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ABSTRACT

This study presents an experimentally informed coupled creep—damage modelling framework for
the time-dependent micromechanical behaviour of hardened cement paste. Using realistic
microstructures, a viscoelastic formulation solved by an exponential algorithm, and a continuum
damage model, the framework consistently captures microscale creep, creep recovery, and strain-
rate-dependent response. The results show that microstructural discretization strongly affects
predictions: coarse discretizations underestimate porosity and overestimate hydration, leading to
overpredicted stiffness and strength. The model reproduces measured flexural strength, elastic
modulus, and the observed brittle failure. Low-stress creep and recovery are predicted accurately,
with high recovery ratios indicating predominantly linear creep. The calibrated HD-CSH/ LD-CSH
creep modulus ratio is consistent with experimental insights, supporting that calcium hydroxide
increases the creep modulus of CSH. Strain-rate effects are also captured: slower loading allows
more creep and earlier damage in weaker phases, while faster loading drives damage into stronger
phases, yielding higher apparent stiffness and strength with more pronounced damage patterns.
Overall, the framework provides a physically consistent basis for studying microscale creep—
damage interactions. Future work will incorporate temperature and moisture effects and extend the
approach to multiscale simulations of long-term concrete behavior under realistic environments.

Keywords: cement paste; creep; damage; microstructure; calcium-silicate-hydrate.

1 Introduction

Concrete creep is a time-dependent deformation that occurs under sustained loading and is widely
recognized as a key phenomenon affecting the durability of concrete structures [1]. At early ages,
creep—representing the viscoelastic behavior of concrete—is a critical input for quantifying stress
relaxation caused by restrained shrinkage, which directly governs the risk of early-age cracking [2—
4]. Over longer time scales, creep may result in excessive deformation and the loss of prestress in
concrete members [5—7]. Consequently, accurate prediction of concrete creep is essential for
ensuring the serviceability and durability of concrete structures.

As a composite of cement paste and aggregates, concrete can often be analyzed at different scales
with focuses on different phases and mechanisms [8,9] (Fig.1). The aggregates, often made of
natural stones and sands that have dense microstructures, are mostly considered as the elastic phases
that do not creep [10]. The cement paste, primarily composed of C-S-H gels, pores, and clinkers,
has been recognized as the main creeping phase [11]. The major factors governing the effective
creep of the cement paste are often attributed to the viscoelastic property, volume, morphology, and
structural arrangement of the C-S-H gels [12,13], induced by micromechanical processes such as
solidification and microprestress [14], microcracking [15], hydration [16], etc. Therefore, a good
understanding and characterization of the microstructure is an essential step for predicting the creep
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Fig.1 Multiscale perspective of concrete materials and structures

Models for predicting microscale creep behavior can generally be classified into three categories:
micromechanical homogenization (MH), continuous finite element (CFE), and discrete finite
element (DFE). By performing classical micromechanical homogenization methods such as Mori—
Tanaka and Self-Consistent schemes in the Laplacian domain, MH directly predicts the effective
viscoelastic properties using the volume fractions and intrinsic properties of hydration products as
inputs [11,17-19], which can be obtained from micro-indentation tests [20-22] or, alternatively,
identified by downscaling macroscopic creep measurements through a similar micromechanical
framework [23]. A multiscale benchmark across different homogenization schemes and constituent
assumptions has further validated this approach [24].

Unlike MH, which embeds implicit morphological assumptions in its analytical expressions, the
CFE approach explicitly represents the microstructure and evaluates the corresponding viscoelastic
response using linear viscoelastic models such as Maxwell or Kelvin chains [12,25,26]. Both MH-
and CFE-based studies have been validated against micro-indentation or macroscale creep
experiments, representing notable advances in this field. Despite this progress, several limitations
remain. Most MH and CFE methods rely on simplified assumptions regarding the morphology and
spatial arrangement of microstructural phases, which can strongly influence the resulting
viscoelastic behavior [16]. Moreover, these approaches typically assume a linear viscoelastic regime
and therefore cannot capture damage-induced nonlinearity under different stress levels.

In recent years, the DFE approach has been increasingly used to characterize the micromechanical
properties of cement paste by employing realistic microstructural inputs. Based on microstructures
obtained from Backscattered Electron (BSE) microscopy and X-ray Computed Tomography (XCT),
the Lattice Fracture Model (LFM) [27,28], a representative DFE method, has been successfully
applied to predict compressive strength [29], tensile strength [30], flexural strength [31], fatigue
behavior [32], and other mechanical properties. Parallel to these modelling efforts, corresponding
micromechanical testing techniques have been developed: micro-specimens can be fabricated using
a micro-dicing saw and subsequently tested in a nanoindentation device to obtain micromechanical
behavior and properties. These measurements provide essential reference data for developing and
validating micromechanical models of cementitious materials [29,33].

DFE-based methods have also been applied to investigate the short-term creep behavior of cement
paste at the microscale. Short-term creep measurements on cantilever beams fabricated from
ordinary Portland cement and high-volume slag cement have been reported [34]. The effects of
water-to-cement ratio and strain rate on creep compliance and creep recovery have also been
examined [35,36]. Using the local force method, an LFM-based framework was further developed
to simulate microstructural effects on short-term creep [37], and the results demonstrated good
agreement with experimental observations. Compared with MH and CFE methods, LFM directly
incorporates realistic microstructural features and implicitly accounts for damage evolution during
creep by removing damaged lattice elements at each computation step. However, local force -based
implementations of LFM are limited to short-term creep under constant loading. A recent extension
introduced direct stress integration based on the Volterra integral to enable simulations under
varying load histories [38]. Nevertheless, direct implementation of the integral requires storing all
internal variables of the rheological chains at every computational step, which leads to substantial
computational cost and memory demand, posing challenges for efficiency and scalability [39].

In summary, current microscale modelling frameworks for cement paste creep often face three key
challenges: (1) accurately representing realistic microstructures; (2) efficiently performing
stress/strain integration within the Volterra integral, which is computationally demanding; and (3)
incorporating damage evolution to capture nonlinear creep under different stress levels. To address
these limitations, this study proposes a coupled creep-damage modelling framework that integrates
an exponential algorithm for efficient numerical stress and strain integration with a continues
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damage model. The framework takes experimentally measured microstructures and
micromechanical properties as input and is evaluated using a comprehensive series of microscale
cantilever beam tests.

The remainder of this paper is organized as follows. Section 2 presents an overview of the
microscale cantilever beam experiments, including short- term creep, creep recovery, and
micromechanical characterization under different strain rates. Section 3 introduces the theoretical
formulation and material subroutine. Section 4 provides detailed implementation of the proposed
coupled creep—damage numerical framework. Section 5 compares the numerical predictions with
the experimental results to validate the accuracy and robustness of the proposed modelling approach.

2 Experimental Overview

This section presents a brief overview on the micromechanical tests of the miniaturized cantilever
beams (MCBs) (Fig.2), which will be used as the input of the proposed models and provide ground
truth for model validation. Details of these tests can be found in [34-36].

2.1 Sample Fabrication

The MCBs were fabricated from hardened cement paste to enable micromechanical characterization
(Fig.2a left). Paste cylinders were first prepared using a standard CEM 1 42.5N Portland cement
(ENCI, the Netherlands) with a Blaine fineness of 284 m?/kg, and deionized water, mixed at w/c
ratios of 0.30, 0.40, and 0.50. To mitigate bleeding at higher w/c, the freshly cast cylinders were
rotated at 2.5 rpm for 24 h at 26 °C during the initial setting period. The samples were then cured
for 28 days under sealed conditions and room temperature (26 °C). Hydration was subsequently
arrested via isopropanol solvent exchange. The cured paste was sliced into 3-mm plates, grounded
and polished to obtain parallel and smooth surfaces, and then processed using a precision micro-
dicing saw. Following two orthogonal cutting passes with controlled spacing, arrays of beams with
a nominal geometry of 300 pm x 300 pum in cross-section and 1.65 mm in length were produced.
ESEM imaging confirmed dimensional accuracy within £1.5-2 pum and the absence of machining-
induced damage (Fig.2a right).

2.2 Micromechanical Testing

All micromechanical bending tests were conducted using a KLA G200 nanoindenter equipped with
a diamond cylindrical wedge tip, which applied a vertical line load to the free end of each MCB
(Fig.2b left). The cement-paste mother plate (holding the MCB array at its fixed end) was bonded
to a rigid metal baseplate using cyanoacrylate adhesive, and precise alignment of the loading tip
with the beam axis was achieved under the in-situ optical microscope. Tests were performed in a
thermally insulated chamber, with temperature and relative humidity maintained within narrow
ranges (26.3 = 0.4 °C and 34.2 +0.8%) to avoid significant thermal drift and moisture exchange
during loading.

It should be noted that drying has a negligible influence on the measured creep response. During
the 28 days of sealed curing, hydration progressively consumed pore water; the resulting self-
desiccation reduced the internal RH below 100 %, with associated autogenous shrinkage. The
subsequent isopropanol solvent exchange replaced the residual pore water. By the time of testing,
the MCBs are close to moisture equilibrium with the laboratory environment, owing to the
extremely thin cross-section with a volume-to-surface ratio of only 0.07 mm; companion-MCB
weight measurements during the short-term creep tests further confirm that almost no weight loss
occurs. Given the short loading duration (< 1500 s), the autogenous shrinkage during the test can
also be neglected, and the measured response is therefore interpreted as the basic creep of pre-dried
cement paste rather than as drying creep in the Pickett-effect sense.

Prior to each experiment, the system drift rate was verified to be below 0.05 nm/s, and reference
tests on glass MCBs were used to quantify the intrinsic instrumental drift. Measured displacements
were corrected for baseplate and adhesive-layer deformation contributions, which were quantified
by finite-element modelling of the test set-up as 14 % and 0.5 % of the total tip displacement,
respectively [34,40]; these contributions are subtracted from the recorded displacement before
converting it to beam curvature and strain. The detailed microstructures of MCBs with w/c ratios of
0.30, 0.40, and 0.50 were captured using XCT (Fig.2b right). Scans were performed at 90 kV and
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170 pA with a voxel size of approximately 1.1 pm (voxel volume ~1.3 um?), enabling identification
of the main cementitious micro-phases. These microstructures will be used as the input of the

subsequent modelling tasks.

2.3 Loading Schemes

Three loading schemes were employed to characterize the time-dependent micromechanical

behavior of the micro-cantilever beams:

1) Short-term creep tests were performed under load control by rapidly loading each beam to
the target stress level within 55—30% of its flexural strength—and then maintaining the
load for 800 s (Fig. 2¢, left). The measured time-dependent deflection was converted into

creep strain and creep compliance using classical cantilever beam theory.

2) To assess the recoverability of viscoelastic deformation, creep recovery tests adopted the
same initial loading—holding sequence, followed by a controlled unloading to 1% residual
load and a second holding stage (Fig. 2c, middle). The durations of the first and second

holding stages were 180 s and 600 s, respectively.

3) Strain-rate—dependent bending tests were conducted to examine the rate sensitivity of
stiffness and strength. MCBs were monotonically loaded until failure at strain rates ranging

from approximately 10°¢/s to 107%/s (Fig. 2¢, right).
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Fig. 2 Overview of the micromechanical bending tests on MCB specimens
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(adapted from [34-36])
3 Coupled Creep-Damage Model

To describe the time- and rate- dependent behavior of the cement paste at the microscale, this study
proposes a constitutive model that combines viscoelastic creep, tensile/ compressive damage
mechanics, and simple rate-dependent viscoelasticity within a unified framework.

3.1 Viscoelastic Creep

This section first presents the viscoelastic creep formulation and the exponential algorithm
[39,41,42], which will then be coupled with the damage model. Following the Boltzmann
superposition and considering viscoelasticity, the strain can be expressed by the Volterra integral:

e©) = [ I - ) do(e) (1)
0

where J is the creep compliance; t is the current time; t' is the time when load is applied. Note that
herein the aging of material properties is not considered and therefore J is only the function of the
loading duration (t —t"). Assuming a linear variation over each time increment [¢t;, t;,1], Eq. (1)
can be rewritten in the incremental form:
Ao = E*(Ae — Ae“T) (2a)
with the effective modulus E*:
At

ft:i+1](ti+1 - t’)dt,
and the incremental creep strain Ae“":

BeT = [ (tia = ) = J (& = t)]odt’ (2¢)
Eq. (2¢) shows that computing Ae€" requires storing and revisiting the entire stress history, which
becomes computationally demanding for fine meshes or complex microstructures [38]. To avoid
this costly convolution, the exponential algorithm approximates the creep compliance J by a
Dirichlet series corresponding to an N-unit Kelvin chain:
1 N 1 _t—t’
— ") = —e H
JD %@+;mm“e ) )
where E; and i; denote the elastic modulus and retardation time of the j-th Kelvin element. Note
that the Kelvin-chain representation also admits a micromechanical interpretation, where each
Kelvin unit can be associated with solid-matter sliding along a viscous nanoscale interface within
the cement paste [43,44].
Substituting Eq. (3) into Eq. (2b, 2¢), and evaluating the integrals using the midpoint rule under the

assumption of linear stress variation during [t;, t;,,], yields closed-form expressions for the
effective creep modulus and incremental creep strain [39,45]:

E*(t") =

(2b)

1 - W K (4a)
m"‘zqu(l—(l —e u])A_;t
N

At
A" =) (1—e M) () (4b)
Z; ,

where the hereditary internal variables of the Kelvin chain obey:
At At

* T 1 T\ Hj
& (tiv1) = e Mg (t) + m(l —e M) A—iAa (4¢)

A key advantage of this formulation is that the history term becomes entirely expressible in terms
of the internal variables & for each Kelvin unit. These variables can be updated recursively using
Eq. (4c), eliminating the need for storing or integrating the full stress history required by Eq. (2c).
Consequently, the viscoelastic evolution reduces to a sequence of quasi-elastic incremental
problems, offering both computational efficiency and numerical stability.

3.2 Tensile/ Compressive Damage

This section introduces the constitutive damage formulation based on continuum damage mechanics,
which will subsequently be coupled with the viscoelastic creep model described in Section 3.1.
According to the Mazars damage model [46], the stress—strain relation of quasi-brittle solids
subjected to stiffness degradation can be expressed as:
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where d € [0,1) is the scalar damage variable and C, is the undamaged elastic stiffness tensor.
Taking the rate form of Eq. (5) yields:

6=(1—-d)Cy(é —

) (6)

where the second term inside the parentheses represents the strain contribution associated with
damage evolution. Damage initiation and evolution are governed by a loading function that depends
on the equivalent strain €., and an initial threshold strain &:

f(geq' 80) = Eeq — 5o(d) =0 (7)
Before the onset of damage, the threshold strain is defined as:
f(d=0) =22 ®
0

where f; is the tensile strength and E is the undamaged elastic modulus. Once .4 exceeds &, the
threshold strain is updated to the current value of &.q to ensure irreversibility. Following the Mazars’
formulation [46], the equivalent strain &, is defined using the positive parts of the principal strains
e’ (i=123):

£og = \/(s{”)i DTV (DTN 9)

where () denotes the Macaulay brackets (e.g., (x), = max (x,0)). The maximum value of the
equivalent strain &, is recorded at each increment to ensure irreversibility. The damage evolution
is computed as a weighted combination of the tensile damage d, and compressive damage d,.:

d= a,d; +a.d, (10)

where the tensile and compressive weights, a; and «., depend on the contributions of positive and
negative principal strains:

is=1(5ipr>+ 1 (1)
O_’t = 1] a,. = - at
ARG N A (CEPN I
The original Mazars’ damage model [46] implemented an explicit expression for damage evolution
and typically requires nonlocal or gradient regularization techniques to avoid mesh dependence [47].
To reduce computational complexity while maintaining objectivity, this study adopts a fracture-
energy-based regularization using an exponential softening law (Fig. 3(a)) [48]:
£0—Eeq
di=1- S_oe(stu—eo)
Eeq
where the softening tensile strain &, is related to the tensile fracture energy Gy, and characteristic

length of the element h:

(12a)

Gyt
Eyeoh
Compressive damage is described using the constitutive stress—strain relationship of concrete
adopted in Model Code 2010 (MC2010) (Fig. 3(b)) [48,49]. Note that the mechanical response of
considered experiments here (see section 2) is dominated by tensile damage, and compressive
damage parameters are not yet calibrated in this study. The MC2010 formulation is therefore used
only to complete the constitutive description and does not affect the main results. The evolution of
compressive damage d,. is defined as

= = 2
r 1 _ (kiceq Sceq )ﬁ:m lf Sceq S gc1
(1 + Eceq(k — 2)) Eoéceq
dc = 1— me
E 0 gceq
ki ky

1+—-—
Ey  Epéceq

(12b)

Ety = & T

if €1 < €ceq < €2 (13a)

lf €c2 < gceq < Ecu

Here,
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where f,,, is the compressive strength; k, k;, k, are the shape parameters of the constitutive curve;
&1 and €., are parameters adopted from MC2010. The equivalent ultimate compressive strain can
be extrapolated by the compressive fracture energy Gy.:

Eeq  _ €ceq , _ 1.05Eg€c
- )

Eey = — (&2 — € 13¢
f'cmh (CZ Cl) ( )

0 igtO Etu &t €c1 Ecu €c

1
(a) (b)
Fig. 3 Tensile (a) and compressive (b) stress versus equivalent strain for the damage model
3.3 Coupling of Creep and Damage
Building upon the viscoelastic creep formulation in Section 3.1 and the damage formulation in
Section 3.2, the proposed coupled creep—damage model adopts an incremental framework capable
of capturing the mutual interactions between viscoelasticity, damage evolution, and irreversible
viscous deformation. The incremental constitutive relation is expressed as:
Ao = (1 — d)CyAe® (14)
where Ae®! is the incremental elastic strain. Following the infinitesimal strain assumption, the
incremental total strain Aet°t can be decomposed as:
Agtot = Ae®l 4 AT + Ag™ 4 Al (15)
where Ag€", Ae%™ As'"are the incremental creep strain, damage strain, and irrecoverable strain
induced by viscous flow, respectively. These strain components are coupled by the following
mechanisms [45,50]:
1) The creep strain partly contributes to the equivalent strain &, as defined in Eq. (9), which
drives the damage evolution.
2) The damage induces the stiffness degradation during the creep process (Eq. (4a)).
3) Creep internal variables evolve under the damaged stress, affecting subsequent creep
increments (Eq. (4¢)).
3.3.1 Effective Strain for Damage Evolution
First, tentatively assuming viscoelastic creep and irreversible viscous flow do not directly contribute
to microcrack formation, the damage evolution is driven by an effective elastic strain, defined as
Seff = gtot _ ger _ girr (16)
Then, to capture the influence of time-dependent deformation on crack evolution, the effective strain
is augmented by a creep-dependent term [45,50]:
ngf = goff 4+ Boye = gtot — (1 — Ber)eT — £irr a7
where 3., is a material parameter controlling the contribution of accumulated creep strain to the
damage-driving strain measure, which requires calibration from nonlinear creep tests [50]. The

augmented effective strain eﬁef T is used to compute the principal strains €” and the equivalent

strains &, via Eq. (9), which in turn results in damage progression as defined in Eq. (10-13). Note
that, as an alternative, the damage rate can be taken proportional to the strain rate with a
proportionality factor increasing with the stress-to-strength ratio [51]. The present coupling instead
uses a single continuum parameter at the microscale.
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3.3.2 Creep Under Degrading Stiffness and Damaged Stress
The damage results in the stiffness degradation which accelerates the creep process. The effective
modulus of the Kelvin Chain (Eq. (4a)) therefore needs to incorporate the damage factor:

Ecrr(™) = (1 = d)E*(t") (18)
The update of the hereditary internal variables of the Kelvin chain (Eq.(4c)) also needs to
incorporate the stiffness degradation and contribution of the incremental stress induced by the
damage Ag%™ and irreversible viscous strains Ag4™:

At At
* T % 1 . i i
Ej (ti+1) =e ‘u']Sj (ti) +m(1 —e #1)%(AO'—AO'dm —AO'lrr) (19)
Here,
AO’dm = Ce*ff:Agdm, AO’iTT == C;ff AgiTT’ (20)

in which the C, ¢ is the effective stiffness tensor assembled by the effective stiffness modulus Egff
from the Eq. (18). Then, A" can be updated for the next step according to Eq.(4b).
3.3.3 Irreversible Viscous Flow
To simulate the irreversible viscous flow of the cementitious material consistent with the
solidification theory [52], an irreversible viscous flow term is included. A simple overstress-type
viscoplastic law governs this strain component [45]:

i _ (o1 =0y,

Mp
where ), is the tensile or compressive yield threshold, expressed as a fraction of the corresponding
strength, and n,, is the viscosity parameter. The operator sign(o’) ensures that the irreversible strain
develops in the same direction as the applied stress—i.e., positive in tension and negative in
compression. This term will contribute to stress update but does not influence the creep internal
variables and damage update.
3.3.4 Stress Update
By substituting Eq. (15) into Eq. (14) and replacing the stiffness tensor with C¢, the stress update
expression is obtained:
Ao = Corp(Ae®t — A — Agt™ — Ag'™) (22)

where Ae” and Ae”" are computed according to section 3.3.2 and 3.3.3, respectively. The
incremental damage strain As?™ is derived from Eq. (6) using the effective strain:

gerf (23)

sign(o)At 21

Agdm =

1-d
3.4 Material subroutine
The coupled creep—damage constitutive framework is implemented in ABAQUS through a user-
defined material subroutine (UMAT) written in Fortran, in which all viscoelastic, damage, and
irreversible viscous mechanisms are evaluated incrementally at each integration point. The
algorithmic sequence of the UMAT is summarized in Fig. 4.

At the beginning of each increment, the UMAT retrieves the state variables from the previous step—
including the Kelvin-chain hereditary strains, accumulated creep strain, irreversible viscous strain,
and tensile/compressive damage history—together with the strain increment prescribed by the finite
element solver. Using these variables, the UMAT first computes the effective modulus and the creep
strain increment via the exponential algorithm of Eq. (4), after which the irreversible viscous strain
is evaluated according to the overstress-based viscoplastic formulation in Eq. (21). These
contributions are used to construct the effective strain measures defined in Eq. (16-17), enabling the
computation of principal effective strains and the equivalent strain that governs tensile and
compressive damage evolution following Eq. (7-13). The resulting damage variable degrades the
elastic stiffness and directly influences both the stress response and the subsequent creep
development. After the damage variable is updated, the UMAT evaluates the stress increment using
the coupled relation in Eq. (21), accounting simultaneously for elastic, creep, damage, and
irreversible viscous components. The stress obtained at the end of the increment is then used to
update the hereditary internal variables of the Kelvin chain according to Eq. (19), ensuring that the
material retains full memory of the viscoelastic deformation history. All updated internal variables
are stored back into the UMAT state-variable array to be used in the next increment.
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Fig. 4 The material subroutine of the coupled creep-damage model

4 Implementation

This section describes the segmentation of the microstructural images for generating the multiphase
input for the FE model. The procedure used to identify and separate the individual material phases
is first presented, followed by a discussion of the material properties assigned to each phase. Finally,
the overall configuration of the FE model, including geometric representation, mesh characteristics,
loading and boundary conditions, is introduced.

4.1 Multiphase segmentation

The microstructure of the MCBs with three different w/c ratios (0.30, 0.40, and 0.50) were obtained
by XCT as described in section 2.2, which can then be used as the input of the coupled creep-damage
model. The microstructure of the cement paste is then segmented into four different phases using
threshold methods: pore, low-density calcium-silicate-hydrate (LD-CSH), high-density calcium-
silicate-hydrate (HD-CSH), and unhydrated cement (UHC) [53-55]. The threshold values were
calculated based on the PDF and CDF of the greyscale values of the XCT images (Fig. 5). The
inflection point of the CDF is defined as the upper threshold value of the pore phase (S1), which
corresponds to the point where segmented pore areas start to overflow to surrounding paste [53].
Specifically, below this threshold the pore volume fraction increases gradually, whereas beyond it a
small increment causes a disproportionate increase as CSH phases begin to be included as pores.
The change of the tangent slope after the peak of the PDF is identified as the threshold value between
HD-CSH and UHC (S3) [56]. The threshold value between the LD- and HD-CSH (S,) is identified
based on the model proposed by Tennis and Jennings [57]:

M, =3.017 (g) a—1.347a + 0.538 (24a)
where M, is the ratio of the mass of LD-CSH to HD-CSH; « is the hydration degree. The hydration
degree can be estimated by the following equation:

Vi

__V

T
where V;,, V, are volume fraction of hydration product and unhydrated particle respectively; V is the
volume ratio of reaction product to reactant, which can be assumed as 2.2 according to [58]. This
value corresponds to the overall hydration reaction of ordinary Portland cement and may require
adjustment for cement with significantly different mineralogical compositions.

a (24b)
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Fig. 5 The grey scale values of the XCT images of the cement paste sample w/c =0.50

It should be noted that the Tennis—Jennings model presumes two discrete LD- and HD-CSH phases.
Recent 'H NMR studies have shown, in contrast, that the density of C-S-H evolves continuously
with the precipitation degree [59-62]; consistently, the grayscale histogram in Fig. 5 is itself
continuous and mono-modal. A binary LD/HD partition is nevertheless retained here as a pragmatic
FE-input simplification, which is consistent with grid nanoindentation analyses that statistically
identify two mechanical clusters of C-S-H [55] and is quantitatively prescribed by the Tennis—
Jennings model [57] used above. A sensitivity study on the LD/HD threshold S2 is provided in
Appendix A. Future work may pursue continuous, pixel-wise quantification of C-S-H mechanical
properties directly from microstructure images using deep-learning techniques [63], bypassing the
discrete LD/HD simplification adopted here.

Examples of the segmented microstructures are shown in Fig. 6. At low w/c, the hydration products
are dominated by HD-CSH (Fig. 6(a)), whereas at high w/c, LD-CSH becomes the prevailing phase
(Fig. 6(c)). The microstructure at the intermediate w/c contains comparable proportions of LD-
CSH and HD-CSH (Fig. 6(b)). HD-CSH appears either as a dense rim surrounding unhydrated
cement particles or as sparsely distributed clusters within the LD-CSH matrix; the latter is likely
associated with calcium hydroxide (CH), which commonly forms in water-filled spaces and mixes
with LD-CSH [56]. In general, increasing the w/c ratio leads to more hydration products (i.e., a
higher degree of hydration) but also more porosity, and tends to produce larger amounts of LD-CSH
relative to lower w/c mixtures [57].
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Fig. 6 Segmented microstructures: (a~c) corresponds to w/c ratios ranging from 0.30, 0.40, to
0.50; (d) legend of each phase

4.2 Phase properties and identification

The material properties of LD-CSH, HD-CSH, and UHC are listed in Table.1. The identification of
the material parameters refers to experimental literature on the micromechanical properties of
cement paste. These literatures provide a limited range of these parameters and then the exact values
used herein were calibrated further using the experimental results of the sample with w/c = 0.30.
Detailed calibration procedures and discussions can be found in section 5.

The values of elastic modulus can often be found in the experimental study of micromechanical
properties of cement paste [64,65], in which a grid of nanoindentation tests were conducted and
therefore the mechanical properties of each micro phase can be statistically identified by Gaussian
Mixture Model or Clustering methods [55,64,66]. However, it should be noted that the phase
identified in the nanoindentation tests and XCT images might be different due to different testing
resolution: the nanoindentation is testing an area relating to its indentation depth [67], while the
XCT has a limited resolution (1.0 pm? herein). This study adopts elastic moduli obtained through a
combined nanoindentation—XCT approach, where a linear relationship between indentation
modulus and XCT attenuation coefficient was experimentally established and validated [68,69].

The tensile strengths of the CSH phases were determined with reference to mechanically compacted
CSH strength tests [70], where the tensile capacity of CSH foam exceeded 24 MPa in the presence
of micro-defects. A tensile strength of 40 MPa was assigned to LD-CSH after calibration against
the w/c=0.30 experimental results [34]. Because the strength is known to scale linearly with
nanoindentation hardness [71], the strength ratio between HD-CSH and LD-CSH can be inferred
from the ratio between their hardness and therefore a value of 1.63 was adopted herein [72]. The
compressive-to-tensile strength ratio of 8.0 follows micromechanical modelling of CSH [73]. The
tensile and compressive fracture energy densities were assumed based on molecular dynamics
simulations of crack nucleation and propagation in CSH at the atomic scale [74-76], and as a surface
energy density, the fracture energy is expected to be relatively scale-insensitive over the nanometer-
to-micrometer range considered here. The strain parameters governing the compressive damage
curves (&;4 and &.,) follow the MC2010 [42].
Table. 1 Material properties of each phase

LD-CSH HD-CSH UHC
E,/ GPa 12 24 72
v 0.2 0.2 0.2
fotm/ MPa 40 65 150
fom/ MPa 320 520 1230
Gt/ J/m? 0.5 1 5
Grie/ J/m? 10 20 100
&1 0.0022 0.0022 0.0022
o 0.0035 0.0035 0.0035
E../ GPa 700 3000 10000
Ber 0.1 0.1 0.1
oy 0.8 0.8 0.8
1,/ GPa - s 170 820 10000

The parameters of creep process (E, f) and irreversible viscous process (ay, 11,,) are calibrated

using the experimental results of creep recovery of the sample with w/c =0.30. The creep compliance
function J(t — t") is defined by:

1 1
](t_t):E_o+E_crf(t_t) (25)

where E,, is the creep modulus; f(t — t") is the function of the creep evolution, typically described
by power or logarithmic trends [20,77,78]. The objective is to find the Kelvin chain that corresponds
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to the experimental results. Then, the Kelvin chain units (E; and u;) can be used for the FEM
analysis. Directly fitting the experimental results (Eq. 25) to the Dirichlet series of Kelvin chain (Eq.
3) can lead to non-unique solutions [79]. To avoid this ill-posedness, a nine-unit Kelvin chain was
adopted, and its retardation times were prescribed a priori as
pj=10"", j=1:9 (26)
Considering the continuous retardation spectrum of the Kelvin chain, the creep evolution function
can be expressed as
o t-t’'

fe—t") =f %(1 —e H)d(lnp)) (27

0 Fj
from which the discrete Kelvin-chain moduli E; can be computed using the Laplace-transform—

based Widder formula [80]:

1 (—kw)*

—=_ im -———_ &)

E In10 * ’gl_zzo = 1)!f (kp) (28)
The functional form of f, along with the order of the retardation spectrum k. In this study, an order

of 3 is used which is sufficient to represent the creep function.

4.3 FE configuration

The finite element modelling aims to simulate the micromechanical response of MCB under a plane-
stress assumption. The computational domain is a 1650x300 um? rectangle consistent with the
specimen geometry. For each w/c, the 3D XCT volume is first segmented into four phases (pore,
LD-CSH, HD-CSH, UHC), and multiple depth slices are randomly extracted to capture
microstructural variability. Each slice serves as an independent 2D microstructural input, and the
FE results will be averaged to obtain representative behavior.

A structured quadrilateral mesh of linear plane-stress elements with reduced integration (CPS4R) is
employed. For a given mesh size, the segmented 2D microstructure is rescaled to the same resolution
using a nearest-neighbor scheme, enabling a direct correspondence between phase information and
finite element discretization. It should be noted that nearest-neighbor rescaling might introduce
staircase-shaped phase boundaries if large mesh size is used. The mesh size is treated as a modelling
hyper-parameter: coarse meshes reduce computational cost but may fail to resolve the fine
microstructural morphology, whereas finer meshes preserve more microstructural detail at higher
computational expense. Four mesh sizes—1.0, 2.0, 5.0, and 10.0 ym—are examined. Notably, the
1.0 pm mesh matches the voxel resolution of the XCT dataset and therefore represents the
microstructure without information loss; the larger mesh sizes introduce controlled homogenization
suitable for sensitivity analysis. Examples of the microstructures at w/c = 0.30 are shown in Fig.
7. All phases are modelled using the coupled creep—damage constitutive framework described in
Section 3, with phase-specific parameters listed in Table 1.

The boundary conditions follow a classical cantilever configuration: the left edge is fully
constrained, while the right end is subjected to a prescribed downward load. The loading history is
applied in accordance with the experimental protocol shown in Fig. 2(c).
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Fig. 7 Microstructures of w/c 0.30 with different mesh size: (a) original microstructure (b~e)

corresponds to mesh sizes ranging from 1.0, 2.5, 5.0, to 10.0 um; (f) legend of each phase
5 Results and discussion
5.1 Creep function

Two types of creep functions, namely the power function fp(t —t') and the logarithmic function
fi.(t —t") [19,64,65], are compared here and expressed as

N b
folt —t") =%(t_t> (29a)

tre f

I

ft—t) = éln (b(tt_ﬁ )+ 1) (29b)

where a and b are fitting parameters; t,.f is a reference time introduced to render the time argument
dimensionless (t,.; = 1s). Parameter a represents the composite-level creep modulus obtained
from the bending test response, which differs from the phase-level creep moduli E,. listed in Table
1. The fitting is performed using nonlinear least-squares regression implemented in the SciPy library
[81], based on creep compliance data obtained from short-term creep tests on MCBs with three
different w/c [30]. The fitting results are summarized in Fig. 8 and Table 2. The fitting accuracy is
evaluated using the Root Mean Squared Error (RMSE) and the coefficient of determination (R?).

The results indicate that both functions can adequately reproduce the experimental creep behavior,
with R? values around or exceeding 0.99 for all cases. In previous studies on microindentation creep
of CSH [20,82,83], the logarithmic function has been widely adopted to characterize creep evolution,
as it was considered more suitable for representing long-term creep behavior. Moreover, these
studies concluded that the fitting parameter b is independent of material composition and can be
treated as a constant. Under this assumption, the creep function depends only on the parameter a,
i.e., the creep modulus, implying that the creep behavior of C—S—H can be fully characterized by a
single parameter. However, the fitting results obtained in the present study (Table 2) reveal different
patterns:

e The power function consistently outperforms the logarithmic function, particularly when
evaluated using RMSE. This observation is consistent with the established understanding
that power-law behavior dominates short-term creep of cementitious materials, while
logarithmic creep becomes relevant at longer timescales [84,85]. The present micro-
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cantilever results thus confirm this behavior at the microscale.

e For the logarithmic function, the parameter b exhibits a non-negligible variation, ranging
from 0.024 to 0.072, corresponding to an almost 300% difference. In contrast, the parameter
b in the power function varies from 0.333 to 0.430, showing a much smaller variation of
approximately 30%. Assuming the parameter b is a constant, the power function can well
describe the creep behavior of cement pastes with different w/c ratios (Fig. 9). This
observation is consistent with the findings that creep characteristic times are virtually
invariant over length scales [86].

Similar limitations of logarithmic functions in describing the creep behavior of CSH at the
microscale have not only been reported for MCBs [34], but have also been observed recently in
compressive creep tests of cementitious micropillars [87]. Based on the above observations, the
power function is adopted in the following simulation, which will be detailed in section 5.4.
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Fig. 8 Fitting the creep function with power and logarithmic functions for experimental
results of MCB creep tests with w/c = 0.30 (a), 0.40 (b), and 0.50 (¢).
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Table. 2 Fitting results of the creep function

wie a/ GPa b RMSE R?
Pow Log Pow Log Pow Log Pow Log
0.30 4761 842 0.430 0.024 0.017 0.088 1.000 0.989
0.40 1903 453 0.399 0.034 0.065 0.125 0.998 0.994
0.50 982 446 0.333 0.073 0.117 0.123 0.996 0.996
b = 0.3627
wc30:a=3156.2, wc40:a=1520.8, wc50:a=1175.4
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g —————————————
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Fig. 9 Fitting the creep function with a one-parameter power function for experimental
results of MCB creep tests

5.2 Microstructure resolution

This section presents the effects of microstructure resolution and mesh size of the simulated
mechanical properties. It should be noted that the classical mesh-dependence issue in finite element
analysis is addressed in the present framework through energy regularization (Egs. 12b and 13c),
and further details can be found in [40]. Here, however, the mesh size plays a different role. Varying
the finite element mesh size leads to microstructural inputs with different spatial resolutions (see
Fig. 7), which in turn affects the predicted mechanical response.

To investigate this effect, four different mesh sizes were considered, resulting in distinct
microstructural phase assemblages. The results show that increasing the mesh size significantly
alters the phase assemblage (Fig. 10). Coarse meshes tend to homogenize the microstructures and
suppress phases with small volume fractions. Consequently, the volume fractions of pores (Fig. 10a)
and UHC (Fig. 10b), which constitute relatively small portions of the composite, are progressively
underestimated as the mesh size increases. In contrast, the dominating phases, such as HD-CSH for
w/c =0.30 (Fig. 10c) and LD-CSH for w/c =0.50 (Fig. 10d), will be overestimated. As a result,
microstructures generated with larger mesh sizes exhibit reduced porosity and higher degree of
hydration, indicating enhanced micromechanical properties.
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Fig. 10 Phase assemblage of microstructures with different resolutions: (a~b) correspond to
the volume fraction of pores, LD-CSH, HD-CSH, and UHC.

For each mesh size, microstructures corresponding to three different w/c ratios were extracted at 6
different depths. Virtual flexural tests were then conducted using the proposed model by applying a
prescribed displacement at the rate of 3 um/s, leading to flexural failure of the MCBs. Note that due
to the small specimen size, each MCB specimen samples a distinct local arrangement of different
phases, which further leads to scattering in the results. For larger specimens approaching the cement-
paste RVE, this scatter is expected to decrease. Based on these virtual tests, the influence of mesh
size on the flexural strength and elastic modulus was evaluated, as shown in Fig. 11. Both the
flexural strength and elastic modulus increase with increasing mesh size, which can be explained
by the reduced porosity and increased hydration degree as illustrated by the Fig. 10 and consistent
with studies on the effect of pores on mechanical properties [88].
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Fig. 11 Influence of microstructure resolution on the strength and elastic modulus
Representative failure patterns obtained using different mesh sizes are shown in Fig. 12. In all cases,
damage localizes near the upper clamping region, while the remainder of the beam remains largely
undamaged, indicating a brittle failure mode. For the fine mesh, damage is more widespread and
spatially dispersed, with multiple damaged zones activated within the microstructure (Fig. 12(a),
top). This behavior is accompanied by a more heterogeneous distribution of the first principal stress
with higher peak levels (Fig. 12(a), bottom). In contrast, the coarse mesh exhibits a highly localized
damage pattern dominated by a single crack (Fig. 12(b), top), together with a smoother and more
uniform principal stress field (Fig. 12(b), bottom). The reduced microstructural resolution
suppresses local stress levels, leading to a higher apparent strength. For clarity of comparison, the
stress contours of the fine mesh are plotted using the same color scale as the coarse mesh, although
the actual maximum principal stress reaches approximately 60 MPa for the fine mesh, compared
with about 45 MPa for the coarse mesh.

In general, the mesh size and microstructural resolution exert a significant influence on the predicted
strength and elastic modulus. It should be noted that the monotonic rise of strength and modulus
with mesh size indicates that the present voxel-based, discrete-phase CT-FEM does not converge
under mesh refinement in the classical sense — a well-known limitation of CT-based FEM in which
per-element single-property assignment loses sub-element heterogeneity [89]. Reported remedies
include intravoxel micromechanics [89] or image-based deep learning [63]. Herein, the mesh size
of 2 um is tentatively retained as a practical engineering compromise, with the residual mesh-size
dependence acknowledged as a structural limitation, to be addressed in future work via continuous
material mapping. It is also acknowledged that the porosity and hydration degree obtained from the
segmented microstructures were not independently validated against experimental measurements,
e.g., mercury intrusion porosimetry (MIP) or quantitative X-ray diffraction with Rietveld refinement,
in the present work.
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5.3 Flexural strength and elastic modulus

This section compares the model predictions of flexural strength and elastic modulus with the results
obtained from static bending tests on MCBs [40]. A vertical downward displacement was applied at
the free end of the MCB at a constant rate of 50 nm/s, consistent with the experimental setup. Using
the 2 um mesh size selected in Section 5.2, microstructures corresponding to three different w/c
ratios were extracted at eight different depths. The elastic modulus, tensile strength, and fracture
energy listed in Table 1 were calibrated using the experimental results for w/c = 0.30, and the
calibrated parameters were subsequently employed to predict the mechanical response of specimens
with w/c = 0.40 and 0.50.

Overall, the predicted flexural strength and elastic modules show good agreement with the
experimental data (Fig. 13). As the w/c ratio decreases, the model correctly captures the increasing
trend in both elastic modulus and flexural strength. In addition, the simulated load—displacement
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curves (Fig. 14) reproduce the brittle mechanical response observed in the experiments,
characterized by a sudden loss of load-carrying capacity associated with catastrophic failure of the
MCBs [73]. Interestingly, although with a much lower strength, the results of w/c =0.50 show a
similar ultimate failure displacement with the w/c =0.30. This is due to the much lower elastic
modulus of the LD-CSH (main phase in w/c=0.50) than the HD-CSH (main phase in w/c=0.30),
which directly determines the initiation of damage according to Eq. (8).

It is also worth noting that, the pronounced brittleness observed in simulations is strongly influenced
by the tensile fracture energy G, which was set to 0.5 and 1.0 J/m* for LD- and HD-C-S-H,
respectively. These values are consistent with typical ranges reported in molecular dynamics
simulations of crack nucleation and propagation in CSH at the atomic scale [74-76]. Note that the
compressive damage parameters were not independently calibrated in this study. For future
applications involving compression-dominated loading scenarios, independent calibration of these
parameters would be necessary.
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5.4 Linear creep at low stress level

This section presents the predicted linear creep compliance at a low stress level and its comparison
with the experimental results reported in [34]. Following the experimental configuration (Fig. 2c,
left), the load is applied at the free end of the MCBs. The load is first increased to 30% of the
maximum force (Fig. 14) at a constant rate of 2 mN/s, and then held constant for 800 s, during
which creep deformation develops. At this stress level, the damage variable remains eftectively zero
throughout the creep phase. The creep compliance is subsequently calculated based on classical
cantilever beam theory. Note that this section only deals with linear creep at low stress level.
Nonlinear creep at high stress level can be found in section 5.5.
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Prior to the simulation, the parameters of the creep function for each individual phase—expressed
as a power-law function in Eq. (29a)—must be calibrated. This creep function is governed by two
parameters: the creep modulus and the exponent. Although extensive micro-indentation studies have
been conducted to characterize the viscoelastic properties of CSH and cement paste [12,22,83], a
clear discrepancy between indentation tests and MCB or micropillar creep experiments has been
reported, indicating that micro-indentation data cannot be directly applied to simulate MCB creep
behavior [35,87]. In this study, the exponent is assumed to be identical for all phases, and the creep
moduli of LD- and HD-CSH are calibrated using the creep compliance results of the specimen with
w/c = 0.30. The UHC phase is treated as an almost elastic inclusion, with a creep modulus
significantly higher than those of the CSH phases. Two values of the creep exponent are considered
based on two different assumptions:

1) The creep of the CSH phases follows the same temporal evolution as the cement paste
composite, leading to an exponent of 0.36, adopted from the fitting results in Fig. 9;

2) The creep of the cement paste composites evolves faster than that of the CSH phases due
to the weakening effects of the pores. With such assumption, a smaller exponent of 0.20 is
tentatively assumed for the CSH phases.

For each exponent, the corresponding creep modules are calibrated independently. The Kelvin chain
representation corresponding to the adopted exponent is derived from Eq. (28) using an order of
three (i.e., k = 3), and the resulting spectrum (Ej,j = 1~9) is summarized in Table 3. This
configuration has been validated in previous studies [90-92] and yields stable, converged spectra
for the viscoelastic behaviors. Note that each chain unit is described by a coefficient 4;:

E; = AjE,, (30)
Table. 3 Continuous Kelvin Chain Spectrum
j 1 2 3 4 5 6 7 8 9

b=036 0020 0048 0.112 0262 0.611 1422 3308 7.696 17.906
b=020 0065 0.103 0.164 0260 0413 0.654 1.030 1.640 2.606

Using the two Kelvin chain representations as input, the creep modulus is calibrated based on the
creep compliance curves of the specimen with w/c = 0.30. The calibrated parameters are then
employed to predict the creep behavior of specimens with w/c = 0.40 and 0.50. As shown in Fig.
15, both models yield good agreement with the experimental creep compliance curves. Notably, the
agreement achieved by the exponent (b=0.36) aligns with the findings of Binder et al. [86], who
used continuum micromechanics homogenization to show that volume-averaged phase stresses
remain virtually constant during short-term creep of cement paste, implying that the creep exponent
is scale-invariant. Nevertheless, the lower exponent consistently yields lower RMSE and higher R?
values, indicating that local stress concentrations around pores may accelerate the composite creep
kinetics. Ultimately, direct microscale creep tests on pure CSH phases compared with their
corresponding composites would be needed to verify this conclusion.

An additional noteworthy observation concerns the calibrated creep modulus obtained for the two
different creep exponents (Table 4). A clear discrepancy is evident in the absolute values of the
creep modulus associated with different exponents, which strongly cautions against the practice of
using the creep modulus alone as the sole indicator of viscoelastic properties. Overall, the creep
modulus of HD-CSH is approximately 4-5 times higher than that of LD-CSH, a ratio that is
significantly larger than the values of 1-2 commonly reported in micro-indentation studies [12,82].

However, this ratio becomes less surprising when the creep behavior of cement paste composites
with different w/c ratios is further examined. As shown in Fig. 9, the creep modulus of the cement
pastes composite decreases from approximately 3150 GPa at w/c = 0.30 to about 1170 GPa at w/c
= 0.50. Notably, these values are of a similar magnitude and reasonably consistent with the
calibrated creep modules of HD-CSH (=3000 GPa) and LD-CSH (=700 GPa), when the same
power-law exponent of 0.36 is employed. The remaining differences may be attributed to the
contribution of other phases and calibration uncertainties. It should be noted that the microstructures
of w/c = 0.30 and 0.50 are dominated by HD-CSH and LD-CSH (Fig. 10), and their creep tests
primarily reflect the properties of these two phases respectively. From this perspective, the disparity
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between the calibrated creep modules of LD- and HD-CSH is consistent with the experimental
trends observed at different w/c ratios.

From a mechanistic standpoint, the discrepancy with micro-indentation data is primarily attributed
to the two-phase (LD-/HD-CSH) segmentation of the hydration products adopted in this work,
which follows the Jennings model [57] and does not separately account for CH, which was found
to enhance the creep moduli of CSH more strongly than its elastic moduli [93]. At low wr/c,
nanoscale CH and CSH tend to coexist as an intimate nanocomposite that has been identified as
ultra-high-density (UHD) CSH [94]. At higher w/c, the larger precipitation space may instead favor
separate, larger Portlandite crystals, which should be treated as a separate CH phase. The present
segmentation absorbs CH into HD-CSH in both cases, which explains the elevated HD/LD creep-
modulus ratio obtained here. More refined segmentation strategies, such as Al- or ML-based
microstructure segmentation from higher-resolution images [95] (e.g., BSE-SEM coupled with EDS
mapping), are recommended for future work to enable more accurate intrinsic creep properties to
be determined for each phase.
Table. 4 Creep modulus (E,) for the CSH phases calibrated from the experiments (GPa)
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Fig. 15 Comparison of the experimental and predicted creep compliance curves for different
w/c ratios: (a, c, ) and (b, d, f) are the results predicted using power function with the exponent b
adopted as 0.36 and 0.20, respectively.

5.5 Creep recovery and nonlinear creep

This section presents predicted creep recovery at different stress levels and demonstrates the
nonlinear creep that could happen at high stress level. The predicted creep recovery is compared
with the experimental results [35]. Note that here only w/c =0.30 and 0.40 will be compared and
discussed since only these two w/c ratios were investigated in the experiments. Following the
experimental settings (Fig. 2¢, middle), the load is applied at the free end of the MCBs. The loading
scheme contains four stages: 1) In Ss, the load is firstly increased to three different levels: 45%,
70%, and 90% of the maximum force; 2) The load is kept constant for 180s to induce creep
deformation; 3) In 5s, the load is decreased to 1% of the maximum force; 4) The small load is then
sustained for 600s to enable creep recovery. Note that the parameters related to the strength and
linear creep have been calibrated in section 5.3 and 5.4 and will be directly adopted herein for the
prediction here. The other parameters are calibrated again using the w/c =0.30 results and validated
by the results at w/c =0.40.

A typical deformation history resulting from the loading scheme described above is shown in Fig.
16, using a virtual specimen with w/c = 0.30 as an example. The creep deformation accumulated
during 5-185s and the subsequent creep recovery during 190—790s are used to compute the creep
recovery ratio, which is directly compared with the experimental results as shown in Fig. 17. Overall,
the predicted recovery ratios show good agreement with the experiments. Both specimens with w/c
= 0.30 and 0.40 exhibit high recovery ratios (~0.90) at a stress level below 70%, indicating a
predominantly linear creep behavior at these two stress levels. Note that the predicted recovery
ratios in Fig. 17 are averaged over microstructures extracted at eight different depths. However, it
was found that the creep recovery ratio remains almost the same for different depths, which can be
attributed to the linear creep behavior at low stress level. In this study, different phases are assigned
to a different creep modulus, but with the same Kelvin chain indicating similar temporal evolution
trend of creep (Table. 3). As a result, the creep modulus acts as a scaling factor on the deformation
history. When the recovery ratio is computed as the ratio between creep recovery and creep
deformation, the phase-dependent creep moduli is mathematically canceled out. Consequently, the
recovery ratio is governed solely by the temporal creep evolution and remains insensitive to
microstructural variations, leading to similar values for all depths.

At the high stress level (~90%), a decrease in the creep recovery ratio is observed, consistent with
the experimental results (Fig. 17). Here, the damage leads to nonlinear creep and increases the
irreversible viscous deformation (as described by Eq. (3.3)), which finally results in decrease of the
recovery ratio. Unlike in the linear regime, the cancellation of phase-dependent creep moduli in the
recovery ratio no longer holds at this stress level, as damage develops non-uniformly across the
microstructure and the irreversible viscous strain does not recover upon unloading. As an example,
the creep compliance of the virtual specimen with w/c =0.40 is shown in Fig. 18, which
demonstrates an increased creep compliance curve at high stress level, indicating nonlinear creep
behavior.
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Fig. 16 The displacement history in the creep and creep recovery test for a virtual specimen
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Fig. 18 Creep compliance at different loading levels for a virtual specimen with w/c =0.40 at
different loading levels.

5.6 Strain rate effects
This section investigates the influence of loading strain rate on the static micromechanical properties
of cementitious composites. Following the experimental setup illustrated in Fig. 2¢ (right), a
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downward displacement is applied at the free end of the MCB under different loading strain rates.
For specimens with w/c = 0.30 and w/c = 0.40, the applied strain rates range from 1.3 to 4341.7 pe/s
and from 0.7 to 5043.6 pe/s, respectively. Based on these simulations, the elastic modulus and
flexural strength of the virtual specimens are predicted and compared with the corresponding
experimental results reported in [36]. All material parameters used herein were calibrated in the
previous sections.

As shown in Fig. 19, the modelling results exhibit reasonable agreement with experimental
observations. Both the elastic modulus and flexural strength increase with increasing loading strain
rate, which is consistently captured by the coupled creep—damage framework. This trend is
physically reasonable: slower loading rates correspond to longer loading durations, allowing creep
deformation to develop and induce additional damage, thereby reducing both stiffness and strength
[96].Such rate-dependent behavior is intrinsically represented in Eq. (17-19), which describe a two-
way coupling mechanism. On the one hand, creep strain contributes to the equivalent strain and
accelerates damage evolution; on the other hand, damage reduces the effective elastic modulus,
increasing the stress carried by the Kelvin chain components and thus enhancing creep development.
Fig. 20 illustrates the creep strain distribution of a representative virtual specimen with w/c = 0.30
prior to damage initiation. The maximum creep strain is concentrated near the upper clamping
region of the MCB, where tensile stresses dominate and damage is prone to initiate. Notably, the
peak creep strain at the slowest loading rate (~10*) is approximately one order of magnitude higher
than that at the fastest loading rate (~107), leading to accelerated equivalent strain accumulation,
enhanced damage evolution, and ultimately reduced elastic modulus and strength.

Despite the overall consistency, an abrupt increase in the experimentally measured properties is
observed at the highest loading rate, which is not fully reproduced by the model. At this rate, the
total loading duration is shorter than 1 s, suggesting the involvement of inertial effects and dynamic
micromechanical responses. Since the present model is formulated within a quasi-static framework,
such high-rate dynamic effects are beyond its current scope. Extending the present quasi-static
formulation to a dynamic framework by incorporating inertial effects and rate-dependent
constitutive laws can capture such high-rate responses.

The damage patterns of the virtual specimen with w/c = 0.30 under two representative loading rates
are presented in Fig. 21. Compared with the slow loading case, the fast-loading rate leads to more
pronounced damage features, as evidenced by a broader damaged region (Fig. 21, top) and stronger
stress concentration (Fig. 21, bottom). Overall, the damage distribution under fast loading can be
regarded as a more progressed version of that observed under slow loading. This trend is consistent
with the experimental observations reported in [36]. In particular, quantitative image analysis in [36]
showed that the volume fraction of UHC within the fracture profile increased from approximately
6.3% at the slowest loading rate to 9.6% at the fastest loading rate for specimens with w/c = 0.30.
Since UHC and its surrounding HD-CSH are among the stronger phases in the composite, their
increased involvement indicates a more severe damage process. The agreement between the
experimental trend and the modelling results supports that the observed rate-dependent damage
patterns are governed by the coupled creep—damage effects.
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Conclusions

This study proposed an experimentally informed coupled creep—damage modelling framework to
investigate the time-dependent micromechanical behavior of hardened cement paste. By combining
realistic microstructural inputs with a viscoelastic formulation based on an exponential algorithm
and a continuum damage model, the framework enables a consistent description of creep, creep
recovery, and strain-rate-dependent failure at the microscale. The main conclusions can be
summarized as follows.

)]

2)

3)

Microstructural resolution has a strong influence on the predicted mechanical response.
Coarse resolutions underestimate pores and unhydrated cement while overestimating CSH
content and the degree of hydration, which directly leads to overestimated elastic modulus
and flexural strength. In addition, the associated homogenized stress fields suppress local
stress concentrations and delay damage initiation, further contributing to the overestimation
of strength and stiffness. These results underscore the importance of resolving realistic
microstructures when modelling microscale mechanical behavior.

The model predicts the flexural strength and elastic modulus for different w/c ratios and
reproduces the pronounced brittle response observed experimentally. This brittleness is
primarily governed by the tensile fracture energy, and the adopted fracture energy values
for LD- and HD-CSH are consistent with reported ranges from molecular dynamics studies,
supporting the physical consistency of the model.

The model predicts linear creep at low stress levels, with the power-law creep function
showing clear advantages over the logarithmic formulation. Improved agreement is
obtained when a lower creep exponent is adopted, indicating that the intrinsic creep of CSH
phases evolves more slowly than the apparent creep of the cement paste composite. The
pronounced ratio of creep modulus between LD- and HD-CSH, although differing from
microindentation results, is consistent with that observed in cement pastes with w/c = 0.50
and 0.30, which are dominated by LD- and HD-CSH, respectively. This difference is
primarily induced by the effect of CH, which strongly increases the creep modulus of CSH
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and is implicitly included in the HD-CSH phase in this study. This finding highlights the
importance of accurately quantifying effects of CH on creep of CSH when simulating
microscale creep behavior.

4) The model predicts creep recovery at different stress levels, showing good agreement with
experimental results. At stress levels below approximately 70% of the flexural strength,
both simulations and experiments exhibit high recovery ratios (=0.90), indicating a
predominantly linear creep behavior. In this linear regime, similar recovery ratios are
obtained for microstructures extracted at different depths, as different phases are assigned
to different creep moduli but share the same Kelvin chain and temporal evolution of creep,
so that the phase-dependent creep moduli are mathematically canceled out when computing
the recovery ratio. At higher stress levels, reduction in recovery ratio and increase of creep
compliance are observed due to damage.

5) The model captures the strain-rate-dependent mechanical response of cement paste at the
microscale, showing good agreement with experiments in terms of both elastic modulus
and flexural strength. In addition, the simulated damage patterns closely resemble the
experimental observations: slow loading promotes creep-induced damage initiation in
weaker phases, leading to localized failure, whereas fast loading results in more extensive
and severe damage propagating into stronger phases. This consistency indicates that the
proposed framework captures the underlying coupling between creep and damage at the
microscale. At the highest loading rates, deviations from experimental results are observed,
suggesting the involvement of dynamic micromechanical effects, which are beyond the
scope of the present quasi-static formulation.

Overall, the proposed coupled creep-damage framework provides a physically consistent and
computationally efficient approach for predicting the time-dependent micromechanical behavior of
hardened cement paste. Future work may focus on incorporating environmental effects such as
moisture and temperature to capture time-dependent behavior under more realistic service
conditions. In addition, the present microscale model may serve as a constitutive building block
within a multiscale modelling framework, in which the effects of aggregates, reinforcement, and
interfacial transition zones are accounted for, enabling simulations of long-term mechanical
performance of concrete structures.

Appendix A. Sensitivity of the LD/HD threshold (S2)

As discussed in Section 4.1, the LD/HD threshold S2 depends on the discrete-cluster assumption.
To quantify how the FE predictions respond to perturbations of S2 with S1 and S3 fixed, the w/c =
0.30 specimen was re-segmented with three values:
e 52 base: used in the main paper; prescribed by the Tennis—Jennings model.
e S2 low: midpoint of the LD greyscale range, yielding 77.8 % HD-CSH — over-emphasises
HD beyond the Tennis—Jennings model.
o S2 high: midpoint of the HD greyscale range, yielding 65.1 % LD-CSH — inconsistent
with the HD-dominance expected for low w/c paste.
Both perturbations deliberately depart from the physically motivated value of S2 base. Fig. Al
shows the segmented microstructure at depth slice 60 for each variant; Pore and UHC regions are
identical across the three variants since S1 and S3 are unchanged.
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The static cantilever bending simulation described in Section 5.3 was run on four depth slices per

variant. Strength and modulus normalized to S2_base are shown in Fig. A2.
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Fig. A2 Simulated strength and elastic modules of microstructures with w/c =0.30 segmented
by different LD/HD threshold (S2)

The perturbations shift the predictions by +24 %/—27 % in strength and +14 %/—28 % in modulus,

with the model responding in a physically reasonable direction (i.e., more HD results in stronger

and stiffer mechanical properties). These results bound the residual uncertainty introduced by the

binary LD/HD simplification within £28 % under deliberately unphysical perturbations of the

LD/HD threshold.
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