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h i g h l i g h t s

� White self-compacting high-performance concrete to be applied in marine environment.
� Ternary mixture of white Portland cement + limestone filler + metakaolin as binder.
� Mathematical data driven models to optimize the paste phase of concrete.
� Significant effects of design variables on the relevant mortar properties.
� Mixtures optimization to reduce the risk of cracking during the first days.
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a b s t r a c t

The design of self-compacting high-performance concrete (SCHPC) materials, to be applied in marine
environments, demands for an adequate selection and combination of constituent materials. In the cur-
rent study, a ternary mixture of white Portland cement + limestone filler + metakaolin was selected to
produce a white SCHPC. Design of experiments approach was employed to investigate the effect of design
variables, and their coupled effects, on the relevant mortar properties. Statistical models were developed
to predict the fresh state properties, maximum temperature rise (under semi-adiabatic conditions), initial
and final setting times and shrinkage deformation of mortars. Metakaolin to cement weight ratio was
found to exhibit the highest effect (a negative effect) on workability and on initial/final setting time,
which is explained by the high reactivity of metakaolin. The fine aggregate content had the highest effect
on both the maximum temperature rise and shrinkage of mortars. Finally, the derived statistical models
and a numerical optimization technique allowed finding the best combination of constituent materials to
reduce the risk of cracking during the first days, which ensures a more impermeable concrete in the final
structure.

� 2018 Elsevier Ltd. All rights reserved.

1. Introduction

The concepts of self-compacting concrete (SCC) [1] and high-
performance concrete (HPC) [2] can be combined to design a con-
crete able to simultaneously meet the performance requirements
of self-compactability [3], high compressive strength and good
durability. To realize these goals the so-called self-compacting high
performance concrete (SCHPC) generally requires higher content of
cementitious materials, lower water/binder ratio and smaller
maximum size of aggregates [4]. Mineral admixtures like ground

granulated blast furnace slag (GGBS) [5], fly ash (FA) [6] and lime-
stone filler (LF) [7] are often used in SCC to reduce cement content,
improve workability and enhance mechanical and/or durability
properties; therefore allowing to develop more eco-efficient and
eco-friendly mixtures [8]. The performance of SCHPC is highly
improved by incorporating very reactive materials such as silica
fume (SF) [9], rice husk ash (RHA) [10] and metakaolin (MTCK)
[11,12]. Le et al. showed the advantages of using several mineral
additions in ternary binders, combining cement with common
mineral additions (LF or FA) and more reactive additions (RHA or
SF), to produce SCHPC [4]. Compressive strengths of SCHPC in the
range of 90–120 MPa were achieved at 28 days, while still
exhibiting good self-compactability [4]. Gesoglu et al. also found
improved durability properties in SCC mixtures incorporating
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ternary mixtures of cement + GGBS + SF as compared to binary or
quaternary mixtures of binders (cement; GGBS; FA; SF) [13]. Due
to a constant demand for silica fume in the construction industry
and limited availability, this industrial by-product becomes rather
expensive. Rice husk ash has the capability to replace silica fume
[10] but its availability is limited in some countries, like in Portu-
gal. Metakaolin is an alternative very reactive mineral addition [14]
with a growing implementation in the concrete industry, which is
more economical than silica fume, requires lower manufacturing
temperatures compared to cement and its colour might be an
advantage for architectural coloured concretes.

A comprehensive review of metakaolin effects on concrete
properties can be found in [15]. A short summary of findings in
studies on SCC incorporating metakaolin follows here: SCC with
MTCK can be produced at different water/binder ratios, with ade-
quate deformability, proper stability and passing ability [16]. Nev-
ertheless, replacement of cement by MTCK decreases the slump
flow retention of the SCC mixtures [16]. The inclusion of MTCK
increases the heat evolved during hydration, which is a function
of the material fineness, thus increasing the cracking risk at early
ages due to thermal stresses [17]. The dormant period is reduced
according to the activity of the metakaolin [17]. It has been
reported that the use of MTCK in SCC can have a positive effect
on the both short [16] and long term strength of concrete [18].
Compressive strength of SCC mixtures obtained can surpass 100
MPa at 28 days and 120 MPa at 90 days [18]. The chlorides ion per-
meability decreases considerably with increased content of MTCK
[19,20]. Metakaolin refines the pore structure of the cement matrix
and significantly improves the resistance to the transportation of
water and diffusion of chloride ions [21]. Badogiannis et al. found
the effect of MTCK to be more essential for the capillary pore sys-
tem than for the open pore system [22]. SCC incorporating MTCK
generally exhibits lower gas permeability compared to the refer-
ence concrete mixtures [22]. Also, addition of MTCK was found
effective in reducing concrete expansion by sulphate attack [21]
and to reduce the deleterious expansion due to alkali–silica reac-
tion in concrete [23]. Both autogeneous shrinkage [24] and drying
shrinkage [25] were reduced by incorporating MTCK in SCC.

Much of the research works to date on SCC/SCHPC has focused
on grey Portland cement, but white cement formulations might be
necessary due to colour requirements for architectural applications
[26,27]. Each type of cement has unique characteristics (physical
and chemical) and interacts with other constituents, especially
additions and admixtures, which reflect changes in performance
properties for both fresh and hardened states [28,29]. In terms of
chemical components, white Portland cement is characterized by
lower Fe2O3 and alkalis contents and higher free lime content com-
pared to grey cements [30]. Because the brightness of white colour
is increased by a higher fineness of cement, it is usually ground
finer than grey Portland cement. This contributes to achieve more
rapid setting and higher early compressive strength, meeting the
requirements of NP EN 197-1 [31]. These common differences in
white Portland cement compared with ordinary cement should
not adversely affect the final concrete performance, thus requiring
for a proper selection and combination of constituent materials at
mix-design stage [32]. Partial replacement of white Portland
cement by a pozzolanic material, with white/near white colour
such as metakaolin, can be beneficial considering economic, tech-
nical and environmental aspects [33].

Statistical factorial design approach has been used to design
SCC/SCHPC mixtures incorporating metakaolin [19,20,34,35]. This
approach presents advantages over fully experimental and empir-
ical methods, in which, instead of selecting one starting mixture
and proceeding by trial and error for achieving a potential opti-
mum solution, a set of trial mixtures covering a chosen range of
proportions for each mixture constituent materials is defined

according to a statistical experimental plan. After testing the trial
mixtures and collecting data, experimental results are analysed
and statistical models are fitted to the data for each response vari-
able (selected relevant concrete property in view of the perfor-
mance requirements). When each response is characterized by an
equation (fitted model), several analyses are possible including
the simultaneous optimization to meet several constraints. In this
way, statistical factorial design approach is very effective to sim-
plify the test protocol required to optimize a given SCC mixture
by reducing the number of trial batches to achieve a good balance
among mixture parameters [36]. A three-level, three-factors plan
(factors are water-binder ratio, binder content and metakaolin
content), similar to a D-optimal plan, was developed by Dvorkin
et al. to obtain the required concrete strength of SCHPC at mini-
mum cost [35]. It was shown that lower concrete cost is provided
when polycarboxylate type superplasticizer is used in comparison
to naphthalene formaldehyde type [35]. A central composite
design (CCD) was used by Abouhussien and Hassan to study the
effect of total binder content, percentage of cement replacement
by MTCK and water-to-binder ratio on fresh state properties, com-
pressive strength [34], chloride permeability and the expected ser-
vice life of SCC mixtures [20]. This study yielded an optimum SCC
mixture with a total binder of 490 kg/m3, a w/b = 0.39 and incorpo-
rating 19.9% MTCK in replacement of cement. This mixture
achieved high flowability, low segregation factor, good passing
ability and high compressive strength at 28 days (82.1 MPa, in
water-cured specimens) [34]. Besides, this mixture exhibited the
lowest chloride permeability compared to counterpart SCC mix-
tures containing fly ash, slag, and silica fume [20]. Al-alaily and
Hassan argued the prediction models and design charts developed
based on a CCD are useful tools to design an optimum SCHPC incor-
porating MTCK with target chloride permeability and strength
[19]. The mixture obtained from the numerical optimization con-
tained a total binder of 548 kg/m3, water/binder = 0.32 and MTCK
replacement of 24.4%, exhibiting a 28-days compressive strength
and an apparent chlorides diffusion coefficient of 99 MPa and
0.36 � 10�12 (m2/s), respectively [19].

2. Research scope and objectives

A new cruise terminal building was built in Porto to serve the
north region of Portugal (see Fig. 1). At the design stage the use
of an architectural white SCHPC was considered for the external
spiral laminar element, which envelops the entire building struc-
ture. A self-compacting mixture was needed due to the complex

Fig. 1. South Cruise Terminal of the Port of Leixões, in Porto, Portugal [41].
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