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Abstract

The use of supplementary cementitious materials (SCMs) to improve concrete performance has increased around the world in recent decades. Engineering
practices demand a unified model for SCMs to predict and optimise the performance of blended-cement concrete. DUCOM-COMS3 is a multi-chemo-
physical and multiscale analysis platform that can trace the whole-life behaviour and performance of reinforced concrete structures. However, the intrinsic
heterogeneity and variability of SCMs present great challenges to the modelling of blended-cement concrete. This paper first reviews the challenges and
difficulties of current models of blended-cement concrete. A multiphase modelling scheme based on DUCOM-COM3 analysis platform is introduced to
consider different SCMs. Using the modelling scheme, a research road map for blended-cement concrete modelling is introduced for future study. It is

hoped that the roadmap will help to reveal the mechanism of SCM reactions and their effect on concrete performance.
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1 Introduction

Concrete is the most widely used construction material. It is
estimated that the current global production of concrete is as
much as 33 billion metric tonnes annually [1]. In practice,
reinforced concrete (RC) structures undergo continuous
deterioration due to combined environmental and loading
actions from concrete mixing, such as thermal- or shrinkage -
induced cracking, fatigue due to repeated wheel loading, frost
damage, chloride attack and alkali-silica reaction (ASR). A
huge amount of money is spent every year to maintain
existing RC structures, and this situation will continue in the
future. For example, NEXCO (Nippon Expressway Company)
estimates that more than 18 billion US dollars will be spent in
the next 10 years just to maintain the RC slabs in the
expressways in Japan. Engineering practices require a
comprehensive analysis platform to predict the performance
of RC structures. To meet this requirement, our research
group has developed a multiscale, multi-chemo-physics
analysis of structural concrete, called DuCOM-COMS3. This
multi-chemo-physical and mechanical platform is able to
simulate cement hydration, micropore structure formation
and mass transport in concrete to determine the mechanical
behaviour of structural concrete from the millimetre to metre
scales [2]. The integrated platform has been demonstrated to
be able to track the whole-life behaviour and performance of

RC structures from the production and construction stages to
the end of service life [3-5].

Engineers are also attempting to develop more durable
concrete to reduce maintenance costs. Among the various
measures being explored, the use of supplementary
cementitious materials (SCMs) is one of the most promising.
In addition to improving the workability of blended cement
mixtures, SCMs also enhance the microstructure of cement
and mitigate risks such as chloride attack and the ASR of
blended-cement  concrete. Studies [1, 6] have
comprehensively summarised the advantages of SCMs, but
their application is still hindered by their intrinsic and
significant heterogeneity and variability [7-9]. More
importantly, due to environmental protection concerns and
transport costs, engineers must use local SCMs, even where
their qualities are not stable, and handling in both the fresh
and hardened states is difficult in practice. Proper mixture
proportions and curing methods are needed to optimise the
performance of blended-cement concrete [9]. Against this
background, a multiphase modelling scheme that covers
different SCMs coupled with DUCOM-COM3 was proposed [9]
to predict the behaviour and optimise the performance of
blended-cement concrete. Although some work has been
done to characterise the material properties of SCMs and
model their reaction in cement systems, current information
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on the hydration products of SCMs is still insufficient to fully
understand and model the behaviour of blended-cement
concrete. This paper summarises the challenges in the
modelling of blended-cement concrete and proposes a
research roadmap for future study.

2  Multiscale and multi-chemo-physics analysis
platform DuCOM-COM3

2.1 Coupled analysis platform: DuCOM-COM3

The coupled DuCOM-COMS3 platform [10] is a multiscale
analysis platform that links DUCOM [11] and COM3 [12].
DuCOM is a multi-chemo-physical platform that is able to
simulate cement hydration, the latent hydration and
pozzolanic reaction of various SCMs, micropore structure
formation in cement paste and mass transport in concrete
from nanometre to micrometre scale. COM3 is a three-
dimensional mesoscale platform used to simulate the
mechanical behaviour of RC structures ranging from
millimetre to metre scales, with in-depth consideration of
time-dependent, cyclic and fatigue behaviour of concrete
members [2]. By running a parallel thermodynamic analysis of
DuCOM and COM3, the properties and structural responses
of aging material can be predicted in a unified manner by the
sharing of digital information.

Fig. 1 illustrates the overall computational scheme. The mix
proportion, the characteristics of the binders and aggregate,
the geometry of the target structure and the boundary
conditions are first inputted into the DUCOM system [10, 11,
13]. The hydration and reaction of both cement and SCMs are
then traced with a multicomponent heat generation model
based on Arrhenius’ law of chemical reaction. The
microstructure of cement paste is obtained by modelling the
average degree of hydration and the amount of chemically
combined water in a micropore structure development
model, with consideration of the physical characteristics of
formed calcium silicate hydrate (C-S-H gel) [10, 11, 13]. The

mechanical properties of aging concrete are then evaluated
from the characteristics of the microstructure of cement
paste, such as the porosity and pore size distribution. The
moisture transport model, which accounts for vapour and
liquid equilibrium and transport, yields the pore pressure,
relative humidity and moisture distribution [10, 11, 13]. Creep
and shrinkage are determined by the solidification theory and
a rheological model based on the aforementioned computed
thermo-hydraulic information [10, 11, 13].

After running the thermo-hydraulic analysis, data on the
strength, stiffness, temperature, water content and pore
pressure are then stored in a common data area for use as
essential parameters for the structural analysis by COM3. The
degree of damage of structural concrete is then sent back to
DuCOM for the next step, micro-thermodynamics analysis
[10, 11, 13]. This coupling effect of the structural damage is
taken into account by treating the cracks as newly created
large-scale pores. The moisture and aggressive material
transport are accordingly accelerated by additional cracking
paths [14]. Therefore, DUCOM-COMS3 is able to trace the
lifespan performance of structural concrete [10, 11, 13]. As
examples, two engineering applications of DUCOM-COMS3 are
introduced in the following sections.

2.2 Early cracking assessment of RC bridge decks

Much infrastructure was destroyed by the tsunami that
followed the 2011 Great East Japan Earthquake, and the
Japanese government resolved to build ‘Revival Roads’ to
accelerate recovery. To enhance the durability of the RC
bridge decks of these roads, multiple countermeasures have
been proposed, including the use of a concrete mix with a low
water-to-cement ratio and the use of SCMs. However, these
high-durability specifications may conversely increase the risk
of early age cracking caused by temperature and shrinkage
due to the large amounts of cement required and the use of
mineral admixtures [3].

Multiscale modelling
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Figure 1. Multiscale simulation scheme of the whole-life performance of structural concrete.



T. Ishida and T. Wang, RILEM Technical Letters (2018) 3: 17-24

19

Under actual environmental conditions

Considering the effect of mix proportions at very beginning | Structural Level

Material Level

Measured
Analysis

Measured
— Analysis

BFS w/b 44%
0 20 40 60 80 100
Time (day)

o [BES whb 4%
0 20 40 60 80 100120140
Time (day)

Longitudinal strain (um)

Measured
—— Analysis

Temperature (°C)
3

0
BFS w/b 44% 5 BFS w/b 44%
0 20 40 60 0 20 40 60

Multiscale and multi-physical integrated analysis :
1010 Gel
particle
Specimen level
[;roducl
Cement
particle
Concrete
Aggregate
Cement
103
102
Structural Level
10t
(m)

Time (day) Time (day) '

28-day cured
Winax
0.093 mm

Longitudinal T°P_ view
Shrain () of mid-span

E‘mm -

7-day cured
Wi =
0213mm

Figure 2. Early age cracking assessment of bridge deck slabs [3].

The early age deformation and cracking of an RC bridge deck
was assessed with a full 3D multiscale and multi-chemo-
physical integrated analysis [3]. Fig. 2 presents a summary of
the model validation and assessment scheme [3]. The
multiscale thermodynamic integrated analysis was verified
and validated at the laboratory scale in the order of
decimetres up to the structural scale in the order of
decametres, which adequately confirmed its ability to assess
the behaviour of actual structures. Under real environmental
conditions, various factors that affect the generation and
propagation of cracks can be further identified and studied by
numerical modelling. These analyses show that the coupled
material-structure analysis scheme provides engineers with a
powerful tool to evaluate and design mix proportions at the
design stage.

2.3 Excessive deflection of an existing bridge

In-situ investigations have shown that many prestressed
concrete bridges worldwide exhibit deflections in excess of
predicted values [15]. DUCOM-COM3 was used to investigate
the underlying mechanism of these excessive deflections
exhibited by the Tsukiyono bridge (Fig. 3 (a) and (b)). The
analysis results showed that the excessive deflections are
rooted in the deformation of the cement paste due to both
externally applied loads (case | in Fig. 3 (c)) and internal
stresses driven by capillary surface tension and disjoining
pressures in the micropores (case Il in Fig. 3 (c)) [15]. By
integrating thermodynamic and mechanistic analysis, the
DuCOM-COMS3 is capable of tracing excessive deflection (Fig.
3 (c)). The analysis results indicated that the long-term
deflection of bridges can be approximately separated into
deflections induced by external mechanistic action and
deflection caused by internal thermodynamic action, which
provides a practical measure to assess the long-term
deflections of bridges in engineering practice. In conclusion,
DuCOM-COM3 is capable of tracing the whole-life

performance of RC structures and of providing practical
guidance on construction and maintenance.
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Figure 3. Excessive deflection of the Tsukiyono bridge predicted by
the DuCOM-COMS3 analysis platform [15]. (a) Bridge picture and
model mesh; (b) Long-term deflection; (c) Analysis result.
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3 Limitations of the current model for blended-
cement concrete

Although the coupled system DuCOM-COM3 has been
satisfactorily applied to assess the whole-life performance of
RC structures (see Fig. 2 and Fig. 3), the current model has
several limitations in predicting the behaviour of blended-
cement concrete. The following sections summarise these
limitations.

3.1 Variation in the material properties of SCMs

Cement hydration and various SCM reactions in DUCOM are
simulated by the multicomponent heat generation model. In
this model, the total heat-generation rate of cementitious
components H. is the sum of various cementitious
components, including alite (CsS), belite (C.S), aluminate
(C3A), ferrite (C4AF), blast-furnace slag (BFS) and fly ash (see
Eqg. (1))

H = prHi
= Pcya (HL'3/1ET +Hc, ) + Pear (HCMFET + HL'4AF)
+ PesHes + PesHes TP rd py + Do H g + -

slag

(1)

where H; is the heat-generation rate of cement component
per unit mass; pi is the mass fraction ratio of cement

component ;; and 7/, . and H,, ,,,..are the heat-generation

rate of ettringite produced from aluminate (C;A) and ferrite
(C4AF), respectively.

Because SCMs are the by-products of other production
processes, they usually show significant heterogeneity and
variability in material properties, even when they come from
the same source. Durdziriski showed that two types of high-
calcium fly ash produced from the same power plant had
different chemical components [7, 8, 16]. Because the current
model traces SCMs through several individual phases, it
cannot consider the variation in their material properties. Fig.
4 compares the predictions and experimental pozzolanic
reaction degree of two Chinese commercial low-calcium fly
ashes (Table. 1) with the same Blaine fineness of 6000 cm?/g
in cement systems [17]. Fly ash FS has a higher pozzolanic
reaction degree than FSH, but the current model
underestimates both and does not capture their differences.

304 Dong's experiment -
WI/B 50% FA 50% 20°C

Fly ash reaction degree (%)

101
51 = FS
ol * FSH

0 40 80 120 160 200

Time (day)
Figure 4. Comparison of the predictions of the current model and
Dong’s experiment [17].

Table 1 Material properties of fly ash FS and FSH

FS FSH
SiO; (wt. %) 42.85 51.2
Al;O3 (wt. %) 41.26 30.3
Fe;0s (wt. %) 4.32 4.53
Ca0 (wt. %) 3.89 5.49
MgO (wt. %) 0.56 0.81
SOs (wt. %) 0.16 1.04
Density (g/cm?) 2.15 2.23
LOI* (%) 1.25 3.88

*LOl is the loss of ignition of fly ash.

3.2 Chloride ion transport of concrete made
with SCMs

SCMs can improve the durability performance of blended-
cement concrete. For example, the substitution of SCMs such
as fly ash and BFS cements can prevent the ingress of chloride
ion into concrete [18-20]. Our research group compared the
chloride resistance of various blended-cement mortars by
salt-water immersion tests. Fig. 5 shows the experimental
result for 2 years. Chloride can gradually migrate inside
mortars made with ordinary Portland cement (OPC), even if
the water-to-binder ratio is low (W/B = 20%) and the
compressive strength is over 120 MPa. In contrast, the
blended-cement mortars exhibit excellent resistance to
chloride attack even with high water-to-binder ratio (W/B >
55%) [21]. More interesting, the chloride migration seems to
stagnate after 3 months regardless of replacement ratio
when the W/B is lower than 45%. Similar results were also
observed by Thomas et al. [22]. They studied chloride
concentration profiles at different ages in fly ash concrete
exposed in a marine tidal zone for up to 10 years. The chloride
content barely increased at all beyond the initial 28-day
period for the concrete with 30% fly ash [22]. W.Chalee et al.
studied the rebar corrosion of fly ash concrete exposed to in
hot marine conditions for 7 years. Experimental result
showed that the utilization of fly ash dose be beneficial to
suppress the rebar corrosion [23].

Recently, the chloride ion transport model has been
enhanced by introducing the threshold pore radius of chloride
ion transport and the water transport friction to consider the
stagnation effect of chloride ions in low water-cement ratio
cases with OPC [24]. However, this enhanced model still
overestimates the extent of long-term chloride ingress for fly
ash blended concrete (Fig. 6). Moreover, recent research has
shown that different populations of chemical components in
SCMs have a significant effect on blended-cement concrete
performance. Durdzinski demonstrated that two high-
calcium fly ashes from the same power plant but with
different chemical components had different effects on the
pore size distribution and chloride resistance of blended
cement paste [7]. This result suggests that the underlying
mechanisms of chloride transport in blended-cement
concrete have not yet been revealed.
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Figure 5. Effect of SCMs on chloride ingress in blended-cement mortars [21].
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3.3 Autogenous shrinkage of BFS concrete

Although SCMs mitigate the risks of chloride attack and ASR,
they may have some side effects on the durability of concrete.
Our research group studied the autogenous shrinkage of
different brands of commercially available BFS cements. The
experimental results showed that BFS cements (45% cement
clinkers replaced by BFS) have a higher autogenous shrinkage
rate than OPC (Fig. 7) [25]. Moreover, different types of BFS
cement exhibit different rates of shrinkage, with differences
of almost twofold in cements that belong to the type B
cement of JIS 5211 [26]. These variations are believed to stem
from the heterogeneity and variability of BFS material
properties and their corresponding hydration products.

0

-200+

-4001

-600+

-800+

Shrinkage (um)

C —— BFS Model
B —— OPC Model

-1000+

Figure 7. Comparison of autogenous shrinkage in BFS cement and
OPC [25].

Again, because the material variations are not properly taken
into account, the current model underestimates the
autogenous shrinkage of BFS cement and does not capture
differences (Fig. 7). In conclusion, it is important to study the
variation in the material properties of SCMs and their effect
on concrete performance to build a unified and
comprehensive model.

4  Multiphase reaction model of SCMs

4.1 Basic concept of a multiphase modelling
scheme

Although the mechanism of the performance variation in
blended-cement concrete is not fully understood, it is
generally believed that the variation in concrete performance
stems from the heterogeneity and variability of the SCM
material. Durdzinski et al. [7, 8, 16] did some pioneering work
in characterising high-calcium fly ash with four different
chemical glass components, i.e. silicate, Al-silicate, Ca-silicate
and Ca-Al-silicate glass.

Based on Durdzinski’s work [7, 8, 16], a multiphase modelling
scheme to cover different SCMs was proposed [9]. Compared
to other models that focus on studying a material’s specific
parameters (e.g., fineness, water-binder ratio), this modelling
scheme aims to distinguish and quantify material amounts
through several basic phases of SCMs and to characterise
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their temperature-dependent kinetic properties [9]. Based on
the multicomponent heat generation model (Eq. (1)), a more
unified and comprehensive model (Eq. (2)) can be proposed
to cover different types of SCMs that can also be easily
extended to complicated mixtures that simultaneously use
different SCMs [9].

H, =Y pH,
2

=P (Hchwr + HC;A ) + Peyar (H('4AI-'ET + HL'4_4[-') ( )

+ p(:;.s‘H(gs + p(:st('zs HDsitcaeH siicate T P ar-sitcare .

Al=silicate

+ PeasiiicacH ca-siicate + PeaarsitcaeT ca-ai-sincate
Where psiicae is the mass fraction ratio of the basic glass
component silicate of SCMs; and Hsiicare is the heat-
generation rate of the basic glass component silicate per unit
mass. The definitions are similar for the other basic glasses
such as Al-silicate, Ca-silicate and Ca-Al-silicate.

To implement this multiphase modelling scheme, three low-
calcium fly ashes with different reactivities were selected for
study. The experimental results show that the reactive phases
of low-calcium fly ash are composed mainly of silicate and Al-
silicate glass; Al-silicate glass is more reactive than silicate
glass but is less sensitive to temperature. The pozzolanic
reactivity of fly ash depends on the amount of glass phase
assemblage, the surface area and the intrinsic reactivity of the
glass phase [9]. Two basic glass phases —silicate and Al-silicate
glass — are incorporated into the multicomponent heat
generation model. The glass-crystalline ratio is introduced to
consider the intrinsic variation in glass. The numerical results
show that the proposed model can be used to predict the
time-dependent pozzolanic reaction of low-calcium fly ash [9]
(Fig. 8).
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Figure 8. Comparison of fly ash reaction degrees from cement paste
test results and current model simulations [9]: (a) OPC 20 °C; (b) OPC
60 °C.

4.2 Future work on blended-cement concrete
modelling

Although some work has been done to implement the
multiphase modelling scheme, it is still a long way from being
able to model blended concrete. Some pioneering work has
been done in recent decades. For example, Durdzinski et al.
characterized high-calcium fly ash with four different
chemical glass components and experimentally confirmed
that the intrinsic reactivities of these glasses are related to the
number of non-bridging oxygens per tetrahedral network-
forming ion (NBO/T) [7, 16]. Wang recently found that,
besides chemical effect, the intrinsic reactivities of glass
phases also depends on their crystalline degree at the nano-
scale [9]. In addition to characterising the material properties
of SCMs, the corresponding hydration products of the basic
glasses in cement systems should be more comprehensively
investigated and studied, especially the special hydration
products that occur in blended-cement concrete, such as low
Ca-silicon ratio calcium silicate hydrate (low C/S C-S-H gel) and
aluminium-modified calcium silicate hydrate (C-A-S-H gel). W.
Casey et al. studied the leaching and reconstruction at near-
surface of chain-silicate minerals [27]. Richardson developed
several models to describe C-A-S-H gel by comprehensively
review previous experimental data [28]. Bauchy et al. studied
fracture toughness and nano-ductility of aluminosilicate
glasses [29] and tried to characterise and optimise
cementitious binder’s properties by topological approaches
[30]. On the other hand, Nonat et al. found that the
interaction of nano-C-S-H gel depends on pH and calcium
concentration of pore solutions, which determines the
morphology of precipitated C-S-H gel [31]. loannidou et al.
subsequently confirmed this conclusion and studied these
effects on mesoscale texture of cement hydration products
by molecular dynamics [32]. Recently, Wang found that
pozzolanic reaction would suppress cement hydration
because the C-S-H gel more easily precipitated on cement
particles as the continuous consumption of calcium hydroxide
[9]. Although considerable effort has been made to
characterise SCMs and their hydration productions of
blended-cement concrete, the current information is still
insufficient to construct a comprehensive and practical model
to describe them and their effects on structural concrete
mechanical performance. Therefore, this section provides a
road map for future studies on this topic.

Fig. 9 schematically illustrates the road map. Various SCMs
should first be comprehensively studied and characterised,
including their amorphous and crystalline phase assemblage,
specific surface area, thermal activation energy and intrinsic
reactivity. In addition to silicate and Al-silicate glass, the high-
calcium glasses Ca-silicate and Al-Ca-silicate must also be
characterised for high-calcium SCMs, such as BFS and high-
calcium fly ash. Based on this material characterisation,
various basic glasses could be synthesised according to the
real chemical components of the target SCMs. These
synthesised glasses could be further studied in cement
systems by preparing blended cement pastes under various
curing conditions with different water-binder ratios and
replacement ratios. The reaction degree of synthesised
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(1]
(2]

glasses can be measured by X-ray diffraction with the partial
or no known crystal structure method or scanning electron
microscopy (SEM)—energy dispersive X-ray spectroscopy
(EDS) and image analysis. The chemical network and
microstructures of the hydration products of the glass phases
could be studied by advanced material characterisation
methods, such as differential scanning calorimetry, nuclear
magnetic resonance, small-angle X-ray scattering and
transmission electron microscopy. The use of focused ion
beam (FIB) SEM and nano-tomography was recently
explored. This is a powerful technique for the determination
and quantification of the three-dimensional microstructure of
subsurface features (Fig. 10 (a)). The authors successfully
obtained an SEM image that shows the microstructure
formed by hydration products and pozzolanic reaction
products around fly ash particles at the nano-scale (Fig. 10
(b)). Although this was a preliminary experimental study, we
intend to study the characteristics of micro-pore structures
for various types of SCMs.

A structural development model of the micropores in
individual basic glasses could be developed for blended-
cement concrete based on these experimental investigations.
The concrete’s mechanical properties could also be evaluated
by applying the micropore structure to a micromechanical
model. The information could then be validated by comparing
the predictions of the model with experimental results on
blended cement paste with the target SCMs. These material
constitutive models should be verified and validated with

=

— Model & Verification |

small specimens by comparing meso-performance
characteristics such as shrinkage, chloride ingression and
water loss. Coupling effects, such as cracking and corrosion,
could be further studied in a three-dimensional RC
mechanical field. After verification, this multiphase modelling
scheme could be applied to structural analysis platform
(COM3) to finally assess the whole-life performance of RC
structures.

5 Conclusions

SCMs are frequently used in the cement industry to improve
the structural performance of RC. Engineering practices
therefore require a unified model that considers various types
of materials to predict and optimise the performance of
blended-cement concrete and provide practical guidance on
construction and maintenance. However, due to the intrinsic
and significant heterogeneity and variability of SCMs, all
current models face great challenges in the modelling of
blended-cement concrete. This paper summarises the
limitations of current models in modelling blended-cement
concrete, including SCM reactions and durability
performance. A multiphase modelling scheme based on
DuCOM-COMS3 analysis platform is introduced to cover the
modelling of various types of blended-cement concrete.
Finally, a research road map is proposed that includes
material properties characterisation, small specimen
verification and structural performance validation.

Practical guidance for
blended concrete

Multiphase reaction
model

! = !

Long-term
performance assessment

Experimental verification
(strength, shrinkage)

Figure 9. Future research scheme for blended-cement concrete modelling.
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