do not provide sufficient data for modeling creep or relaxation over
several days. Therefore, for simulation purposes, the viscoelastic Young’s modulus of C-S-H
was assumed to be:

E(t)=11.2+11.2exp(-t/r) GPa 1)

(where t is in units of d). This functional form was chosen so that E(0) would be approxi-
mately correct [16] and such that only 50 % of this original value would be relaxed at t — .
The relaxation time was set at z=5d to give a reasonable time scale in accord with many
experiments [1].

The Poisson’s ratio of the C-S-H was assumed to be time-independent and equal to 0.2. The
elastic properties of all other phases in the microstructure were taken from [16]. Fig. 4 shows
the results of the simulation. The viscoelastic Young’s modulus of the 1 d old material was



generated by utilizing the 1 d old microstructure, which did not change as the simulated time
changed. So the 1 d curve in Fig. 4 is how the Young’s modulus would change with time for
a 1 d old microstructure if only the C-S-H Young’s modulus is considered to be viscoelastic.
Likewise, the 28 d old viscoelastic Young’s modulus was generated by utilizing the 28 d old
microstructure (which was not allowed to evolve after the application of the constant periodic
strain boundary conditions). Therefore, all of the time-dependent relaxation indicated in Fig.
4 is caused by relaxation of the inherently viscoelastic C-S-H phase.

Based on Fig. 4, one would conclude that a 28 d old cement paste would exhibit more relaxa-
tion than a 1 d old paste. This is in direct contrast to myriad experimental evidence of the
aging viscoelastic properties of cement paste, where the older materials exhibit less relaxation
(or creep) than the younger materials [1]. The reason that the results in Fig. 4 indicate higher
relaxation for older materials is that the fraction of stress transmitted by C-S-H increases with
age (since more C-S-H is present at later ages). Therefore, if C-S-H is the only viscoelastic
phase in cement paste, more C-S-H results in more relaxation or creep. It appears that the
inherent viscoelasticity of C-S-H is not likely the primary mechanism of cement paste viscoe-
lasticity since this would yield behavior that would conflict with established experimental
evidence of reduction in viscoelastic relaxation with age. The only way that C-S-H viscoelas-
tic deformation could be the dominant mechanism in cement paste viscoelasticity would be if
the dominant aging mechanism were inherent aging of the C-S-H rather than the hydration
process. That is, the viscoelastic properties of C-S-H would need to dramatically evolve with
the age of each C-S-H particle. While inherent aging of C-S-H has been suggested as a po-
tential aging mechanism for cement paste [19, 20], it has been generally accepted that at early
ages the hydration process is the dominant source of aging.

In light of the preceding arguments and simulation results, one can assert that inherent C-S-H
viscoelasticity is probably not the primary mechanism of cement paste viscoelastic defor-
mation, and inherent aging of C-S-H could be the dominant early age mechanism of cement
paste aging. While long-term creep or relaxation indentation measurements of C-S-H have
not yet been performed, this finding indicates that the results are likely to demonstrate that C-
S-H creep is insufficient for fully predicting cement paste creep.
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Fig. 4. Model predicted viscoelastic Young’s modulus of 0.45 w/c cement paste displaced at ages of
1 dand28d. In this graph, all viscoelasticity is attributable to intrinsic viscoelasticity of C-S-H.

4. Discussion

Both the experimental and computational model results discussed in this paper indicate the
need to consider additional mechanisms for cement paste viscoelasticity beyond inherent C-
S-H viscoelasticity. The computational results suggest that dissolution of load bearing phases
contributes significantly to the apparent viscoelasticity of cementitious materials. The disso-
lution effect is also able to adequately account for the aging effect of viscoelasticity noted in
countless experiments. However, it is well-known that hydration slows dramatically after an
age of about 28 d (under typical curing conditions) but creep continues long after 28 d.
Therefore, one must consider mechanisms of viscoelasticity other than dissolution of unhy-
drated cement grains. One possibility that has not been fully explored is load-induced disso-
lution of hydration products; such a mechanism could explain how viscoelastic effects con-
tinue to occur once hydration has virtually ceased. As stress and strain states evolve within a
loaded microstructure, the stress power (i.e. the product of the local velocity gradient and the
local Cauchy stress) in each phase also evolves. Such an evolution might upset the local
thermodynamic equilibrium such that solid phases that were stable under one local stress
state might not be stable under another, resulting in their dissolution.

5. Conclusions

Nanoindentation creep experiments were performed using both a traditional nanoindenter and
an AFM. The results indicate that creep of C-S-H on the nanometer length scale is less than
what is observed on the micrometer length scale, indicating that an additional creep mecha-
nism is present beyond intrinsic C-S-H creep. A computational model was developed to pre-
dict the viscoelastic properties of cement paste as a function of the evolving microstructure.
The results from the computational model suggest that dissolution of load-bearing phases
provides substantial apparent viscoelastic effects to cement paste. Furthermore, the model
simulations suggest that intrinsic C-S-H viscoelasticity may not be the primary mechanism of
cement paste viscoelasticity.



Future work is needed to clarify the relative importance of various mechanisms of cement
paste viscoelasticity. In particular, dissolution of phases due to evolving stress power in the
microstructure could potentially explain long-term viscoelastic effects, but needs to be exper-
imentally or theoretically verified.
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