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many innovative achievements have been gained in the development and application of intelligent concrete. Thirteen
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load, temperature, humidity and other factors, the con-
crete materials are inclined to crack and failure. After
a series of engineering disasters caused by material

1. Introduction

ince the appearance of Portland cement in 1824,

concrete has become the most widely used

building materials in the infrastructure constr-
uction for its low cost, high compressive strength and
extensive adaptability[”. However, the mechanical
properties in terms of toughness, tensile strength and
impact resistance of concrete are extremely weak due
to its quasi-brittle nature. Meanwhile, the obvious dis-
creteness of raw materials and the complexity of en-
vironment conditions lead to the reliability of concrete
structures challenged in service. Under the effect of

failures in the 1970s and 1980s, researchers realized
that the security and reliability of structures may be
significantly improved if materials have the capacities
of self-sensing, self-adjusting and self-healing to mon-
itor and repair the potential defects. Therefore, the
occurrence of catastrophic accidents can be reduced
and even avoided. Since then, the intelligent materials,
which is defined as ‘a material with the function of
sensible and controllable to the variation of environm-
ent’, was developed[Z]. And the primary working proce-
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sses of the intelligent concrete are illustrated in Figure 1.
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Figure 1. Information flow of intelligent concrete®®
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To date, extensive researches have been performed
on various intelligent concretest”. The composition,
proceeding, property and mechanism, measurement
and application of intelligent concretes were widely
investigated by experimental study, theoretical analysis
and numerical simulation. This paper reviews the rese-
arch achievements of intelligent concrete, focusing on
its principles, properties, research progress and struc-
tural applications. Although intelligent concrete has
more than ten categories of smart capacity, this review
is only focused on the progress in concrete with self-x
capabilities, i.e., possessing intrinsically intelligent
capabilities as shown in Figure 2. Among the 13 self-x
concrete, the first six kinds are the common intelligent
concrete written by the order of fabrication, curing
and hardened properties. The subsequent seven kinds
self-x concrete are the recently developed ones.

2. Self-Compacting Concrete

Self-compacting concrete (SCC) is also named as

Self-Compacting Concrete
Self-Expanding Concrete {
Self-Curing Concrete

Self-Sensing Concrete

Self-Healing Concrete {
Self-x
Concrete

Self-Adjusting Concrete —
Self-Damping Concrete
Self-Heating Concrete

Self-Sacrificing Concrete
Self-Cleaning Concrete {
Self-Shaping Concrete

Self-Draining Concrete

Self-Luminous Concrete

Photocatalytic

self-consolidating concrete, self-leveling concrete or
vibration free concrete. The prototype of SCC was
originally completed by Okamura in 1986. SCC has
the advantages of high liquidity, no segregation and
bleeding phenomenon compared with traditional con-
crete. SCC not only has the good ability to go through
the space among steel rebars, but also has the ability
of levelling under its own gravity which could make
compacting concrete structure by itself. Besides, it
could have a shorter construction period to enhance
efficiency because of the uselessness for vibration® ",

Contrast between the mix proportion of SCC and
that of conventional concrete is shown in Figure 38,
In order to test whether the mix proportion of the con-
crete is appropriate, some test methods such as U-flow
test method, box test method, V-funnel test method
and T500 test method were developed. In the U-flow
test method as shown in Figure 4, the height that the
concrete flowing through the obstacle can represent
the degree of compactability of the concrete. If the
concrete can flow through a height over 320 mm, the
concrete can be judged as SCC. The box test method is
appropriate for testing concrete which has higher segr-
egation between mortar and aggregate. If the concrete
s determined to have inadequate self-compactability, the
mix proportion of the concrete has to be re-iadjusted.

Shrinkage compensating

Self-stressing

Autogenous healing
Autonomous healing
Anti-spalling self-adjusting
Moisture self-adjusting
Thermal parameter self-adjusting

Hydration heat self-adjusting

Superhydrophobic

Photo-induced redox reactions

{ Photo-induced superhydrophilicity

Figure 2. Categories of self-x concrete
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Self-Compacting Concrete
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Figure 3. Contrast between the mix proportion of SCC and that
of conventional concretel®

Figure 4. U-flow test’®

The performance index of SCC is proposed in the
Standardization Institute of Chinese Construction
Standard ‘SCC Application Specification’ as shown in
Table 1°!,

Table 1. Performance index of SCC

Performance Level  First Class Second Class ~ Third Class
Rising height above 320  above 320 above 320
of U-flow/mm ( barrier) ( barrier) (barrier-free)
Slump flow/mm 650-750 600-700 550-650
T500/s 5-20 3-20 3-20
;rr::gsgﬁr\/g—(f)unnells 10-25 =25 4-25

The optimal ratio of self-compacting concrete is
mainly determined via a large number of orthogonal
experiments. The main design properties of the SCC
also include compressive strength, tensile strength,
elastic modulus, heat of hydration, durability, creep,
shrinkage and stiffness!®. Persson™® compared the
elastic modulus, creep and shrinkage of the SCC with
that of traditional concrete after performing a series of
studies on strength (fc), and found there is no great
difference between them. Nagamoto et al. found that
the physical properties of the solids in the mortar can
greatly affect the decrease extent of the shear defor-
mation in the mortar. The SCC may bring a loss of
compaction due to the increasing of the coarse aggre-
gate content above the range G/Glim = 0.50. The rela-

tionship between the decrease in compaction and the
increase in coarse aggregate is not linear. When the
proportion of coarse aggregate to fine aggregate is
varied, the amount of super-plasticizer is needed to be
adjusted™. In addition, it has been proven by many
researchers that the SCC is much better than ordinary
concrete in durability.

SCC includes a diverse range of mix types with
both fresh and hardened properties. It has higher fill-
ing rate, better deformability and higher segregation
resistance compared with conventional concrete.
However, there are still some issues needed to be ad-
dressed. For example, the early-age shrinkage of the
SCC is large due to low water-binder ratio. This leads
to the appearance of cracks. SCC would put great
pressure on molds due to its liquidity. In addition,
SCC is easier to spall than conventional concrete
when it is subjected to high temperature.

3. Self-Expanding Concrete

Volume shrinkage would occur during the hydrating
and hardening of Portland cement concrete. Mi-
cro-cracks will then generate in consequence of this
shrinkage. This is detrimental to hardened concrete.
Contrasting to ordinary concrete, expansion instead of
shrinkage will appear in self-expanding concrete.
Hence, the deficiencies caused by shrinkage can be
overcome by the expansion. Normally, self-expanding
concrete is divided into the shrinkage compensating
concrete and the self-stressing concrete according to
its expansive energy. Shrinkage compensating con-
crete is the concrete which expands to some extent
intrinsically to prevent shrinkage cracking. Compared
with shrinkage compensating concrete, self-stressing
concrete possesses a bigger expansion capacity. It can
produce a compressive stress of 2.0-8.0 MPa when
the concrete expansion is restrained felicitously by
reinforcement or other means.

Self-expanding concrete is mainly fabricated by
using expansive constituents such as expansive ce-
ments or expansive additives. The expansion ability of
concrete is largely depended on the dosage and activ-
ity of expansive constituents. Detailed information on
the various expansive cements and expansive addi-
tives is summarized in Table 2. By mixing original
minerals into Portland cement during the process of
clinker manufacturing, expansive cement is produced
and specified into three types by ASTM (i.e., K, M,
and S) according to the different original mineralst*?.
On the other hand, for the sake to conveniently adjust
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Table 2. Summary of expansive cement and expansive additive

Expansive Original Expansion
. Type .
constituent mineral resources
Expansive Monosulfate, L
cement K gypsum, lime Ettringite
Aluminate
M clinker and Ettringite
gypsum
Tricalcium
S aluminate and Ettringite
gypsum
Expansive Calcium sulphoalu- g ¢ 1minate Ettringite
additive ~ Minate-based
CaO-based Calcia Portlandite
MgO-Based Magnesia Brucite
Iron or aluminum Hydrogen,
Air-entraining-based . ferrous
powder, oxidant hydroxide

expansion capacity, expansive mineral are separately
produced from cement clinker and then directly mixed
into concrete as an expansive additive. Expansion re-
sources of expansive cement and calcium sulphoalu-
minate-based additive mainly come from the hydra-
tion product of acicular ettringite crystals. This kind of
self-expanding concrete is the most widely used for
the chemical stability of ettringite!*). CaO-based and
MgO-based expansive additives have the merits of
low hydration water requirements and high volume
expansion ratio. The translation of Calcia (CaO) into
Portlandite [Ca(OH),] results in a volume augmented
of 94% in theory, and 97.9% for Magnesia (MgO)
becoming Brucite [Mg(OH),]. Of the two oxides, CaO
is intrinsically more reactive compared with MgO.
Furthermore, the hydration product of Ca(OH), is
more soluble than that of Mg(OH),.

Self-expanding concrete has a history of almost
eighty years since the invention of expansive cement
in 1936, France. It has been demonstrated that self-
expanding concrete is a perfect alternative to increase

(A)

the durability for both new constructions and refur-
bishment™. Shrinkage compensating concrete can
effectively mitigate the cracks caused by thermal
shrinkage, drying shrinkage and creep. Moreover, the
filling effect of expansion products contributes to de-
creasing porosity and pore diameter, thus improving
the density of concrete. Therefore, the major applica-
tion of shrinkage compensating concrete is in water
proofing constructions. Self-stressing concrete is man-
datory in the conditions of dense rebar reinforcement
or concrete confined in steel tubes, where a large
amount of expansion restrained is required. In this
way, interfacial bounding strength between concrete
and reinforcement is increased and the tensile strength
of concrete is substantially elevated™®. Besides, en-
hancement of self-stressing capability is found to be
achievable by adding fibers to confine the expansion
of concrete. In this case, triaxial self-stressing devel-
oped by the fiber is beneficial to the enhancement of
tensile strength as well as the impact and fatigue re-
sistance of concrete!™”. Recently, hybrid fibers together
with MgO expansion additive (MEA) are applied to
improve the volume stability of concrete airport runway
in high altitude localities in Tibet, China. Results in-
dicate a decreasing expansion of concrete with the
increasing content of steel fiber (SF) and fine denier
polyacrylonitrile fiber (SP). As shown in Figure 5a,
the volume stability of concrete slabs is improved at
an early age. Microstructure analysis by scanning
electron microscope illustrates that the micro-cracking
inside concrete is locally restrained by the surrounding
hybrid fibers, as graphed in Figure 5b%®!.
Self-expanding concrete is an efficient substitute to
improve some structural behaviors of concrete. How-
ever, expansion of concrete caused by the formation of
ettringite consumes a large amount of water, which is

/

B)

Figure 5. (a) Strain deformations of concrete added with hybrid fiber; (b) Microstructure of hybrid fiber inside of concrete!*8!
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strongly reliant on the wet curing™. Additionally,
ettringite may undergo decomposition at high temper-
ature (over 70 °C), and thus may be unsuitable for mass
concrete with high temperature rise™"l. Due to the fast
hydration of CaO and the relatively high solubility of
hydration product Ca(OH),, the application of CaO-
based expansive additive in the concrete for hydraulic
structures is forbade™. For MgO-based expansive
additive, the calcination temperature is a crucial con-
dition for the hydration reactivity of MgO™. Once the
calcine temperature is higher than needed temperature,
dead-burnt MgO may be produced. This may cause
heterogeneous expansion, and even lead to the de-
struction of concrete structure®>?!, In a word, the
negative effect of concrete expansion is required for
deep investigation and choosing the effective self- ex-
panding concrete based on the practical engineering
demands is extremely important.

4. Self-Curing Concrete

Curing of concrete is essential immediately after the
casting of concrete because of potential shrinkage,
settlement and thermal deformation at early ages.
Properly curing is significant for concrete to satisfy the
requirements of mechanical properties and durability.
Traditional curing methods like ponding, spraying, cov-
ering wet burlap or plastic films are adequate for or-
dinary concrete. However, these curing techniques may
fail in high-performance concrete (HPC). HPC is chara.
cterized by low water binder ratio (w/b) and high volume
additives such as silica fume, which leads to high
strength and density at early age. In this condition, the
penetration of external water is difficult and only su-
perficial by traditional curing mode. Consequently, with
inherent water insufficient and outer curing water in-
accessible to satisfy complete hydration of binder, a
series of chemical shrinkage and thereby autogenous
shrinkage may cause serious premature crack. This pr-
emature crack finally induces the degradation of me-
chanical properties and durability. Considering these
issues, self-curing as a new technology adapting to
concrete with low w/b is presented.

Self-curing concrete also known as autogenous
curing or internal curing concrete is achieved by in-
corporating pre-saturated component as internal curing
agent. The curing agent is uniformly distributed thro-
ughout the matrix and acts as an internal water reservoir.
The water within curing agent does not participate in the
chemical reaction until a humidity gradient generates
after a period of early hydration. Water is transported

Journal of Smart Cities (2016)-Volume 2, Issue 2

from curing agent to unhydrated cement by the driving
forces of capillary suction, vapor diffusion and capillary
condensation for supporting continuous hydration. As a
result, the chemical shrinkage and self-desiccation
caused by low w/b can be considerably diminished.

The self-curing agent should possess both high water
absorption capacity in aqueous solution and desorption
rates under pressure. Currently, the most popular curing
agents are pre-saturated porous lightweight aggregates
(LWA) and super absorbing polymers (SAP). LWA such
as ceramsite and pumice is the first used self-curing
agent, which typically contains water by weight of 5% to
25%]. SAP is described as ‘super’ for its ultra-high
water adsorption capacity, which even 1000 times higher
than its own weight™®®. The two distinct phases of SAP
in dry and swollen are shown in Figure 6.

Figure 6. Adry and a swollen SAP!

Extensive attention has been attracted to the self-
curing concrete in recent half a century and most in-
vestigations are conducted based on Powers' model, as
illustrated in Figure 7%%"?!. The model systematically
expounds the minimal dose of self-curing water needed

w/b

Gmax = 336

0.08

0.06

(W/b)sc
o
)
=

0.02

0.00

0.0 0.1 0.2 0.3 0.4 05
(Wib)ioc

Figure 7. Minimum amount of self-curing water needed to
obtain am,, during cement hydration
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to reach the maximum degree of binder hydration (omax)
at a given w/b. As can be seen in Figure 7, omax reaches
up to the region of 1.0 (i.e., full hydration of binder) only
with w/b equal to or greater than 0.36. Below this value,
binder hydration is only partially achieved and the omax
under saturated condition is estimated as (w/b)/0.36.
Also indicated in Figure 7, fully saturated condition of
binder hydration can be achieved with a quantity of
self-curing water of 0.064 kg per kilogram of binder.
As mentioned previously, the w/b is generally be-
tween 0.30 and 0.40 for HPC. The detrimental defor-
mation caused by autogenous shrinkage can be elimi-
nated through self-curing technology. Here HPC with
w/b of 0.30 is employed as an example to elaborate the
effect of self-curing agent on the performance of HPC on
the basis of Powers' model™™.. In Figure 8(a), at w/b of
0.30 and self-curing water removed, hydration stops at a
degree of 0.73 under sealed curing conditions due to the
water shortage. Figure 8(b) shows the mixture provided
by an extra self-curing water of 3.20% by total water
volume to the system. The water in curing agent is then
drawn out ‘filling the pores’ created by chemical
shrinkage and proceeds further hydration to 0.77. Once
7.36% water is replenished, hydration degree can reach

(A

Chemical Shripkage |
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o
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o
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up to 0.83 and the chemical shrinkage is totally elimi-
nated as illustrated in Figure 8(c). The maximum the-
oretical degree of hydration increases with the volume of
self-curing water, but comes to a limiting value at 7.36%
as illustrated in Figure 8(d). This is because that at the
hydration degree of 0.83, nearly no void space remains
within the hydrating concrete. Therefore, the optimum
self-curing water contents is of utter importance for the
desired performance of concrete.

In recent twenty years, most investigations indicated
that the autogenous shrinkage of concrete was reduced to
some extent owing to the incorporation of self-curing
agent(®®3%34 Nevertheless, there are still conflicting
results in mechanical properties. Some experiments
show an increase in a range of 10%—-20% compressive
strength of concrete with self-curing agent than that
without at 28 d, while others manifest a decrease of
8%-31%"3% This difference may be attributed to the
opposite effect of self-curing water. On the one hand, the
incorporated self-curing water canimprove the degree of
binder hydration. On the other hand, excessive self-
curing water may result in spherical macropores. Once
the negative effect of self-curing water cannot compe-
nsate by the positive effect, the mechanical properties

B
Self-curing Water Chemical Shrinka
1.0
‘ I
0.6 Capillary Water |
o Gel Water
3 I
X 0.6+ |
)
5 Gel Solid I
§ 0.4 I
I
0.2+ :
Cement |
0 . 0.77,

1 T T
0 0.2 0.4 0.6 0.8 1.0
(D) Degree of Hydration

<) 7 ‘ Maximum theoretical degree
E:/ of hydration(w/c=0.30)
2
*§ 0.90+
kel
>
T -
kS
©
2
o 0.80+
o}
(a]

0.70+ T T T T

0 2 4 6 8 10

Percent Self-curing Water (%)

Figure 8. Powers' model showing phase distributions for (a) w/b=0.30 paste (b) 3.20% self-curing water and (c) 7.36% self-curing

water. (d) Maximum theoretical degree of hydration as a function of self-curing water

[29]
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of concrete decreased™”. Additionally, most findings
illustrated an increasing durability of concrete by means
of self-curing. For instance, the chloride permeability of
concrete goes down contributed by the reduced perco-
lation of interfacial transition zone between cement
paste and aggregate®“%. The freezing and thawing
resistance of concrete can also be improved due to the
pores and air voids forming in the matrix after self-
curing agent becomes dryt**31,

Self-curing concrete accompanied with well-desi-
gned mechanical properties and outstanding durability
has been employed in engineering applications. In
January 2005, about 190000 m? of self-cured HPC with
presoaked LWA was successfully casted in a large
railway transit yard in Texas, America. After placing, the
flexural strength at 7 d reached 90% to 100% of those
required at 28 d as a consequence of improved cement
hydration process[‘ml. Additionally, shrinkage cracks are
extremely minimal compared with conventional paving
concrete. In 2010, self-curing concrete was used in the
construction of 9 bridges by New York Department of
Transportation. A special mixture design, which is
similar to the one of conventional deck design except for
the extra 120 kg/m® of fine LWA, was applied. No-
ticeable increases in strength from 2% to 10% of Count
Street Bridge and 15% of Bartell Road Bridge at 28 d
were reported(*!.

Self-curing method is effective for improving per-
formance of HPC both in laboratory and actual practice.
Extensive research demonstrated that self-curing
property of concrete can keep autogenous shrinkage
from occurring, thus contributes to lower the risk of
cracking and prolong the service life of concrete.
Nevertheless, following issues are still required to be
solved before fully application of self-curing concrete.
Firstly, numerous of contradictory results and inter-
pretations exist in mechanical strength and durability.
Secondly, the mechanism and efficiency of different
curing agents in terms of type, dosage, particle size and
spatial distribution are still ambiguous. Finally, more
accurate models of the effect of self-curing agent on the

concrete performance needed to be put forward.
5. Self-Sensing Concrete

Self-sensing concrete, also known as self-monitoring or
self-reporting concrete, refers to the concrete with
capacity of sensing its own state (e.g., strain, stress,
damage or temperature) without the need of embedded,
attached or remote sensorst*®. A moderate amount of
functional fillers, with a certain shape and dimension, are
incorporated into concrete matrix, and then the insulated
concrete becomes conductive. Influenced by the field of
force and/or temperature, the conductive path of
composite altered due to the variation of concrete mi-
crostructure, thus resulting in the changes of electrical
properties such as resistance, capacitance, impedance,
and voltage. Finally, variation of concrete microstruc-
ture is reflected in the electrical signals and can be
measured by specified devices, i.e., the concrete pos-
sesses self-sensing ability.

Self-sensing concrete is mainly composed of matrix
and functional fillers in macro-structure level as shown
in Figure 9. The matrix of self-sensing concrete is a
generalized concept including concrete, mortar and
binder only (Portland cement is the most used). The
conductive fillers mainly consist of carbonaceous,
metallic and polymer material, among which carbo-
naceous and metallic fillers are the most widely used and
investigated. The properties of commonly used fillers
are summarized in Table 3. It has been demonstrated that,
some functional fillers can not only improve the con-
ductive characteristic of concrete but can also enhance
its mechanical properties and durability™*’. In addition,
a more preferable property of self-sensing concrete can
be obtained by synergistically use of two or several
functional fillers and the positive hybrid effect is pro-
nounced than any of them alonel*®!.

Excellent electrical property is necessary for self-
sensing concrete. Therefore, a fully comprehension
about the generation mechanism is the basis of con-
trolling and improving the self-sensing properties of
concrete. Unfortunately, the conductive mechanism is

Figure 9. Structure of 1SSC!’!
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Table 3. Properties of functional fillers

Elastic

Tensile

Electrical

Type modulus strength resistivity Eilgggj' Advantages Disadvantages
/GPa /GPa /(mQxcm) 0

PAN-based 35-450 2.0-45 0.01-1.0 0.4-1.8 High strength, conductivity and stability =~ Expensive, difficult to dis-

carbon fiber perse

Pitch-based CF 160-800 0.6-3.0 (1-4) x 10 0.4-2.5 High strength, conductivity and cheap Poor impact strength, easy
oxidized

Nano-carbon - - 200-1000 - High conductivity, easily dispersed, cheap Low strength, high water

black absorption and pollution

Carbon 400-600 2.7-1.0 55x10* 50 High strength, conductivity and stability, Difficult to disperse

nanofiber cheap

SWCNTs 1000 50-500 - 30-40 High chemical stability Expensive, difficult to dis-
perse

MWCNTSs 300-1000 50-200 (5-50) x 10°® 5-20  High strength and conductivity Difficult to disperse

Graphite 1 060(in-plane) - (4-18) x 10°® - High electric and thermal conductivity, High dosage, low strength

powder stability

Steel fiber 0.5-2.1 1.15 (1.33-2.44) x 102 1 High strength, durability and sensitivity High SNR, easy agglomer-
ation and oxidized

Steel slag - - 4-50 - High strength and stability, cheap Low-purity, low conductivity

Nickel powder - - 0.6-1.0 - High strength, most sensitive, anti-corrosion ~ Expensive

Nano-TiO, - - 3x10% - High sensitivity Obvious polarization

SWCNTs: Single-walled carbon nanotubes; MWCNTSs: Multi-walled carbon nanotubes; SNR: Signal to Noise Ratio

still debatable and existing interpretations are variable.
One of the interpretations accepted by researchers
considers the conducting modes in self-sensing concrete
are as follows: the electronic and/or hole conduction (i.e.,
contacting, tunneling and and/or field emission con-
ductions) coming from conductive fillers®">*%; and the
ionic conduction coming from the concrete matrix®>.
While it is noticeable that the hole conduction is only
exist in carbonaceous fillerst>*!, Correspondingly, there
are four paths for current transmission: the interior of
cement stone, the interface between conductive fillers
and cement matrix, the contacted or overlapped con-
ductive fillers, and the conductive network formed by
conductive fillers*®’. Concrete self-sensing property
may be influenced by multiple factors such as external
force, voltage, properties of fillers, water binder ratio,
age, water content and service environment, etc.*°¢.
For dominating the formation and distribution of con-
ductive networks, filler concentration is a primary para-
meter affecting the property of self-sensing concrete
among those factors. The electrical resistivity of self-
sensing concrete changing with filler concentration is
depicted in Figure 10. There is a critical composition
called percolation threshold®®!, beyond which the
electrical resistivity is reduced sharply, thus leads to the
transformation of concrete from an insulating range to a
semi-conductive or conductive range. According to this
percolation threshold, the conductive characteristic
curves divided into three zones (as shown in Figure 10).

Figure 10. Change of the electrical resistivity along with filler
concentration!®”

An insulation zone refers to the curve with highest
resistivity, while the part with dramatically decreased
resistivity is percolation zone and the last part with sta-
bilized lowest resistivity is conductive zone. Although the
conducting modes and paths mentioned above always
exist simultaneously, only one or several of them
dominate the status of a certain zone depending on the
concentration of conductive fillers!®*®!.

Up to now, much effort has been devoted into the
research on self-sensing concrete. In 1989, a moderate
amount of short-cutting carbon fiber was incorporated
into the concrete by Chung and found some correlation
between the electrical resistivity and interior structure of
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the concrete. This marks the beginning of intelligence
carbon fiber concretel®. Thereafter, the concept of
“self-diagnosing” was first proposed by Muto in 19921,
stated as a concrete possessing the ability of sensing its
own damage. Later in 1993, Chung put forward the
concept of “smart concrete” and conducted a systematic
study on smart concrete for thirty years[64]. Then, the
Seebeck effect of carbon fiber reinforced concrete
(CFRC) was found by Liin 1998, i.e., an electrical field
gradient could be induced by the temperature gradient.
CFRC expressed as a stable and repeatable linear rela-
tion between thermoelectric force (TEF) and temper-
ature variation (At), as illustrated in Figure 11®". With

different content of carbon fiber, the thermoelectric
power can reach up to 18 pV /°C P, All of these make

itpossible for fabricating a temperature sensor by carbon
fiber cement-based material’®>®". Subsequent research
found that, a Positive Temperature Coefficient (PTC) or
a Negative Temperature Coefficient (NTC) could
generate within the conductive concrete and they may
alter the development tendency along with different
conductive fillers®™®!. Moreover, a series investigation
onvarious self-sensing concrete towards the mechanical
properties, mechanical-sensitive mechanism, temper-
ature-sensitive mechanism, measurement methods and
environment influence etc., were carried out by re-
searchers, also some prospects about engineering ap-
plication were given"". In addition, micron or nano
sized functional fillers, especially for fibrous fillers, are
inclined to entanglement and agglomerate, which turns
their dispersion in concrete into a critical issuet®™. To
solve this problem, physical dispersion methods (i.e.,
high-speed shear or ultrasonic dispersion), chemical

Aplpo max| A plp|

Tension

Bending

Compression
max| A plpq|

State of decrease State of balance ~ State of increase

dispersion methods (i.e., surfactant or dispersant) and
the combination of them were widely studied in the past
few years®® . It should be pointed out that an appro-
priate dispersion method can not only increase the
electrical properties of concrete, but also improve the

see [47,82-84
strength and durability! 1
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Figure 11. The relationship between temperature and TEF of
CFRCPY

Self-sensing concrete possesses high sensitivity (the
strain sensitivity coefficient is several tens or even
hundreds, while strain gage is only two!*®)), integrating
structure and sensing property to a whole system. De-
pending on the intelligent character, dynamical and
timely detection of stress, deformation, temperature,
crack and damage can be realized*®®-668% jt there-
fore has a wide application potential in the field of str-
uctural health monitoring and traffic detection**%*%%
as shown in Figure 12. This would be helpful for en-
suring structural reliability, lowering the cost of con-
struction and maintenance, etc.
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Figure 12. Applications of self-sensing concrete
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Although self-sensing concrete has emerged more
than three decades, many efforts are needed to promote
its development. Under harsh external environment, the
electrical properties of self-sensing concrete are un-
stable and the measurement accuracy is sharply reduced.
The sensing behaviors of self-sensing concrete under
complex stress condition should be further investigated.
Besides, optimization of functional fillers, influence of
aggregates and selection of dispersant methods are
required to be deeply explored.

6. Self-Healing Concrete

Influenced by inherent characteristics of concrete and
complex external environments, the appearance of
cracks is inevitable during the molding and service of
concrete. Certain paths will be damaged or exhibiting
cracks caused by water and aggressive substances in-
truding into the concrete, thus increasing the risk of
various degradations of the material. For reinforced
concrete structures, wide cracks may result in the rein-
forcement exposed to the environment. Consequently,
total deterioration of the whole system may occur once
the reinforcement starts to corrode or spall®. Con-
sidering the damages of crack to the concrete durability,
crack maintenance is needed for sustained usage.
However, repair of crack is very difficult, especially
when the cracks are invisible or inaccessible. Inspired by
the nature of blood clotting or remolding of fractured
bones in living things, the same concept is incorporated
into the engineering materials by scientists, making
them possess the ability of repairing or healing damage
by themselves®®.

As a kind of self-healing material, self-healing con-
crete is also named self-repairing or self-sealing con-
crete and the essence is the concrete itself to provide
necessary adhesive products which can fill in the cracks
when damage happens. In general, self-healing concrete
is classified into two categories: autogenous and au-
tonomous healing concrete®",

6.1 Autogenous healing Concrete

The autogenous self-healing concrete is defined as the
concrete with ability of sealing itself without external
monitoring or human intervention. Cracks within con-
crete may get repaired in a time because of the con-
tinuously hydration of clinker minerals or carbonation of
calcium hydroxide [Ca(OH),]. Self-healing of cracks in
the concrete is a combination of complicated chemical,
physical and mechanical interactions®. Most researc-
hers believe that autogenous self-healing of young

concrete is mainly owing to continuously cement hy-
dration, whereas at later ages, self-healing is most at-
tributed to the formation of calcium carbonate
(CaCO ™™ For each autogenous self-healing
mechanism of concrete, the presence of water is essential
dueto itsimportantrole in causing chemical reaction and
transporting fine particles. If crack widths restricted or
crack closure is acquired, autogenous healing could be
more effective. It was demonstrated that crack width of
maximum 50 um show complete healing and up to 150
um show partial recovery of mechanical and transport
properties™™. To improve the ability of autogenous
healing of concrete, latent hydraulic and pozzolanic
admixture (i.e., fly ash, lime, blast furnace slag) or
superabsorbent polymers (SAP) and expansive agentare
usually incorporated into concrete!®%l. Some re-
searchers focused on the autogenous self-healing be-
haviors of the Ultra PC (UHPC) which is characterized
by a low water to cement ratio (close to 0.2) and high
content of admixtures. This implies that UHPC has a
great amount of anhydrous clinker, and thereby a po-
tential for self-healing by the sustained hydration of
binder materials"®"®]. Three-point flexural test and
numerical simulation were conducted on the UHPC
specimens after initially cracked and cured in the water.
The results of 1, 3, 10 and 20 weeks curing are presented
in Figure 13 and show a good agreement between
simulation and experiment. It can be seen that a fast
recovery of global stiffness and a light improvement of
resistance have been highlighted with the curing timel*®),
On the other hand, arresting crack width by high per-
formance fibers also attributes to the self-healing pro-
cess. For example, Engineered Cementitious Com-
posites (ECC) asthe material involving PVAfTiber realize
the multiple cracking pattern and average crack width
under 60pm™ Y. Furthermore, concrete reinforced by
chemically flax and hemp fibers can control the max-
imum crack width under 30um, which fully ensures a
complete healing of concretel™***!,

The autogenous self-healing capacity of concrete is
an ancient phenomenon acting positively. It is
acknowledged as one of the reasons explaining the
survival of many old buildings and structures. However,
the work of autogenous healing is limited to small cracks
and relatively low recovered strength can be offered.
Meanwhile, autogenous healing is effective only ac-
companied with water, which is difficult to control. Thus,
too many uncertain factors are needed to be taken into
account explicitly and make the design of autogenous
self-healing concrete challenging. In this case, the auto-
nomous self-healing concrete is proposed.
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Figure 13. Numerical simulation (a) and experimental result (b) of bending test on healed UHPC concrete specimens!:%%

6.2 Autonomous healing Concrete

The autonomous self-healing concrete, sharing the same
concept with other artificial self-healing composites, is
created by embedding self-healing units composed of
container and healing agent in the host concrete. The
container is usually hollow fibers and capsules with
spherical or cylindrical shape, which both serves as the
container of healing agent and acts as barrier to prevent
reactions between healing agent and host material.
Accordingly, an ideal healing agent is supposed to be
able to continuously sense and respond to the damage,
and recover the material performance without adverse
effect. The autonomous healing process can be divided
into two steps as illustrated in Figure 14. Firstly, the
healing agent is released into the crack faces through
capillary action or gravity once the container is ruptured
by the propagating crack. Then, chemical reaction takes
place between the healing agent and host material to

a

bond the crack planes together and alter the shape of the
crack tip. Finally, the crack propagation may be held
back and material properties such as stiffness, fracture
toughness and strength may be recovered.

The concept of autonomous healing in concrete was
originally proposed by Dry in 1994™3], The research on
self-healing materials becomes flourishing after White
published the paper about self-healing in polymer based
materials in Nature™**! in 2001. Until now, a wide range
of researches are being undertaken on autonomous
self-healing concretes. The healing mode is broadly
distinguished into three groups: internal hollow tubes,
microencapsulation, micro-organisms!™* ¢, The merit
of hollow tubes healing is that the most used tubes are
glass or other brittle material which can effectively
release healing agent. For microencapsulation method,
the system is simple and the capsules can deal with
fractures at different locations because they are dispel-
rsed uniformly inside the matrix. The biggest advantage

Figure 14. Basic method of the microcapsule approach. (a) Cracks form in the matrix; (b) The microcapsules ruptures, releasing the
healing agent into the crack plane; (c) The healing agent contacts the catalyst, bonding the crack faces closed; d-ESEM image show-

ing a ruptured microcapsule™*4!
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Table 4. Research methods and achievements of autonomous self-healing

Healing strategy Agent carriers Healing agent Way of curing Results Reference
Internal Glass/ceramics tube Cyanoacrylate Air Regain 50% strength and stiffness Tittelboom et al., 2010t
encapsulation Glass tubes Epoxy resin Air 32% higher strength than reference specimen Thao et al.t?!
. . Silica gel shell Methyl methacrylate Heating Recover over 80% fracture toughness Yang, 2009124
Microencapsulation . . . - ; 122
Polyurethane Na,SiO; solution  Ca(OH), matrix Recover 26% original strength Pelletier et al.*?
- Bacillus sphaericus ~ Water and O, Heal crack up to 0.46 mm wide Jonker et al., 2010
Bacteria . . Contact ; 124]
Polyurethane Bacterial solution regain 60% strength Wang et al., 2012224
component

of micro-organisms is that most bacteria are able to in-
duce carbonate precipitation inthe micro-crack region, thus
repairs cracks with environmentally friendly processes.
Autonomous self-healing concrete is more reliable
and not much dependent on the surrounding environ-
ment compared to autogenous self-healing concrete.
Although autonomous self-healing appears as a great
potential approach, it remains a great challenge to extend
thisidea frominvestigation to application. Hollow fibers,
microencapsulation is difficult to cast in concrete,
bacterial activity decreases a lot in the high pH (>12)
environment as it presents in concrete. The effect of
triggering mechanism of self-healing on the durability,
compatibility and mechanical properties of concrete also
demands a much deeper research in the future.

7. Self-Adjusting Concrete

Self-adjusting concrete has the ability to adjust its internal
structures (e.g., pore structures) and performance (e.g.,
heat capacity, moisture content and hydration process)
under external actions. It mainly includes anti- spalling
self-adjusting concrete, moisture self-adjusting concrete,
thermal parameter self-adjusting concrete and hydration
heat self-adjusting concrete. Self-adjusting concrete not
only has the ability to improve the comfort of habitation,
butalso has the ability to avoid temperature cracks which
are due to the hydration heat of cement and concrete
spalling caused by high temperature. The researches and
applications of self-adjusting concrete have aroused a lot
of concern in recent years.

7.1 Anti-Spalling Self-Adjusting Concrete

Concrete is prone to spalling when it encounters high
temperature or fire. Anti-spalling self-adjusting concrete,
which is consist of synthetic fibers (e.g., polyethylene
fibers, polypropylene fibers and polyacrylonitrile fibers)
or metal fibers and concrete, can adjust their pore
structure and thermal performance (e.g., thermal con-
ductivity and specific heat capacity) according to the
outside temperature to prevent spalling. It was first

proposed by Goldfeinin 1965. The polypropylene fibers
were added in the concrete as admixturest?*2,

Currently, there are two main reasons widely accepted
for the concrete spalling at high temperature™®**%. The
first reason is the internal vapor pressure principle. The
water vapor is blocked as it escapes from the concrete
pore at high temperature. It results in rising the vapor
pressure and expansion stress in concrete. Then, the
vapor pressure and expansion stress in the concrete
increase with the rising ambient temperature. The se-
cond reason is the principle of thermal stress. It has been
demonstrated that the temperature gradient is generated
by a high ambient temperature. The temperature gra-
dient can induce the thermal stress which will lead to
concrete spalling eventually.

Synthetic fibers can be added into concrete to solve
the concrete spalling caused by vapor pressure principle.
The melting point of synthetic fibers ranges from 150 °C
to 200 °C generally™". Due to the uniformity of the
synthetic fibers dispersion and the small volume of
fibers, the synthetic fibers would melt and form nu-
merous channels inside the concrete when the temper-
ature reaches the melting point of synthetic fibers. The
channels inside the concrete provide opportunities for
water evaporating, thus reducing the pressure of con-
crete and the possibility of concrete spalling!*?. Xiao!***!
confirmed the presence of polypropylene fibers can eff-
ectively prevent the spalling of HPC through experi-
ments. Kalifa et al.[****** study the spalling perfor-
mance and microstructure of polypropylene fiber con-
crete. According to permeability measurement exper-
iments on the concrete with different fiber content, the
vapor pressure inside the concrete is obviously reduced
by polypropylene fibers under the high temperature. The
pressure versus-time curves have a similar shape with
different fiber contents. However, the height of the peaks
sharply decreases with increasing fiber content as show
in Figure 15. The internal peak pressure is reduced by
one-fourth and the pressure gradient decreased in half
when the content of polypropylene fibers increases from
0to3kg/m®. In addition, the fiber dosage of 2 kg/m*with
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Figure 15. Pressure versus-time curves of concrete with dif-

ferent fiber contents

the fiber length of 20 mm is the optimal for preventing
spalling in grade C100 HPC.

Due to the low thermal conductivity of concrete, the
temperature difference among the various parts of the
concrete structure should be reduced in order to reduce
thermal stress of concrete. Because the thermal con-
ductivity of steel is approximately 40 times than that of
conventional concrete, steel fibers are often added into
the concrete to keep the consistency of temperature rise
rate between inner part and the surface of the concrete,
thus reducing the concrete spalling.

Although anti-spalling self-adjusting concrete can
effectively reduce the possibility of concrete spalling,
the durability and the compressive strength of concrete
would be weaken because the addition of fibers increases
the air content of concrete. Additionally, fibers will
reduce the performance of fresh concrete, improving the
difficulty of building operations, increasing the cost of
tamping[las'l?’?].

7.2 Moisture Self-Adjusting Concrete

Humidity environment not only relates to the durability

of infrastructures and energy consumption, but also has
greatly effect on healthy problems. In order to make a
comfortable and healthy environment, it is important to
control moisture level™®. The moisture self-adjusting
concrete is made of concrete with moisture adjusting
materials (e.g., zeolite, attapulgite or meerschaum), and
can change the moisture content inside it with external
humidity™%4%.

The moisture self-adjusting concrete containing ze-
olite powder was firstly proposed by Japanese scholars.
It does not need the help from any artificial energy and
equipment, relying on its own moisture absorption and
desorption properties. The hydrated silicate calcium of
zeolite contains pores in diameter of 1 x 107°-9 x 10™%°
m. The water vapor adsorption capacity of concrete was
improved with porous and multilayered honeycomb
structure of zeolite powder, which has larger pore
volume and surface area. The moisture self-adjusting
concrete made of concrete with zeolite shows a big
difference between various humidity conditions. The
moisture self-adjusting concrete quickly reaches the
moisture content equilibrium state in the low-humidity
environment. In the contrast, the moisture content of the
moisture self-adjusting concrete increases with time ina
saturated humidity environment™***#41,

The working principle diagram of the moisture
self-adjusting concrete is shown in Figure 16. When the
air relative humidity exceeds a certain value @2, the
moisture self-adjusting concrete will absorb moisture in
the air to prevent from the increasing of the air relative
humidity. When the air relative humidity is lower than a
certain value @1, the moisture self-adjusting concrete
will desorb moisture to prevent from the decreasing of
the air relative humidity. If the moisture content of the
concrete is between U1 and U2, the indoor relative
humidity will be maintained within the range of ®1-®2
automatically™®!. Goto et al. tested the moisture con-
trolling performance of the moisture self-adjusting
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Figure 16. Equilibrium moisture absorption and desorption
curves of the moisture self-adjusting concrete***!
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concrete with zeolite tuff. The amount of water vapor
adsorption in the concrete containing fly ash can only
reach half the amount of the moisture self-adjusting
concrete. The water vapor adsorption isotherm of
moisture self-adjusting concrete dried at 150 °C showed
rapid adsorptive variation within range of 30-50
KH%M®!. Deng etal. studied the moisture self-adjusting
capacity of the concrete with different concentrations of
attapulgite (1% and 2%, respectively). The moisture
desorption capacity of concrete increases with con-
centrations of attapulgite. The moisture desorption
capacity of concrete with 2% of attapulgite is 1.8 times
than that of concrete with 1% of attapulgite!™*”. Li et al.
made moisture self-adjusting concrete bricks in which
the meerschaum-to-cement ratio is 0.144 by weight. The
moisture self-adjusting concrete can adjust relative
humidity in the test room from 90% to 65% in 4.5
hours™*!,

Although the moisture self-adjusting concrete has the
great ability to maintain indoor relative moisture in a
range of 40%-70%, its disadvantages are low me-
chanical properties and poor durability.

7.3 Thermal Parameter Self-Adjusting Concrete

Thermal parameter self-adjusting concrete is a kind of
smart concrete which utilizes the phase change materials
(PCMs) to achieve the function of thermal parameter
self-adjustment. PCMs have the ability to absorb or
release heat when the material changes from solid to
liquid and vice versa. Thermal parameter self-adjusting
concrete can maintain the temperature near the required
temperature for a period of time by reducing the fre-
quency of temperature fluctuation®***3. Thermal para-
meter self-adjusting concrete has great advantages in the
field of building energy efficiency compared with the
conventional concrete. It can stabilize the indoor tem-
perature through its large specific heat capacity to
guarantee the thermal comfort with low-energy when it
is used to make exterior walls.

Lane™*! manufactured the thermal parameter self-
adjusting concrete by using the method of direct im-
mersion with mirabilite in the 1980s. However, this kind
of PCMs has corrosive effect on concrete matrix. Since
then, new types of thermal parameter self-adjusting
concrete have been developed. Hirayama et al.**" in-
dicated that the specific heat capacity and the thermal
mass of the concrete are increased by adding PCMs, and
a building fabricated with thermal parameter self-adj-
usting concrete can reduce the size of air conditioning
systems by adjusting the fluctuations of indoor tem-
perature. Hunger et al."** investigated the specific heat

capacity of concrete with different concentrations of
PCMs (from 0 to 5wt. %). Thermal conductivity
measurements illustrated that the addition of PCMs into
the concrete leads to a reduction of thermal conductivity.
With the PCMs-to-cement ratios increasing, the con-
crete specific heat capacity raises up to 3.5 times as the
PCM content is 5%. Farid et al.**® performed tests of
two concrete slabs made of thermal parameter
self-adjusting concrete and conventional concrete under
8hheatingand 16 hdischarging heat cycles, respectively.
The surface temperature of the conventional concrete
slabranged from22.5°Ct036.5 °C, while that of thermal
parameter self-adjusting concrete slab ranged from
25.0 °C t0 31.5 °C. Castellon et al.'*" tested the perfor-
mances of two small house-sized cubicles. The first
cubicle is made of thermal parameter self-adjusting
concrete. The other one is made of conventional concrete.
The two cubicles with the same characteristics are
located next to each other. The cubicle with conventional
concrete always keeps a bigger temperature value
(2°C-3°C) than the cubicle with thermal parameter self-
adjusting concrete. While the maximum temperature in
the cubicle with conventional concrete is 39 °C, the
maximum temperature in cubicle with thermal param-
eter self-adjusting concrete is only 36 °C. Furthermore,
the first cubicle reached the same temperature 2 hours
later than the second cubicle as shown in Figure 17.

Although the thermal parameter self-adjusting con-
crete has better latent heat storage performance, it also
has some disadvantages due to PCMs. For example, the
PCMs added in concrete prone to leakage when the
PCMs become liquid phase. Some kinds of PCMs have
a corroding effect on concrete. In addition, the stress
produced during the process of phase change of the
PCMs can result in damage in the concrete, thus af-
fecting the durability of concrete.

Figure 17. Specific heat capacity of the thermal parameter self-
adjusting concrete with different PCM mixes versus tempera-
turel*®
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Figure 18. The temperature of the west wall of the two cubicles and the outside temperature

7.4 Hydration Heat Self-Adjusting Concrete

Concrete is prone to emerge brittle failure after cracks
duetoits lowtensile strength. There are many reasons for
concrete cracking, but the main reason is the hydration
heat of concrete. Hydration heat self-adjusting concrete
is made of concrete and functional fillers. The functional
fillers mainly consist of mineral admixture, retarders,
starch-based polymers, PCMs, etc. It can effectively
slow down the heat of hydration, thus controlling the
temperature cracks in concrete**®**°],

Concretes with low strength and low heat of hydration
are mainly used in small-scale projects before 1940s.
Since 1940s, the concrete with high strength is used in
mass concrete constructions more and more widely. The
cracking problem of concrete has been received much
attention™®!. On the one hand, cracks can cause the
leakage problem of concrete, increasing the mainte-
nance costs of the project. On the other hand, cracks
make it easier for corrosive medium entering into the
concrete interior, thus affecting the durability of con-
crete™™. The study revealed that about 80 percent of the
crack in mass concrete constructions is caused by
concrete hydration heat. The heat generated by C3S and
C3A hydration leads to the temperature rise of concrete
asshowninFigure 1972 Becausethe dissipation rate of
concrete internal hydration heat is slower than the dis-
sipation rate of external heat, the temperature gradients
between center and surface of concrete can generate
temperature stress. When the temperature stress exceeds
the ultimate tensile strength of concrete, the concrete
surface will crack according to the principle of expan-
sion and contraction!®*l,

Adding proper amount of fly ash into concrete de-
creases the content of C3S and C3A in concrete, and the
release quantity of hydration heat generated by fly ash is

[157]

Figure 19. The concrete hydration heat flow curve®?

far less than that by C3S and C3A, thus reducing the
release rate and quantity of concrete hydration heat.
Yang et al.'*! observed that the hydration heat self-adj-
usting concrete with fly ash can not only slow down the
release rate of hydration heat, but also postpone the
hydration exothermic peak occurs.

Because the retarders are prone to be adsorbed on the
surface of cement particles, adding retarders can im-
prove the stability of the cement particles and restrain the
agglomeration of the cement particles. Hydration heat
self-adjusting concrete with retarders can effectively
delay the hydration of concrete and reduce the tem-
perature cracks in concrete. Many researches showed
that the more dosage of the retarders, the stronger ability
to slow down the cement hydration heat™®>*®!,

Hydration heat self-adjusting concrete made of
concrete and starch-based polymers is different from the
hydration heat self-adjusting concrete with retarders. It
could decrease the hydration heat evolution rate without
changing the total heat generated. The hydration rate will
be affected due to the slow release and adsorption of
starch-based polymers on cement particles. The mech-
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anism of starch-based polymers on cement particles is
shown in Figure 20. Plank et al. applied hydration heat
self-adjusting concrete in Nanjing International airport
project (China). The temperature rise of side wall was
controlled within 21 °C as shown in Figure 217,

Figure 20. The mechanism action of starch-based polymers on
cement particles*®”)

Figure 21. Curve of the temperature in hydration heat self-
adjusting concrete wall and air temperaturel*¢”

The hydration heat self-adjusting concrete with
PCMs also has the ability to reduce the hydration heat of
concrete. When the hydration heat of concrete reaches
the melting temperature of the PCMs, the PCMs gen-
erate phase transition, thus reducing temperature crack
caused by hydration heat of concrete. Xing et al.!**
found the hydration heat self-adjusting concrete can
effectively adjust the hydration heat of concrete and
reduce the peak temperature by 15 °C to 25 °C.

Although the hydration heat self-adjusting concrete
could control the temperature cracks at some degree, the
additives could weaken the mechanical property of the
concrete!*®!,

8. Self-Damping Concrete

The damping function of the concrete is the capacity of
changing vibration energy into other forms of energy. It
is very important for reducing vibration in bridges,
industrial and civilian infrastructure. Concrete is one of

the main materials used in infrastructures, but the low
damping property of concrete restricts its use in the
structural engineering, especially for the further use in
the structures which are under the frequent vibration
loads. Therefore, the self-damping concrete is devel-
oped in the process of seeking solutions. The self-da-
mping concrete improves its damping property through
the introduction of functional fillers such as polymer
latex, MWCNTs fibers, silica fume (SF), methylcellu-
lose (MC) and graphite powert"**".

The damping property of the self-damping concrete
which contains polymer latex is due to the dispersing of
polymer particles in the concrete. At the same time, it
forms three dimensional continuous space network
structures which can not only reduce the stress con-
centration of the concrete effectively, but also increase
the capacity of deformation and energy dissipation.
Thereby, it can slow down the spread of micro-cracks in
the concrete. Wong et al.'"? studied the effect of the
concentration and type of the polymers on the damping
function of the concrete. It has been demonstrated that
the damping function of the concrete has improved to
varying degrees when the polymer cement ratio is in the
context of 0%—25%. The concrete shows better damping
function when the polymer cement ratio is in the context
0f 10%—20%. Fu etal.""*! measured the storage modulus,
tan & and loss modulus of the concrete with some ad-
mixtures under different temperatures and frequencies.
They found the three quantities can be increased by
adding latex, methylcellulose or silica fume to concrete.
Taking into account energy applications, latex is pro-
posed for use at >1.5 Hz, methylcellulose and silica fume
is proposed for use at <1.5 Hz.

The damping property of the self-damping concrete
which contains fibers, SF, and graphite power mainly
comes from the interface friction and interfacial peeling
caused by relative displacement. In addition, the de-
velopment and extend of the micro-cracks between the
matrix and fiber under the effect of tensile stress will
produce energy consumption™. Luo et al.*"™ studied
the damping ratio of concrete with different concen-
trations of MWCNTSs (weight fraction of MWCNTSs, 0,
0.1%, 0.2%, 0.5%, 2.0%) and found MWCNTSs in dif-
ferent sizes gather together, thus leading to more mul-
ti-phase interfaces and boundaries. The damping ratio of
concrete with 0.5% weight fraction of MWCNTSs is
increased by 24.51% with respect to that of plain con-
crete (as exhibited in Figure 22). With the increasing of
weight fraction of MWCNTSs, the damping ratio of
concrete has a rising trend. There are more interfaces
between concrete and MWCNTs at higher weight
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fraction of MWCNTS, which result in greater damping
properties of concrete (as shown in Figure 22). Koratkar
etal."® observed that the addition of carbon nanotubes
can improve the damping ratio of concrete by 200%
compared to the plain concrete. Wang et al.*"™ reported
that the vibration damping ability of concrete can be
increased by adding silica fume into concrete. Concrete
will reduce the damping ability by adding coarse ag-
gregate or fine aggregate. Therefore, the aggregate
proportion designed for reaching high compressive
strength may not be able to achieve the effect of vibration
damping. Further addition of silica fume can overcome

(A) Concrete with 0.5% weight fraction of MWCNTs

Figure 22. Microstructures of self-damping concretel*’!

Figure 23. Dissipation factor of self-damping concrete at ele-
vated temperaturel*™®!

Although the self-damping concrete has better
damping property than traditional concrete, some filler
may decrease the compressive strength of concrete to
some extent. In addition, itis lack of systematic research
for durability which contains the volume stability,
impermeability and frost resistance, etc.

9. Self-Heating Concrete

Self-heating property of concrete also relies on the

the decreased vibration damping ability of concrete
which is due to the adding sand to concrete. The loss
tangent of the concrete with silicafume at 0.5 Hz is 0.14,
and it is two orders of magnitude higher than that of plain
concrete. Xu et al.“"® provided a method of increasing
the damping ratio of concrete by adding piezo-damping
composites. They observed that the damping property of
concrete with graphite is obviously better than that of the
concrete with epoxy resin. The largest damping loss
factor of the concrete is 0.51 at a glass transition tem-
perature of 70 °C when the graphite percentage is 1 wt. %
as shown in Figure 23.

w-6183 20.0kV 10.1mm x5(

(B) Concrete with 2.0% weight fraction of MWCNTs

electrical conductivity of concrete, similar to self-
sensing concrete. The objective of self-sensing concr-
ete is to detect the variation of concrete through the
measurement of electrical signals, while self-heating
concrete is to generate heat by applying voltage to co-
ncrete based on the Joule law [Equation (1)]. Actually,
there is a cross-coupling relationship among the prop-
erties of various conductive concretes, as shown in
Figure 24 and therefore makes it possible for conductive

Force
D ®
P AN
Electricity ®
(Magnetism) ® Heat

(D Mechano-electric effect, @ Electric-mechano effect, 3 Ther-
mo-dynamic effect,
@ Mechano-thermo effect, ® Joule effect, © Seebeck effect.

Figure 24. Properties and their cross-coupling relationship of
various intelligent concrete materials
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concretes to possess multiple intelligent characters. In
general, conventional concrete is hard to be heated
due to its high resistivity. Then, electrically conduc-
tive fillers such as carbon fibers, steel fibers, steel
shaving, nickel powders and graphite were incorpora-
ted to reduce the resistivity of concrete’**#"). There-
fore, the fabrication process of self-heating concrete is
basically the same with that of self-sensing concrete.

Characterized by a heating element, conductive
concrete is seen as an electric heater, thus self-heating
concrete is also called electrothermal concrete. Acco-
rding to the formula of Joule law, resistivity is a dom-
inant criterion which governs the effectiveness of a
material for self-heating, particularly in relation to the
power and the maximum temperature. There is a ra-
tional resistivity value for the concrete™ i.e., either
excessive high or low is undesired for the materials
used as heating element. Since an electric element
with rather high resistivity would result in an extre-
mely low current in the heating element (unless the
voltage is very high). On the contrary, an electric ele-
ment with excessive low resistivity would require an
extremely high current to reach a certain powert!851¢¢]
In addition, the stability of resistivity is a basic requ-
irement for conductive concrete to become self-heat-
ing. Only with a stable resistivity, the steady electroth-
ermal power will be attainable. Studies indicated that
the resistivity of conductive concrete tended to be sta-
ble, on condition that the content of conductive filler
closes to or more than the percolation threshold!8%*%.

Q=IRtorP=1IR (1)
Where Q is calorific value, | is current, R is resistance,
tis time, P is thermal power.

One of the applications of self-heating concrete is
domestic heating. It is realized by substituting self-
heating concrete for traditional concrete in the wall or
floor and applying voltage to them, and then heat will
be emitted continuously from the wall or floor. What’s
more, this kind of conductive concrete is absolutely
safe to human since just a small voltage and current is
needed when the concrete works and no electric can
be felt even if touch it. A kind of carbon black con-
crete slabs (CBCS) was used as self-heating flooring
material by Sun et al.'*!. The investigation manifest-
ed that the CBCS was able to raise the temperature of
a small room up to 10 °C in 330 min and the distribu-
tion of temperature along the height of room was uni-
form. In addition, the heating system provided by
CBCS floor was stable, sustainable and controllable.
In former Soviet Union, electric heating floor and fur-

ring brick were made by self-heating concrete and
they were used for providing heat for residence, fac-
tory and greenhouse. Another application of self-sen-
sing concrete is road deicing or snow-melting. In free-
zing climates, many transportation infrastructures (such
as driveways, bridges and airport runways) are prone
to ice accumulation. Ice or snow accumulation on these
infrastructures may cause a number of dangerous situ-
ations for traffic**?. Therefore, improving the condi-
tions of transportation infrastructures in a timely and
high-efficient fashion is imperative. A conclusion of
deicing and snow-melting methods used in the past
thirty years was made by Yehia and Tuan™®'*!. They
pointed out that the traditional snow removal and de-
icing methods (labor or machine removal and using
salt etc.) are labor intensive and time-consuming, also
will cause damages to both the constructions and the
ecological environment. Compared with conventional
deicing methods, self-heating concrete has the ad-
vantages of high efficiency, no negative effects and
without pollution. The idea of employing steel fiber
and shaving as conductive fillers was presented by
Tuan and a serious of experiments involving deicing
on the bridge deck was conducted™®. After that, self-
heating concrete was applied to the Roca Spur high-
way in American and steel shaving was replaced by
graphite (with content of 25%). So far, this self-heat-
ing concrete system operates well and no conductivity
reduction occurs. Preliminary cost analysis showed
that the proposed conductive concrete bridge deck was
less expensive than conventional concrete deicing
methods™®*!. Zhang et al.**®! employed nickel particle
as conductive fillers and heating elements in concrete.
Experimental results indicated that the concrete with
nickel particles (12.0 vol. % and 2.6-3.3 pm in diam-
eter) can melt 2 cm thickness of snow in 368 s at an
input voltage of 15 V. Several pictures during the
snow melting experiment were given in Figure 25. Self-
heating concrete was also applied to subway in London
to protect passengers from slipping on frozen platform.
The self-heating concretes used in platform were
characterized by rapidly warmed under low voltage.
However, it should be noted that the self-heating
concrete requires high property of heating element
including higher thermal rate, high mechanical proper-
ties, and stable electrical conductivity. Heating efficie-
ncy may be influenced by the factors of ambient temp-
erature, wind speed and thickness of the ice/snow lay-
er. Steel fiber is recommended in concrete which can
better meet the requirement in engineering application.
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(A) (B)

© (D)

Figure 25. Snow-melting process of the self-heating concrete
with nickel powders!®!

Nevertheless, the workability of concrete is inclined to
become poor with higher content of steel fiber, also
steel fiber is easily to corrosion. Therefore, new type
self-heating concrete accompanying higher heating
performance and long-term stability is still necessary
to develop.

10. Self-Sacrificing Concrete

Self-sacrificing concrete, also called self-sacrificing
anodic concrete, refers to the concrete with capacity of
sacrificing itself to protect the cathode of impressed
current cathodic protection (ICCP) system. Self-sacrif-
icing concrete are made of conductive concrete, such
as carbon fiber conductive concrete and steel fiber co-
nductive concrete.

The damage caused by corrosion of the steel rein-
forcement is a prime factor of concrete corrosion. Ca-
thodic protection (CP) system, in which sacrificial
anodes cathodic protection and ICCP is used as two
main cathodic protection components to control cor-
rosion, is considered as a leading method for the pro-
tection against corrosion in concrete structures. As
illustrated in Figure 26" in the ICCP systems, a

Figure 26. Schematic illustration of cathodic protection rein-
forcement of a concrete structure**°!

direct current flows through the concrete from a self-
sacrificing concrete anode usually laid on the concrete
surface to a cathode (i.e., steel reinforcement). The
anode connects with the positive terminal of a low
voltage direct source, and the cathode connects with
the negative terminal. In order to make charge bal-
anced; the anode would lose electrons and be de-
stroyed after about 30 days.

At the beginning of 1970, Stratfull™®” firstly used
self-sacrificing concrete as anode in ICCP system,
which is applied on a 307 m® bridge deck. Cafién et
al.’® used the self-sacrificing concrete and Ti-RuO,
as anodes to build an ICCP system, respectively. Fig-
ure 27 shows the method of fabricating self-sacrificing
concrete anode. They compared self-sacrificing anode
with traditional Ti-RuO, anode and measured the
chloride concentration profile of different depths, the
initial chloride concentration profile, the final chloride
concentration profile and the local efficiencies (in de-
creasing the CI” content) as showed in Figure 28(a),
while the case of using Ti-RuO, as an anode as
showed in Figure 28(b). It can be seen from these two
figures that the efficiency of a sprayed anode based on
self-sacrificing concrete is nearly the same as tradi-
tional reference anode (i.e., Ti-RuO, mesh).

Figure 27. Device assembly with self-sacrificing concrete an-
ode: (1) Self-sacrificing concrete is sprayed by using a com-
pressed air gun on the surface of the specimen. (2) An absor-
bent layer of polypropylene is placed recovering the specimen
surface. (3) The electrical circuit is installed. The positive pole
of the source is connected to the anode, and the negative pole is
connected to one of the longitudinal of the specimen rein-
forcement[%]

Yehia et al. used self-sacrificing concrete overlay as
an anode to be cast on the top of a bridge deck for
preventing reinforcement corrosion. Four slabs with
different electrode sizes and spacings were tested. The
supplied 2 V voltage provided ample CP in terms of
meeting the required 4 hour 100 mV polarization in
each slab at each test. Test results are shown in Table 5.
It can be seen from Table 5 that there was a significant
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(A) Using self-sacrificing concrete as anode

(B) Using Ti-RuO, as anode

Figure 28. The chloride concentration profile of different depths and the local efficiencies in decreasing the CI” content!**®!

Table 5. Electrical resistance, current and polarization of four different self-sacrificing concrete overlay slabs

Specimen El_ectrical Current  Area betweer; Current , ‘Instant-off” Four-hour  Polarization Met NACE
Resistance/Q /mA electrodes/m®  density/mA/m-  \oltage/mV Voltage/mV /mV Polarization criteria

100.00 20.50 0.84 44.13 -900.0 -126.2 773.8 Yes
100.00 19.96 0.84 42.95 —-850.0 -131.6 718.4 Yes
Xy 12070 16.56 0.84 356 ~860.0 1396 720.4 Yes
149.60 13.53 0.84 29.17 -970.0 -152.9 817.1 Yes
175.00 11.41 0.84 245 -1077.0 -159.6 917.4 Yes
105.70 18.89 1.14 27.13 —840.0 -106.5 733.5 Yes
100.00 20.18 1.14 28.95 —860.0 -101.9 758.1 Yes
1067 X 1067 147.90 1353 114 19.37 ~850.0 1399 7101 Yes
185.50 10.86 1.14 15.61 -970.0 -150.9 819.1 Yes
223.70 8.93 1.14 12.81 —850.0 —-166.4 683.6 Yes
84.56 23.65 1.49 24.22 —-830.0 -101.7 728.3 Yes
1219x 1219 104.20 19.33 1.49 19.8 -830.0 ~145.6 684.4 Yes
mm?slab 143.80 12 1.49 19.8 -830.0 ~145.6 684.4 Yes
185.50 8.53 1.49 8.72 -1052.0 -156.0 896.0 Yes
1504 x 1504 127.40 15.79 23 9.47 -810.0 -197.4 612.6 Yes
mm? slab 149.14 13.39 2.3 7.97 ~1015.0 -229.1 785.9 Yes

polarization during 4 hour period. The 100 mV polar-
ization criterion was met and hydrogen discharge was
limited. In this ICCP system, the anode is destroyed
after about 30 days, while through the removal of the
destroyed concrete overlay, a new self-sacrificing con-
crete coating could be paved. As a result, the anode
could continue to protect the bridge decks!**%.
Self-sacrificing concrete has a promising applica-
tion prospect due to the following advantages: (1) its
construction is relatively easy. It can be sprayed with a
compressed air gun and used as coating to treat sizable
vertical surfaces such as structural supports, especially
structural concrete elements with complex shapes; (2)
it not only has the structural function, but also has the
replaceable function; (3) it is low-cost compared with

other types of anode. However, there exist some issues
needed to be addressed, such as long-term poor stabil-
ity and durability of anode materials and rectifiers,
limitation to monitor and to maintain the system, in-
sufficient understanding of fundamental technology
with regards to the self-sacrificing concrete, and deg-
radation of the mechanical properties during service
life of the self-sacrificing concrete.

11. Self-Cleaning Concrete

Self-cleaning concrete is the concrete with abilities of
resisting wetting by liquids or cleaning hazardous sub-
stance in the surface of concrete by itself. To obtain
self-cleaning concrete, two strategies are usually ap-
plied: superhydrophobic and photocatalytic.
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Solid materials are divided as hydrophilic and hydr-
ophobic according to the water contact angel (WCA).
Contact angel is described as the angel between solid
surface and the tangent line of liquid phase in the sur-
face of solid phases. For a contact angel more than 90°,
hydrophobic behavior is deemed to appear and a con-
tact angel less than 30° could denote the hydrophilic
phenomenon. Superhydrophobic and

superhydrophibic surfaces are the subclasses of hy-
drophobic and hydrophibic surfaces, respectively. The
contact angels formed by water droplets upon
superhydrophobic surface are usually over than 150°,
and those upon superhydrophibic surfaces are less
than 10°, as shown in Figure 29. Normal concrete is a
porous material which can absorb water and therefore
considered as hydrophilic material.

Decreasing wettability

Superhydrophilic surface Hydrophilic surface
6<<10° 6<<30°
(normal concrete)

Hydrophobic surface
90° < #<120°

Superhydrophobic surface
6>150°

Overhydrophobic surface
120° < #<150°

Figure 29. Superhydrophilic, hydrophibic, hydrophobic, overhydrophobic, superhydrophobic surface.

11.1 Superhydrophobic Concrete

Superhydrophobic self-cleaning concrete is a novel of
biomimetic inventions®?®”, whose inspiration comes
from the Lotus Effect®™? It is well known that
leaves of lotus plant can remain clean and free of con-
taminants, although the habitats are mainly muddy
rivers and lakes. This phenomenon is attributed to the
superhydrophobic nature of lotus leaves, as illustrated
in Figure 30. The direct contacts between water and
lumps that existed on the lotus leaf can drive the water
split into plenty of small spherical droplets. Then the
bead could roll and tumble off the leaf even with the
slightest angles. Simultaneously dirt particles and
small insects are pack up as bead goes. Thus self-
cleaning is realized and this process is named the Lo-
tus Effect™!.

The superhydrophobicity of materials is determined
by the geometry and chemical constitution of material
surface®?. Usually, a specified micro and nano-str-
ucture morphology formed by the combination of high

Figure 30. Water forms droplets on the tips of the epidermal
protrusions and collects pollutants, dirt and small insects as it
rolls off the leaf®

surface roughness and low surface energy is employed
to achieve the superhydrophobicity™?. It is found that
the superhydrophobic self-cleaning ability of concrete
can be achieved by incorporating some admixtures
into concrete®®?®®]. The admixtures have been repo-
rted to increase the concrete hydrophobicity including
nanoparticles, oil, wax and water resistant polymers
etc.?%*2%" Batrakov concluded that hydrogen can be
released by the reacting of hydroxyl groups of CH and
siloxane-based admixtures such as polymethylhydro-
siloxane (PMHS) due to the Si-H bond of admixtures.
As a consequence, small (10-100 pum) and well disper-
sed air voids are created throughout the concrete™®!,
The walls of these voids are then coated by submicron
or nano-sized particles and a hierarchical surface rou-
ghness is produced to achieve superhydrophobic
properties within the hardened cement phase/paste
(Figure 31)*. To obtain an optimum performance,
more than 70% of the PMHS should be dispersed to
the level of under 1 pm®*”. As a result, the surfaces of
the voids are covered by the hydrophobic particles,
providing the effect of superhydrophobic hybridiza-
tion. The idea of mixing superhydrophobic admixture
with ECC to form an ultra-durable material-superhyd-
rophobic ECC (SECC) was proposed by Sobolev?*?%,
The investigation demonstrated that the incorporation
of superhydrophobic admixtures in ECC was benefi-
cial for improving flexural toughness without adverse
influence on the compressive strength. This reinfor-
cement effect was achieved by the addition of admix
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Figure 31. How the superhydrophobic hybridization of concrete works. (a) PHMS admixture, (b) Engineered superhydrophobic pore
surface, (c) self-assembly of hydrophobic 2D network on the pore/pillar surface?®

tures including 25% PMHS along with 4.4% polyvi-
nyl alcohol surfactant and small quantities of submi-
cron sized particles. And this composition of admix-
tures was proved to be the most ideal admixture since
small and well dispersed air voids were created within
the concrete.

The superhydrophobic self-cleaning concrete can
not only clean the surface of concrete but also de-
crease the water absorption and permeability. Thereby
durability of concrete can be optimized by the charac-
teristic of superhydrophobicity which makes concrete
valuable in the long run of construction for reducing
the restore costs. Furthermore, superhydrophobic pro-
perty of concrete can also play roles in reducing the
accumulated snow or ice on the road in cold regi-
ons*!. However, most of superhydrophobic admix-
tures mixed into concrete may lower the strength of
concrete.

11.2 Photocatalytic Concrete

Photocatalysts material is related to the materials
which can catalyze chemical reaction with the invo-
Ivement of light illumination?*?. Photocatalytic prop-
erty of self-cleaning concrete is mainly achieved thr-
ough introducing photocatalysts into it. Currently,
TiO; is the most widely investigated and used photo-
catalysts for the advantages of highly stable property
in the dark, strong oxidizing ability under ultraviolet
(UV) lighting, low cost and innoxious. The crystallo-
graphic TiO; exists in three forms: brookite, rutile and
anatase. Compared with other two forms, the anatase
crystal is proved to be the most photocatalytically ac-
tive due to the spherical particles and large specific
surface area®?.

One of the photocatalytic mechanisms is pho-

to-induced redox reactions®™ . As a semiconductor
material, the electronic structure of TiO, is character-
ized by a filled conduction band (CB) and an empty
valence band (VB), which are distinguished by a band
gap of energy (AE). Without enough photonic exci-

tation (i.e.,h, < AE), the photocatalyst is at the ground

state and the electrons are confined in the range of VB,
as shown in Figure 32(a). However, once a photon
containing the energy equal to or larger than AE(i.e.,

h, = AE) is absorbed by TiO,, the electrons will ove-

rcome the band gap barrier and move to the CB area.
The activation and transition of the electrons lead to
holes (electron vacancy) left in the VB zone, as shown
in Figure 32(b). For the formation of highly active
electrons (e™) in the CB and positive holes (h*) in the
VB, electron-hole pairs is then generated [as shown in
Equation (2)].

Ground state Excitation state

Figure 32. Schematic diagram of photo-excitation process on
TiO, surfacel®®

There are three possible routes for the reaction of
formed electron-hole pairs, as shown in Figure 33: (1)
electron-hole pairs may recombine on the surface or
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within the photocatalyst (recombination) [Equation (2)];
(2) electrons spread onto the surface of photocatalyst
and react with oxygen molecules (O;), producing re-
active oxygen radicals (-0, —O,, —03), (photoreduc-
tion) [Equation (3)]; and (3) holes oxidize water mol-
ecules (H;0) or adsorb hydroxide ions (OH") forming
highly oxidizing hydroxyl radicals (~OH) (photooxid-
ation) [Equation (4)]. The generated —O, —0,, —O3 and
—OH can react with contaminants producing carbon
dioxide, water or other harmless substances (Figure
33).

Figure 33. Schematic diagram of TiO, photocatalysis®®!

TiO,+h —we +h" @)
e"+h" > Tio, 3)
e +0, -0, 4)
h* +H,0 > OH+H" (5)

Another mechanism for photocatalysis is pho-
to-induced superhydrophilicity (Figure 34)'%%" The
atomic binding energy of Ti and O is weakened due to
the generation of e and h* pairs after UV irradiation.
Therefore, a Ti-O-Ti bond will be broken by water
molecules easily and form two new Ti-OH bonds
(Figure 34). Then, the external surface of TiO, be-
comes superhydrophilic and forms a sheet-like layer
of moisture under water and UV irradiation. Thus a
transparent protector against dirt is developed. In fact,
TiO; film is not only hydrophilic but also amphiphilic
after UV irradiation. Therefore adsorbed stains like oil
can also be washed away when water rinsed over the
superhydrophilic TiO, 2624,

Actually, the macroscopic manifestation of self-
cleaning is a combined effect of photo-induced redox
reactions and photo-induced superhydrophilicity. Alt-
hough the redox reaction and superhydrophilicity are
different processes, they could work simultaneously
and are difficult to distinguish which is more im-
portant for achieving self-cleaning property. Several
of novel applications have been developed depending
on the synergetic effect of these two photocatalysis
mechanisms. Concrete incorporated with nano-TiO; is
successfully applied in the infrastructures like walls
and pavements. It has proven very effective for clean-
ing of building appearance, disinfecting air of indoor
and reduction of urban pollutants®®*?9?? On one
hand, the applications of TiO, concrete can maintain
the aesthetic and luster of the building surface. For
instance, a white photocatalytic concrete involving
TiO, has been employed for the construction of the
Dives in Misericordia Church in Rome, Italy (com-
pleted in 2003). During six years monitoring, only a
slight difference of lightness values between internal
and external walls was observed for the church in
Rome. On the other hand, pavements made by the co-
ncrete containing nano-TiO, could trigger photocatal-
ytic degradation of pollutant, such as nitrogen oxides

Figure 34. Photo-induced hydrophilic TiO, surface
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(NOy), volatile organic compounds (VOCs), alde-
hydes exhausted from combustion engine and indus-
trial emissions. Detrimental NOx can be transformed
into uninjurious nitrate ions (NO3) by TiO, and the fi-
nal products of NO3 are easily washed away by the
rains, as illustrated in Figure 35" Poon and
Cheung®? evaluated the removal rate of NO by the

paving blocks consisting of cement materials and TiO,.

The results indicated that an optimum mix design in-
corporating cement, sand, recycled glass and 10%

TiO, could achieve a NO removal rate of 4.01 mg/hmz.

Another typical investigation of NO removed by the
photocatalytic paving blocks obtained in laboratory is
diagramed in Figure 36%%!. A block located in the
center of Bergamo (ltaly) city was re-paved using
photocatalytic concrete paving blocks with a total area
of about 12,000 m®. An air monitoring campaign was
then conducted for two weeks and showed an average
decrease of NOx by 45% in daily time from 9 am to 5
pm?4.In Guerville (France), three artificial street
canyons covered by photocatalytic mortar were built
to evaluate the performance against pollution. Con-
tinuous monitoring of NOx was taken and showed that
the NOx concentrations observed in the TiO,-treated
canyon were 36.7-82.0% lower than that control

Figure 35. llustration of the photocatalytic process??!

Figure 36. Photocatalytic NOyx removal results of photo-
catalytic paving block obtained in laboratory!??®!

canyons®?.  Additionally, the versatile nano-TiO,

photocatalytic reactions can also eliminate the harmful
organisms like bacteria and virus. Therefore, high
standard hygiene demand can be satisfied in some
venues where sterile conditions are extremely crucial.
The greatest advantage of photocatalytic self- clea-
ning concrete is the simple reaction conditions, which
just requires sunlight, oxygen, water and Tio P 1t is
important that TiO, is well compatible with concrete
without any adverse effect on mechanical properties.
However, once they are used in real-life applications,
the durability and efficiency of the photocatalytic self-
cleaning concrete is still needed to be improved#?,
Furthermore, whether it is safe to apply the photo-
catalytic materials, especially the possible health ef-
fects of the by-products formed in incomplete pho-
to-oxidation is still a controversy question®*"..

12. Self-Shaping Concrete

Three dimensional printing (3DP) technology, started
in the late 1980°s in Japan, has undergone rapid de-
velopment in the last thirty years. As a subgroup of
additive manufacturing process, three dimensional
solid objects would be directly printed by 3DP tech-
nology from a digital model”®]. 3DP can meet the
demand to manufacture any desired geometry shapes
with the advantage of reducing material consumption
and the associated labor force. To date, this technolo-
gy has been successfully used in medical, aerospace
and automotive manufacturing, etc.”?”. It is also pro-
mising for printing architectural and structural com-
ponents.

A concrete printing machine and its delivery system
are shown in Figure 37. The main operation principle

Figure 37. Schematic of concrete delivery system!?%
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of 3DP concrete is that the nozzle circumnavigates
following the predetermined paths with fresh concrete
extruded out of it one layer at a time. When all layers
are stacked one atop another, a completed 3D structure
component is finished. Since framework and vibration
are needless, concrete employed in 3DP is expected to
combine the features of spray concrete with self-co-
mpacting concrete. So far, there is not a uniform defi-
nition for this special concrete and “self-shaping con-
crete” is named here based on its working process.
Self-shaping concrete as the “ink” of 3D printer, its
workability is critical to the quality of printed con-
structions. The concrete should easily pass through the
pipe-pump-nozzle system to extrude small concrete
filaments. Meanwhile, sufficient adhesion and rigidity
are required for concrete to print structures with a cer-
tain height or layers but no detrimental deformation
occurs. From the point of rheology view, a relatively
higher viscosity and lower yield stress are beneficial
for concrete to achieve good plasticity. Moreover, the
concrete should provide short setting time and high
early strength!®!. As is well-known, the workability
of concrete is mainly dominated by the mix propor-
tions (i.e., cementitious binder-aggregate ratio, wa-
ter-binder ratio and the usage of admixture). Experi-
ments based on the rheological approaches had been
conducted by Le et al.”*? to achieve the optimum mix
design of a high performance fiber-reinforced fine-ag-
gregate self-shaping concrete. And the effects of ad-
mixtures such as retarder dosage, accelerator dosage
and superplasticizer dosage on the workability and the
variation of workability with time have also been
studied. Since the structure of small concrete filaments
is stacked layer by layer, the anisotropic structure is
likely to act as small voids in their interlayers, leading

(A

Figure 38. (a) 3D printing concrete specimen; (b) stress-strain relationship under compression

to the weakened structural capability. Le et al.*%

tested the mechanical properties of self-printing con-
crete invented earlier in reference®® and the results
indicated that its mechanical strength significantly
depends on the orientation of the load relative to the
layers. The bond strength between concrete filaments
can also largely influence the hardened properties of
concrete. Plaster cementitious material with major
ingredients of plaster, vinyl polymer and carbohydrate,
humectant and water was adopted to print 3D concrete
specimens and then the mechanical properties of these
specimens were studied by Feng [as shown in Figure
38(a)]. Similar to the conclusions of Le et al., there
exists an apparent orthotropic behavior in the me-
chanical properties of specimens. Based on the ex-
perimental results, a model for the stress-strain rela-
tionship was proposed from uniaxial compressive test
as shown in Figure 38(b)"?**!. Gibbons applied rapid
hardening Portland cement (RHPC) along with 3%
PVA as powder and demineralized water as liquid to
optimize the resolution and robustness of the uncured
specimens. The measured modulus of rupture (MOR)
value was apparently increased due to the reduced
porosity after the specimens immersed in water for
curing®*.

The application of 3DP technology has been re-
ported in US, China and Europe in recent years. Ar-
chitectural components showed in Figure 39 were
constructed by different concrete printing technique in
different country®®!. In 2015, an apartment block with
five stories was shaped using glass fiber reinforced
concrete by a Chinese company in Shanghai. And it is
stated that the houses in apartment block were in full
compliance with the relevant national standards®*®.
Surprisingly, American scientists with the National

(B)

[233]
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(A) (B)

©

Figure 39. Examples of full scale builds from each process, (a)
D-Shape, top left, (b) Contour Crafting, right and (c) Concrete
Printing, bottom left[?*®!

Aeronautics and Space Agency (NASA) attempt to
apply such a technique to build extraterrestrial settle-
ment infrastructures using lunar soil as the raw mate-
rial”®"). Simulations and experimental tests in vacuum
condition have been conducted by European scientists
to verify the feasibility of idea stated abovel®®!,
Although 3D printing of full-scale construction is a
new concept, it will create a new era of sustainable
infrastructure. Structures with complex shapes can be
fabricated by self-shaping concrete for its unnecessary
of formwork and vibration. Thus, it can be realized in
prompting construction speed, reducing labor force
and engineering cost. However, there are a few studies
focusing on the design and properties of this type of

Voids

(A

concrete. Self-shaping concrete requires good plastic-
ity, short setting time, high early strength and it should
bear its own weight and dynamic load during printing
without distinct deformation. All these requirements
cannot be satisfied simultaneously by conventional
concrete design approaches. Further research should
be conducted in the choice of raw materials, mix pro-
portion design and the usage of admixtures.

13. Self-Draining Concrete

Self-draining concrete is the concrete containing in-
terconnected voids inside to allow air or water moving
through it. This kind of concrete is also known as per-
vious, porous and permeable concrete. When self-dr-
aining concrete is utilized as paving material, water is
easy to percolate through paving matrix into the sub-
soil beneath. Thus, it is beneficial for conserving
storm water and recharging groundwater.

Self-draining concrete is mainly consisted by ce-
ment paste and uniform coarse aggregate, little or no
fine aggregate. A model for the structure of self-dra-
ining concrete is shown in Figure 40. The skeleton of
concrete is formed by coarse aggregate and they are
bound together by a limited amount of cement paste.
Without the filling effect of fine aggregate, plenty of
open voids exist among coarse aggregates and the
typical size of voids ranges from 2 mm to 8 mm?*%.

Excellent water permeability is the primary goal for
designing self-draining concrete. In numerous studies,
the water permeability of concrete has been proven to
increase with increasing porosity. However, the com-
pressive strength of concrete shows an adverse ten-
dency with porosity?*®#*4, In order to balance the
conflict of permeability and compressive strength, the
porosity of concrete is usually designed as 15%—25%

B)

Figure 40. (a) Model of self-draining concrete; (b) schematic diagram of permeability
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based on the correlation between porosity and perme-
ability, porosity and compressive strength, as shown in
Figure 41. In this case, the compressive strength of
concrete locates in 2.8-28.0 MPa at 7 d and water per-
meability coefficient range from 0.2 to 5.4 mm/s®?*!,

Figure 41. Relationship between strength, void ratio and per-
meability for several trial mixes of pervious concretel?*!

The concept of self-draining concrete has been
around for nearly 60 years and it is often used under
paving to help aid drainage. Since 1980s, self-draining
concrete has been widely used in parking lots, squares,
pedestrian walkways and other areas with light traffic.
Recently, a UK building material company named
Lafarge Tarmac has developed a new type of self-dr-
aining concrete with crushed granite as coarse aggre-
gate. This concrete is permeable enough to let average
600 L/(min-m?) water through to the ground level, as
shown in Figure 42*!. However, the application of
self-draining concrete is still limited in heavy traffic
roads by the relatively low strength®®%®1. Based on the
structure model in Figure la, once the concrete is
subjected to loading, the load will be transferred among
the aggregates by cement paste. Although the strength of

Figure 42. Test of permeability of self-draining concretel?**!

aggregate is high enough, the cement paste and the
interfacial transition zone (ITZ) are relatively weak
for the thin binding layer. Therefore, the concrete al-
ways fails at the cement paste and ITZ. To improve
the mechanical strength of pervious concrete while
maintaining its high porosity, two methods are pro-
posed. One is to increase the cement paste binder area.
Smaller sized aggregate are employed to increase the
number of particles per unit volume of concrete. The
specific surface of aggregate and the binding area are
then increased resulting in the improved strength. The
other is to enhance the strength of cement binder. Ex-
cept for applying high strength cement and reducing
water cement ratio, supplementary materials such as
silica fume, organic intensifiers and other special
chemical reinforcing agents are usually used®**?%%.

Self-draining concrete plays a key role in water pu-
rification and alleviating the drainage burden of sew-
age system. The Environmental Protection Agency of
the United States has recognized the usage of
self-draining concrete as one of the best management
practices in storm-water conservation. In addition, the
special porous structure of self-draining concrete gen-
erates excellent performance in antiskid, thermal in-
sulation and acoustic absorption. However, the defects
of poor mechanical strength and freeze-thaw re-
sistance need to be paid enough attention. Besides, the
open voids of the self-draining concrete structures
prone to clogging and periodic cleaning or replace
should be considered.

14. Self-Luminous Concrete

Recently, self-luminous concrete was developed in
Michoacan University (Mexico) by Rubio et al. Self-
luminous concrete (also called light-emitting cement)
is solar-powered material that traps solar energy dur-
ing the daytime and emits light at night. The whole pr-
ocess completes without consuming any electricity[251].
Conventional concrete is an opague substance.
When water is mixed with cement, crystal flakes are
formed that doesn't allow light to pierce its interior. In
order to address this issue, researchers paid much at-
tention on modifying the micro-structure of cement
aiming to eliminate the crystals. Eventually, a translu-
cent gel-like substance enabling the adsorption of so-
lar energy during the day and converting the energy
into light at night was developed®. Detailed infor-
mation about the compositions of raw materials and
fabrication methods applied in self-luminous concrete
is unavailable on the internet, since this new concrete
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Figure 43. Self-luminous concrete could illuminate dark roads, highways without electricit

is being patented.

Self-luminous concrete can be used in illuminating
roads, pavements and bicycle lanes. Currently, this
concrete is available in emitting blue and green light.
Additionally, the brightness can be fine-tuned to meet
the application requirements. Predictably, the role of
self-luminous concrete in reducing the utilization of
road lamp and decreasing the traffic accidents rate is
of great significance in the future.

Most of the fluorescent materials are made of plas-
tic and will be degraded by ultraviolet radiation after a
few years. However, the researchers claimed that
self-luminous concrete is sun resistant and its lifespan
is estimated for as long as 100 years.

15. Conclusions

As a strong, versatile and economical material, con-
crete has been utilized in constructions world widely.
It will still remain to be the indispensable and upper-
most building materials for a long time in the future.
Concrete has been endowed with new functions con-
tinually during the development and utilization. In-
trinsically intelligent capacity of self-x concrete
achieved new functions through combining traditional
concrete with functional fillers or improving the com-
position of raw materials. This paper systematically
introduced the intelligent concrete with performances
of self-compacting, self-expanding, self-curing, self-
sensing, self-healing, self-adjusting, self-damping,
self-heating, self-sacrificing, self-cleaning, self-shap-
ing, self-draining and self-luminous.

Intelligent concrete, as an innovative technology in
the field of construction materials, injects novel vital-
ity for construction materials despite challenges. The
development of intelligent concrete will promote the
application of concrete to a broader prospect and pro-

251,252
y[ 1

duce enormous socioeconomic performance. However,
as an emerging technology, the investigation on intel-
ligent concrete is still in primary stage and the fol-
lowing issues are needed to be solved before large-
scale application.

(1) Properties of functional fillers are the key fac-
tors for achieving intelligence of concrete. Therefore,
further exploration and exploitation of suitable func-
tional fillers is crucial. The nanotechnology and bionic
technology may provide inspiration for seeking more
efficient functional fillers.

(2) Mechanical properties and durability of intelli-
gent concrete are needed to be deeply analyzed. It is
necessary for studying the intelligent concrete in a
state of multi-axial stress, since existing investigations
are always confined in the range of uniaxial stress
which is far from the engineering applications. More-
over, the effect of different environment factors on the
functionality and durability of intelligent concrete sh-
ould be further researched.

(3) Although there are numerous reasonable expla-
nations and forecasting models, the mechanism of
intelligent concrete is still ambiguous due to the com-
plex system of intelligent concretes in multi-comp-
onent, multi-phase, and multi-scale characteristics.
Therefore, more precise constitutive model based on
advanced experimental facilities and numerical analy-
sis is needed to be established for describing and pre-
dicting the behaviors of intelligent concrete.

(4) Lack of unitary criterion makes it difficult for
intelligent concrete to be normatively designed and
tested, and further limits the applications. Thus, a un-
iform standard providing method, guidance and speci-
fication for the research and application of intelligent
concrete is urgent to be established.

In general, intrinsically intelligent concrete is an in-
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terdisciplinary field involving bionics, physics, chem-
istry, material science and civil engineering, etc.
Therefore, cross-disciplinary collaboration and com-
munication among researchers with different expertise
will be of utmost importance to fulfill further investi-
gation on intelligent concrete. The utilization of intel-
ligent concrete is a logical choice for maintaining sus-
tainable development of concrete constructions and
developing intelligent infrastructures, thus building
Smart Cities and Smarter Planet. Undoubtedly, intel-
ligent concrete will bring a deep revolution to the field
of construction materials and infrastructures. Its
widespread applications will make beneficial effects
on society, economics and environment in the future.
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